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Summary  

The human intestinal tract is colonised by a complex community of microorganisms, 

collectively known as the gut microbiota (GM). These microbes provide metabolic 

functions to the human host, which are also sustained and influenced by the host 

environment, such as diet, immune system, and exposure to antibiotics. Research into 

the microbiota field has increased in the last ten years. Nevertheless, there are still 

many questions pending, such as: how do bacteria adapt into an environment as 

complex as the human gut? How do bacteria compete or work symbiotically together, 

among and/or within species? How do bacteria gain immune tolerance from the host 

immune system? A better understanding of the interactions occurring between the GM 

and the human host could influence our current view on pathologies, normal 

physiology, but also on nutrition, catalysing nutritional recommendations and policies 

dependent on age, geography, diet, and health of individuals.  

Gram-negatives make up a huge majority of the bacteria within the human GM. They 

intrinsically possess lipopolysaccharides (LPS) on their outer membrane, which are 

glycoconjugates universally considered “inflammatory”. Yet, humans and GM live 

in, not only a harmonious, but also in a mutualistic relationship. Deciphering how this 

occurs despite the constant presence of LPS is crucial and studies aimed at shedding 

light on this aspect promise results of unquestionable importance.  

LPS molecules are composed of three distinct chemical components: the lipid A, the 

core oligosaccharide (core OS), and a polysaccharide repeating unit (the O-antigen). 

Depending on the nature of the saccharide moiety, an LPS can be classified as smooth 

or rough: smooth-type LPS (S-LPS) is built up of all the three above domains, whereas 

a rough-type LPS (R-LPS) does not express the O-antigen. Although all LPS possess 

this overall architecture, the chemical structure of LPS is extremely complex and 

variable. LPS are recognised in a structure dependent manner by the innate immunity 

receptor complex known as the Toll-Like receptor 4/Differentiation factor-2 

(TLR4/MD-2). Thus, minute structural changes in the LPS structure can lead to 
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completely diverse host immunological outcomes. Given this, it is of utmost 

importance to characterise how LPS from harmless gut bacteria are recognised by the 

human immune system, which implicitly means determining their chemical structures. 

This can lead to understanding the key molecular features that render these LPS 

somehow “invisible” and/or “not dangerous” to the host and potentially even 

beneficial molecules. To this aim, this PhD entailed the isolation, purification, and 

full chemical characterisation of LPS from an assortment of different and widespread 

GM species. The complete LPS structures reported in this thesis were all attained 

through converging information from chemical analyses via gas liquid 

chromatography–mass spectrometry (GC–MS), matrix-assisted laser 

desorption/ionisation MS (MALDI-MS), and Nuclear Magnetic Resonance (NMR) 

spectroscopy. 

The first project discussed in this thesis (Chapter 3) is dedicated to the chemical 

characterisation of the LPS from Bacteroides vulgatus, a prominent species within the 

human intestinal tract. The lipid A was confirmed to be a heterogeneous mixture of 

tetra- and penta-acylated species. As for the saccharide portion, the core region was 

built up of a novel hexa-saccharide (Figure I) and the O-antigen structure was 

determined as built up of repeating units of β-mannose and α-rhamnose. For the 

immunological properties, in human macrophages the LPS from B. vulgatus showed 

a weaker capability to elicit pro-inflammatory cytokine production compared to the 

potent LPS from E. coli. In addition, the LPS was able to highly stimulate the release 

of IL-10, a potent anti-inflammatory cytokine. Furthermore, experiments performed 

by using HEK-Blue™ TLR2 cell lines showed a specific and significant interaction 

of B. vulgatus LPS with this receptor. Interestingly, this interaction was upregulated 

by the co-expression of TLR4 and TLR2 when co-transfected HEK-Blue™ cell lines 

were used, thus showing a clear synergistic effect between the two TLRs in NF-κB 

activation and CXCL-8 production.  

Therefore, B. vulgatus was revealed to have an S-LPS with a unique structural 

chemistry that was reflected in an equally uncommon immunocompetency. Indeed, 
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from this study, a “paradigm shift” in our comprehension of the role of LPS could 

have been proposed for the first stime, that is LPS not anymore as a toxic molecule 

but also as a potentially beneficial glycoconjugate able to modulate human immune 

response.  

Figure I The full structure of the LPS from B. vulgatus  

 

The second project argued in this thesis (Chapter 4) is centred on the LPS of 

Alcaligenes faecalis, which inhabits the gut-associated lymphoid tissues (GALT), 

Peyer's patches (PP). Alcaligenes spp. are able to create and maintain a homeostatic 

environment in PPs without triggering any harmful responses. Furthermore, it was 

previously demonstrated that Alcaligenes spp. LPS acts as a weak TLR4 agonist and 

it could promote interleukin-6 (IL-6) release from dendritic cells (DCs), which, in 

turn, enhanced Immunoglobulin A (IgA) production. On these bases, extraction and 

characterisation of this LPS from A. faecalis was completed. This bacterium was 

found to synthesise both S-LPS and R-LPS. The full structure is sketched in Figure 

II. Briefly the core OS was defined to be a complex nonasaccharide comprising Kdo, 

two L-glycero-D-manno-heptoses, two N-acetyl D-glucosamine, two N-acetyl D-

galactosamine, one D-glucose, and one D-galactose. This novel core OS structure 

found in both the R-LPS and S-LPS of A. faecalis was also found to be more 
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heterogenous due to the presence of non‐stoichiometrically linked sugar residues. In 

the S-LPS of A. faecalis, which inherently has an additional polysaccharide repeating 

unit (O-antigen), was disclosed to be a branched xylosylated rhamnan chain. 

Conclusively, the lipid A structure was also defined as a heterogenous mixture of 

mono and bis-phosphorylated tetra-, penta- and hexa-acylated species. This project 

then laid the bases for the chemical synthesis of the A. faecalis lipid A. This structure 

to function study was essential to appreciate that tetra- and penta-acylated lipid A 

species were unable to activate TLR4-mediated signalling, while the hexa-acylated 

ones were able to trigger it but at a less extent compared to E. coli LPS. Finally, these 

synthetic hexa-acylated lipid As were shown to activate IL-6 release in THP-1 cells 

which was comparable to what was previously observed after administration of the 

full A. faecalis LPS.4 Therefore, these results suggested that lipid A (in its hexa-

acylated form, although present in minor amount) is the main responsible for most of 

the IL-6-mediated IgA production occurring in PPs. The intrinsic peculiarity of A. 

faecalis LPS to act as a weak TLR4-signalling activator but to be able, at the same, to 

potently induce IgA production, are of paramount importance in the evaluation of this 

molecule as a potential adjuvant candidate in future vaccine production. As a matter 

of fact, thanks to this structure to function study, chemically synthesised A. faecalis 

lipid A have been recently proposed as potent and safe nasal vaccine adjuvants for the 

induction of Streptococcus pneumoniae-specific IgA and Th17 mediated protective 

immunity, augmenting both the innate and acquired arms of mucosal immunity 

against respiratory bacterial infection. 

All in all, this study unveiled the novel and complex structure of the LPS from A. 

faecalis, with an in-depth structure to function investigation, which showed a peculiar 

immunological role that has enormous potential to be harnessed for future 

development of vaccine adjuvants inspired by molecules provided by our own GM.  
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Figure II R-LPS structure from A. faecalis (Left) and the O-antigen structure of A. faecalis 
(Right)  

 

In Chapter 5 the characterisation of the chemical structure and immunological activity 

of the R-LPS from the prominent gut bacterium Bacteroides thetaiotaomicron is 

discussed. The extraction of the LPS was performed on a bacterial strain mutated in 

the gene cluster for the production of capsular polysaccharides (CPS) to enable a 

successful isolation of the sole LPS molecule. The extracted R-LPS underwent 

different chemical treatments (full de-acylation and mild acid hydrolysis) followed by 

multiple different analytical methods including 1D and 2D NMR experiments, 

MALDI-TOF MS and MS/MS, and GC-MS analysis, to define the chemical structure 

of the R-LPS from B. thetaiotaomicron (Figure III). The immunological activity of 

B. thetaiotaomicron LPS was investigated in vitro using HEK-Blue™ cells stably 

transfected with human TLR4 (hTLR4), MD-2, and CD14 genes or with human TLR2 

(hTLR2) gene. These results demonstrated that the R-LPS from B. thetaiotaomicron 

was a weaker activator of the TLR4 signalling compared to the known pro-

inflammatory LPS from the enteropathogen Salmonella typhimurium and showed to 



Summary 

 
 

activate in a dose dependent manner the TLR2-mediated signalling. Further 

investigation using multiple reaction monitoring mass spectrometry (MRM-MS) 

based method demonstrated that HEK-Blue™ cells transfected with hTLR2 and 

stimulated with the R-LPS from B. thetaiotaomicron were the main responsible for 

the release of pro-inflammatory IL-2, IL-6, and IL-1β, whereas cells transfected with 

hTLR4 showed to be in charge of the release of the anti-inflammatory IL-10 upon 

their stimulation by this gut symbiotic R-LPS. 

Thanks to this study, the unusual and highly heterogenous chemical structure of the 

R-LPS of B. thetaiotaomicron was deduced. This represents an extremely important 

step in the microbiota research field as B. thetaiotaomicron still remains the most 

studied mutualist of human intestine, although nothing was known, so far, about the 

chemistry of its LPS along with the immunological behaviour of the LPS devoid of 

any CPS contamination. Moreover, this study unveiled for the first time the diverse 

impact(s) and role(s) that B. thetaiotaomicron R-LPS has on activation of TLR2 and 

TLR4-mediated signallings, with the observation of induction of a clear differential 

cytokine release profile. 

Figure III Structure of the R-LPS from B. thetaiotaomicron 
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Another project described in this PhD thesis is related to the investigation of the 

structure to function relationship of the LPS from two isolates of Veillonella parvula. 

This is a bacterium abundant in the normal healthy microbiota of various organs but 

that has also been found to be opportunistic in certain pathological situations, making 

it a “pathobiont” worth to be studied. The extraction and characterisation of two 

isolates of V. parvula was executed: a human intestinal isolate and an oral cavity 

isolate. Differences in the nature of the LPS from these two isolates was immediately 

observed, that is the production of an S-LPS in the intestinal isolate and of an R-LPS 

in the oral isolate. In addition, the fatty acid compositional analysis showed important 

differences mainly regarding the degree of branching, which was found to be higher 

in the oral isolate than in the intestinal one. A full structural study on the LPS from 

both isolates was performed by merging chemical analyses data, NMR and MS 

investigations. Two novel LPS structures were defined, both with fascinating 

chemical properties (Figure IV). An unprecedented O-antigen polysaccharide 

structure was deduced for the intestinal isolate. Given the peculiar chemistry, the 

immunological behaviour of both V. parvula LPS was also analysed. To this aim, 

among other systems considered within the frame of this project, HEK-Blue™ cells 

transfected with hTLR4 were used and clearly showed that the two LPS exert a 

differential activation of the signalling mediated by this innate immune receptor. 

Briefly, the R-LPS from the oral cavity strain acted as a weaker activator of the pro-

inflammatory response compared to the S-LPS isolated from the intestinal isolate. To 

gain insights into this phenomenon, the molecular details and mechanisms underlying 

how the different lipid A structures from each isolate of V. parvula interact with 

TLR4/MD-2 was investigated by using molecular dynamic approaches. This work 

was completed during my three-month secondment in Madrid, Spain at the CSIC 

under the supervision of Prof. Martín-Santamaría.   

This investigation into the LPS from V. parvula from different organs of the human 

host revealed important structural differences responsible for specific immunological 

properties, further highlighting how intricate and delicate is the balance between the 
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chemical structure of an LPS from human microbiota and its recognition and impact 

on the human immune system.   

Figure IV Structure of the S-LPS from V. parvula (intestinal isolate) 

The final project discussed is focused on Bacteroides uniformis (Chapter 7). This is 

another important bacterium of the healthy GM and is also extensively studied for its 

ability to induce the release of the anti-inflammatory cytokine IL-10. Thanks to this 

project, the R-LPS was successfully isolated from a few milligrams of starting 

bacterial pellet. Following the isolation and purification of the LPS, the lipid A species 

were characterised, and the saccharide moieties were analysed. Despite the low 

amount of material, given by both cell growth problems and occurrence of 

polysaccharidic natural contamination, this project was extremely important to set up 

a protocol to overcome obstacles in the extraction procedures, thus guiding future LPS 

isolation that might result in similar drawbacks. 

An Appendix chapter has been added to the present thesis (Chapter 8: Appendix). This 

covers two additional projects on the full characterisation of the lipid A from a cystic 

fibrosis pathogen Pandoraea pulmonicola, and the full chemical characterisation of 
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the unusual lipid A from two species of Echinicola genus, which are marine Gram-

negatives belonging to the Bacteroidetes phylum. The former project on P. 

pulmonicola was fundamental to prove the capability of some bacteria to extensively 

modify the chemistry of their LPS to allow the colonisation and persistence within the 

human body. Peculiar structural features were identified in the lipid A of the 

investigated P. pulmonicola strain that might help in the future preparation of new 

treatment or therapeutic strategies to deal with dangerous opportunistic pathogens in 

particular in the case of cystic fibrosis disease. On the other hand, the project on 

Echinicola strains, which was further expanded by the evaluation of the LPS 

immunological properties, was key to dissect the chemistry of lipid A from 

environmental Bacteroidetes. This study intriguingly showed that both Echinicola 

LPS exert a weak activation of the TLR4 mediated signalling, as observed for other 

Bacteroidetes studied in the frame of this PhD project.  

Thanks to these two additional studies, it was further highlighted the importance of 

studying in parallel to commensal, also pathogenic and environmental LPS chemistry 

and immunity especially in the perspective of design of new molecules that could be 

used as antagonists (inhibitors) or immunetherapeutics, as well as in the conception 

of new antimicrobial compounds to treat opportunistic pathogen infections.   
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1.1 Overview of Gut Microbiota – The Forgotten Organ 

Bacteria have existed for over three billion years and their co-evolution the complex 

multi-cellular human host has created what is now known as the “microbiota”, a 

unique micro-ecosystem. These microorganisms can colonise open surfaces like that 

of the skin as well as the inside of specific organs such as the gastrointestinal, 

respiratory, and urogenital tract.1 Based on both culture-dependent and -independent 

techniques, it has been estimated that around 150-400 species reside in the human gut, 

which are collectively named the “gut microbiota” (GM).  GM is not solely of 

bacterial origin but also comprises viruses, yeast, fungi, and phages.2,3 This complex 

community of microbes live in a symbiotic relationship with the human host, meaning 

that they not only thrive within this highly competitive niche but also provide 

beneficial roles for the host.4 The significance of the GM to the human health along 

with its enormous complexity and “virtual” dimensions, has led to it being considered 

as an additional organ of the human body: the so-called “forgotten organ”.5  Some of 

the beneficial roles that the GM provide are outlined in Figure 1.1.  The research 

activity devoted to the characterisation of the human bacterial community (microbiota 

or bacteriobiota) and its genome (microbiome) has increased dramatically within 

recent years thanks to technological advances and the production of more economic 

method of isolation and analysis.  This has resulted in great insights into the 

composition of the healthy and unhealthy microbiota and their interactions and effects 

on the human host, with tremendous repercussions for future engineering of new 

diagnostic techniques, prevention strategies against diseases, and pharmaceutical drug 

design.   
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Figure 1.1 Graphic representation of the main beneficial roles of the gut microbiota 
towards the human host. Created with BioRender.com  

 

1.2 History of microbiota research  

The term microbiota has been claimed to be first defined by the Nobel laureate-

microbiologist Joshua Lederberg in 2001. Yet this terminology was common in the 

field of microbiology for at least 50 years prior, being used to define a small ecological 

niche incorporating plant and animal life.6 Indeed, the co-existence of microbes 

colonising humans has been ongoing for thousands of years however, the depth of 

research in understanding this precious relationship is a contemporary area of 

research, and thus is quite limited compared to other fields.   

Summarised in Figure 1.2 is an overview of some of the most important scientific 

milestones achieved in the field of microbiota research. Dating back to 1683 our 

fascination with bacteria was first documented when Antonie van Leeuwenhoek 

developed a new handcrafted microscope that enabled him to observe different 
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bacteria within samples taken from his own and other people’s mouths. Fast forward 

to the 1800s, Joseph Leidy published the book “A Flora and Fauna within Living 

Animals” which has been claimed to be the beginning of microbiota research.7 In 

1860, the chemist Louis Pasteur laid the foundations of how we understand host–

microorganism interactions and initiated the “germ theory” of disease. Intriguingly, 

in the twentieth century Pasteur, as well as others like Metchnikoff, hypothesised that 

non-pathogenic microorganisms might have an important role in normal human 

physiology.7,8 In 1890, Koch outlined the four criteria designed to establish a causative 

relationship between a microorganism and a disease, leading to microbiology research 

being focused on the identification of causative agents of pathologies. Later, in the 

twentieth century, huge developments in the field of microbiology and bacterial 

cultivation allowed for breakthroughs in anaerobic cultivation. This was crucial in 

providing a way to isolate and classify bacteria and thus tremendously boosted the 

understanding of bacteria that colonise the human body.9–11 The exponential grow of 

sequencing technologies has led to massive advances in human microbiome research 

from species identification to metagenomic approaches of human-associated 

microbes, which now can even be used to reveal how microbial metabolic activities 

correlate with human health and disease.12,13  

At present, these techniques continue to develop and improve, with cutting-edge 

advances in high-throughput molecular strategies, such as 16S ribosomal RNA 

sequencing and metagenomics. Indeed, many large national and international projects, 

such as the Human Microbiome Project in the United States of America and the 

European Union Project on metagenomics of the GM called The MetaHIT 

Consortium, represent key milestones in microbiota research.14 These projects were 

in fact set up with the goal of generating resources that would enable the 

comprehensive characterisation of the human microbiome and analysis of its role in 

human health and disease. 14,15 



  Chapter 1 
Section 1: The gut microbiota 

 

5 
 

Much of the current research in this field focuses on the role that microbiota and 

their by-products have on and how they interact with the host immune system. A key 

example in the field of glycobiology applied to microbiota analysis, is the work by 

Mazmanian and Kasper (2008) in which they isolated a specific polysaccharide (a 

capsular polysaccharide) from the symbiotic bacterium Bacteroides fragilis and 

demonstrated that it plays a fundamental role in protecting from inflammatory disease 

by suppression of pro-inflammatory interleukins release.28 In this frame, modern 

research is also looking into the microbiome of tumours, defining their distinct 

composition, and the role that these bacteria and their metabolites play in the response 

to anti-cancer therapy as well as in worsening the cancer conditions and progression.16  
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Figure 1.2 Timeline of some of the key milestones within microbiota research. GM: gut 
microbiota. Created with images from BioRender.com 
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1.3 The Gut Microbiota (GM) 

The GM composition is delicately balanced within the intestines, and this homeostasis 

is vital to be maintained (eubiosis). When this balance is altered, it can lead to a 

pathological condition known as “dysbiosis”. This dysregulation of the GM 

composition means functional changes in the microbial transcriptome, proteome 

and/or metabolome, thus leading also to heightened immune responses by the host 

and dangerous inflammatory conditions (Figure 1.3).  Among the main diseases that 

have been linked to GM dysbiosis are diabetes type 1, inflammatory bowel diseases 

(IBD), asthma, and even some types of cancer.17 The investigation of such an 

imbalance within the GM composition is, however, not an easy feat due to several 

reasons. First, it should be kept in mind that the relative proportions of each bacterial 

species vary between individuals and even within the same individual due to GM 

evolution during lifetime (see Section 1.3.1).  In addition, the GM can vary greatly 

across populations due to diet and lifestyle.18 It is worth mentioning that there are 

continuously increasing research activities that are devoted to uncovering hallmarks 

in the GM across populations and the different disease states. These studies will have 

priceless repercussions for healthcare through manipulating the microbiota of sick 

patients to ameliorate a specific pathological disorder.  In addition, a lot of research 

efforts are currently given to investigation of whether it is possible to improve human 

(and animal) health through lifestyle modifications, such as through diet or exercise 

or using clinical interventions like faecal microbiota transplantation, antibiotics, and 

the use of pre- and probiotics (Table 1.1).3  

  



  Chapter 1 
Section 1: The gut microbiota 

 

8 
 

Table 1.1 Key terminologies used within the microbiota field and their definitions  

Term Definition 

Microbiota The sum of all microorganisms (including bacteria, archaea, 
eukaryotes and viruses) that reside in and/or on a host. This can 
also be defined into a specific organ such as the microbiota of the  
gastrointestinal tract: Gut microbiota  

Microbiome The collection of all genomes (DNA and RNA) of bacteria and 
other microorganisms in each environment 

Prebiotics Bacterial substrates that are selectively utilised by host conferring 
a health benefit.  

Probiotics Live microorganisms that when administered in adequate 
amounts act as a health benefit to the host 

Dysbiosis An imbalance in the structural and/or functional configuration of 
the microbiota, leading to a disruption of host–microorganism 
homeostasis 

 

Numerous studies have focused their attention on defining the differences observable 

within the GM composition of healthy and diseased patients to harness this 

information for potential therapeutic purposes, both for prebiotics and probiotics 

(Table 1.1).  It is important to mention that the cell-surface macromolecules such as 

proteins (surface layer associated proteins and mucin-binding proteins) and non-

protein components (lipoteichoic acid, peptidoglycan, lipopolysaccharides and 

exopolysaccharides) are the main modulators between the probiotic strains and the 

host. 20,21 
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Figure 1.3 Factors that influence and shape the intestinal microbiota include various 
environmental factors, i.e., the use of antibiotics, lifestyle, diet, hygiene preferences, and the 
host’s genetic disposition, which then in turn have consequences on the health of the host. 
Figure taken from Sommer and Bäckhed (2013).22 
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1.3.1 GM and immune system 

The gastrointestinal tract not only harbours microbes of the GM but also a huge pool 

of immune cells that are important for the regulation and monitoring of the GM. 23,24  

Before microbes encounter the immune system, the epithelial cells of the intestinal 

tract act as first guardians and communicate with the immune cells within the lamina 

propria.23 This regulation and monitoring is mainly performed by the cells of the 

innate immune system through important innate immunity receptors known as patten 

recognition receptors (PRRs), among which there are the Toll-like receptors. 

However, it is important to note that although the immune system impacts the GM, 

many publications have proven that the proper maturation and homeostasis of the 

immune system is significantly linked to microbiota itself. Indeed in 1930, studies 

performed on Germ-Free (GF) mice proved that mice completely devoid of a 

microbiota have a vastly underdeveloped immune system compared to that of wild 

type (WT) animals.4 Furthermore, other studies have demonstrated that antibiotic 

treated-mice have an immature immune system with a lower number of lymphocytes 

and decreased expression of cytokines. 24,25  

Although the establishment of the microbiota of the neonate begins at birth, it is well 

known that the immune system of a foetus starts to develop throughout the pregnancy 

and is affected by the maternal microbiota.26 Therefore, factors affecting the mother 

microbiota, such as exposure to antibiotics/drugs, dietary habits, and environment, 

can already start to create a great influence on a child’s microbiota. During pregnancy, 

cell populations of the innate immune system of the foetus are shaped the most such 

as monocytes, innate lymphoid cells (ILCs) and neutrophils (Figure 1.4).27 At birth 

the neonate has its first exposure to microbes and indeed, differences have been found 

between babies born vaginally or through C-section.  Neonates born vaginally have a 

microbiota enriched with Lactobacillus, Bacteroides, and Prevotella spp. which 

resembles those of the maternal vaginal microbiota, whereas those born through C-

section have similarities to the skin or environmental microbiota, such as 
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Staphylococcus, and Streptococcus.26 As the immune system at birth is confronted 

with many bacteria, the neonate is dependent on maternal protection through passive 

immunisation via breast feeding.27 As the infant grows, the beneficial interplay with 

the microbiota and the developing immune system aids in protecting against invading 

pathogens.  The microbiota will then evolve over time shaped by various factors such 

as exposure to antibiotics, breast feeding, genetics, and the environment (Figure 1.4).  

After 2-3 years of age, the microbiota community of a child begins to stabilise and 

resemble that of an adult and remains almost unchanged throughout lifetime. Several 

studies have related dysbiosis in infants to the occurrence of chronic pro-inflammatory 

states like obesity, IBD, or psoriasis.28 Of note, a ground breaking study showed a 

correlation between the depletion of Fecalibacterium, Lachnospira, Rothia, and 

Veillonella at 3 months of age and the development of asthma. These results have also 

been confirmed with GF mice that evidenced that the depletion of Fecalibacterium, 

Lachnospira, Veillonella and Rothia species were linked to atopy and wheeze.28,29 

Although the early life GM is essential for the maturation of the immune system, the 

education and priming of the host immune response is a lifelong process. As an 

individual ages, a decline of diversity and dysbiosis within the GM occurs which can 

lead to alterations in the functioning of the innate and adaptive system. The case of 

this dysbiosis can be the result of many factors such as increased use of antibiotics, 

lack of nutrients, reduced physical activity and alterations in hormones (i.e., 

menopause).26  In fact, this aging of the microbiota has been termed as “microb-aging” 

and is characterised by a decrease in commensal bacterial species like Clostridiales 

and Bifidobacterium, and an overrepresentation of pathobionts, such as 

Enterobacteriaceae.30,31 However, it is still not clearly understood whether the 

dysbiosis of the aged GM is a cause or an effect of the aging host, but current research 

is indicating that restoration of the GM homeostasis may provide benefits and even 

increase longevity.26  



  Chapter 1 
Section 1: The gut microbiota 

 

12 
 

Figure 1.4 A cartoon representation of some of the changes that occur in the GM composition 
as the human host ages and the development of the immune system. Image taken from 
Kalbermatter et al. (2021)27  
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1.3.2 Gut Microbiota: the bacterial community 

The bacterial component within the GM is a complex consortium that has been 

classified into distinct phyla, of which the two most represented in the gut are 

Bacteroidetes and Firmicutes, with minor species belonging to Actinobacteria, 

Verrucomicrobia, and Proteobacteria phyla.24 Much research has shown important 

correlations between the ratio of Bacteroidetes and Firmicutes, known as the “F/B 

ratio”. In this frame, various diseases were shown to be associated with changes in the 

F/B ratio, including obesity,32 cardiovascular disease33, and IBD.34   

The majority of bacteria within the Firmicutes phylum are Gram-positive, with the 

exception of two small side branching classes called the Negativicutes and the 

Halanaerobiales, which consist of species possessing a didermic membrane and 

lipopolysaccharides, thus are Gram-negatives.35,36 The two largest orders of the 

Firmicutes, Lactobacillales, and Clostridiales, have been extensively studied 

providing evidence of their importance and beneficial functions for the host. Species 

from the Clostridiales have been cited as contributing to a breadth of pivotal activities, 

including resistance to the colonisation by enteric pathogens, protection against food 

allergy, promoting T cell differentiation, and amelioration of IBD.  One key 

representative is the F. prausnizii, a Gram-positive belonging to Ruminococcaceae 

family in Clostridium cluster IV.  This microbe has been observed to protect from 

inflammation through blocking NF-κB activation and IL-8 production and to improve 

intestinal barrier function.37–39 

Moreover, species of the Lactorbacillales order have been found to interact with the 

mucosal immune system, enhancing the intestinal barrier defence by promoting 

mucus secretion and inhibiting the growth of some detrimental bacteria through 

production of lactic acid.41 As a consequence of these benefits, many species from 

these orders have been predicted to emerge in future microbial therapeutics 39,41 A key 

examples is the Lactobacillus rhamnosus GG that has been extensively studied and 

shown to prevent gastrointestinal infections and stimulate immune responses aiding 
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in preventing allergic symptoms. The underlying molecular mechanisms involved in 

these functions are still being researched but have shown to entail the participation of 

exopolysaccharides (EPS) and lipoteichoic acids.42 

On the other hand, the Bacteroidetes phylum is composed of Gram-negative species 

which constitute between 5% and 60% of the intestinal microbiota and is mainly made 

up of 4 key families: Bacteroidaceae, Prevotellaceae, Rikenellaceae, and 

Porphyromonadaceae. There are conflicting and complex studies that show different 

functions by bacteria of the Bacteroidetes phyla. Several studies have demonstrated 

their beneficial roles in breakdown of complex polysaccharides, resistance to 

pathogens, and production of vitamin B.43,44 Yet, some species have been linked to 

disease states, such as Bacteroides fragilis that has been associated with colon 

cancer,45 despite this same bacterium was known to produce, as stated above, an 

immunomodulatory polysaccharide able to prevent IBD and to positively impact on 

T-cell development.45 These contradictory studies highlight the complexities of the 

GM research field and strengthen the view that we are still far from the full 

understanding of the mechanisms underlying the relationship between GM and host.   
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1.4 Gram-negative bacteria: an overview  

Bacteria can be classified as Gram-negative or Gram-positive based on a staining 

technique developed by Hans Christian Gram in 1884.46 The staining uses a crystal 

violet-iodine complex and a safranin counterstain to differentiate bacteria based on 

the cell envelope structure and chemical composition (Figure 1.5). Therefore Gram-

positives retain the crystal-violet stain thus appearing purple, whereas Gram-negatives 

lose the purple-coloured dye after the counterstain and appear as a pale red colour. 

Both Gram-positives and Gram-negatives have a phospholipid bilayer known as the 

inner membrane (IM) which encloses the cytoplasm. External to the IM is the 

periplasmic space, which contains the peptidoglycan that provides rigidity, shape and 

osmotic strength to bacteria. The peptidoglycan is formed by β-(1→4)-linked 

disaccharide chains, alternating N-acetylglucosamine (GlcNAc) and N-

acetylmuramic acid (MurNAc) residues in turn cross linked by short peptide stems  

composed of alternating L- and D-amino acids.47 It is possible to classify 

peptidoglycan on the basis of the third amino acid residue of the stem peptide; indeed, 

in Gram-negatives this residue is the unusual meso-diaminopimelic acid (m-DAP) 

while in Gram-positive bacteria is commonly a lysine. 

Gram-negatives have a thin layer of peptidoglycan (reason why they lose the staining 

upon decolouration step foreseen in Gram staining protocol) and a distinguishing 

feature of an additional phospholipid bilayer known as the outer membrane (OM) 

which is responsible for the effective permeable barrier against hydrophobic 

compounds and high molecular weight hydrophilic compounds. The inner leaflet of 

the OM is essentially composed of phospholipids and proteins classified into either 

lipoproteins and β-barrel proteins48, whereas the outer leaflet of the OM is rich in 

lipopolysaccharides (LPS), covering up to 75 % of the whole cell surface. 47,49,50 
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Gram-positives have a much thicker layer of peptidoglycan, as well as long anionic 

polymers known as teichoic acids (TA), which give stability and protection to the 

membrane. There are two major types of teichoic acids: wall teichoic acids (WTAs), 

which are covalently linked to peptidoglycan, and lipoteichoic acids (LTAs), which 

are linked to the cell membrane by a lipid ancor.48  Both Gram-positives and Gram-

negatives can also have additional features on the cell envelope, such as capsular 

polysaccharides (CPS), exopolysaccharides (EPS), flagella, and S-layers that provide 

multiple beneficial roles for bacteria including structural stability, permeability, 

motility, and defence against attacks from the host immune system.51,52  

Figure 1.5 A cartoon representation of the Gram-negative and Gram-positive bacteria cell 
envelope (Image by Whitfield et al. 2022).53 
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1.5 Lipopolysaccharides  

Lipopolysaccharides (LPS) are amphiphilic macromolecules essential for the growth, 

viability and correct assembly of the external membrane of Gram-negatives.52 LPS 

molecules pack tightly together to form a highly structured monolayer held through 

strong electrostatic interactions between the charged groups of the LPS and the 

environmental divalent cations (e.g. Ca2+ and Mg2+). This results in an increased 

membrane permeability to hydrophobic compounds and resistance to external 

stressors, such as antibiotics and bile salts.54,55  Additionally, due to the external 

location of LPS, they are crucial in host-bacterium interaction events, such as 

recognition, adhesion, colonisation, virulence, and elicitation of both the animal and 

plant immune system.56 However, among these roles, LPS are notoriously known for 

being the main cause of “endotoxic” shock associated with the pathogenic Gram-

negatives-mediated septicaemia.50 

LPS are biosynthesised according to a common structural architecture, which entails 

three genetically, biologically, and chemically distinct moieties 1) the glycolipid 

anchor known as the lipid A, 2) the core oligosaccharide (Core OS), and 3) the O-

antigen polysaccharide repeating unit (O-antigen) (Figure 1.6). The presence of the 

O-antigen defines whether the LPS is a “smooth-type LPS” (S-LPS), i.e., it possesses 

an O-antigen, or a “rough-type LPS” (R-LPS), which lacks this polysaccharidic 

portion.50 Despite this general architecture, LPS are in fact complex and highly 

heterogenous molecules with chemical variations observable in all three moieties.  

These variations can occur not only between bacterial species but also among strains 

of the same species. Additionally, chemical modifications have been reported within 

the same species grown by using different conditions.57 Of paramount importance is 

that these chemical heterogeneities have a profound impact on the cross-talk between 

LPS and the immune system.50 
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Figure 1.6 Cartoon of the general structure of an LPS. Indicating the two types: smooth-type 
LPS (S-LPS) and rough type LPS (R-LPS). “n” stands for an undefined number of repeating 
units 

1.5.1 Lipid A   

The lipid A is the glycolipid moiety of the LPS that anchors the LPS into the OM, and 

acts as the main ligand for the innate immunity receptor Toll Like Receptor 2/ Myeloid 

Differentiation factor 2 (MD-2) (TLR4/MD-2, discussed in more detail in Section 

1.5). The structure of the lipid A was first characterised by Westphal and Lüderitz 

(1954) and comprises of a β-(1→6) linked glucosamine (GlcN) disaccharide, 

commonly bis-phosphorylated at positions 1 of the α-GlcNp and 4' of the β-GlcNp.58  

Both the glucosamines can be acylated at positions 2,2' and 3,3' with 3-hydroxy fatty 

acids by both amide and ester linkages.58,59  Despite the lipid A being the most 

structurally conserved moiety, its chemistry widely varies among bacterial species 

and strains.60 Of note, a single bacterial species can even produce a heterogeneous 

mixture of lipid A structures.11  Indeed, structural variations have been characterised 

within the acyl chain composition, their distribution and branching pattern, as well as 

in the phosphorylation degree and presence on the phosphate groups and/or directly 

on the glucosamine backbone of other carbohydrate and non-carbohydrate 

substituents.   

P

P

P

P

Lipid A Core oligosaccharide O-antigen

n

Rough-Type LPS  (R-LPS/LOS) Smooth -Type LPS (S-LPS)
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The lipid A from Escherichia coli has the archetypal hexa-acylated bis-

phosphorylated structure and is known as the most potent agonist for the activation of 

immune response mediated by TLR4/MD-2 complex. The lipid A from E. coli 

possesses 14:0 (3-OH) as primary acyl chains, with those on the non-reducing GlcNp 

esterified by two secondary acyl chains, that is 12:0 and 14:0, thus resulting in an 

“asymmetric” 4+2 distribution of the fatty acids with the respect to the disaccharide 

backbone (Figure 1.7a).  The composition and distribution of the acyl chains of E. 

coli lipid A allows it to strongly bind into the binding pocket of MD-2 with only five 

of its six acyl chains, while the sixth one lies on the surface and interacts with TLR4. 

This interaction is crucial for the proper activation of the TLR4/MD-2 mediated 

intracellular transduction signalling leading to the elicitation of the immune response 

(see Section 1.6.3 for more details).61 

Lipid A molecules having longer or shorter acyl chains have shown to exert a reduced 

TLR4 immunostimulatory activity.55,62,63   Also the hypo-acylation, like in the case of 

Bacteroides sp. which possess tetra- and penta-acylated lipid A species (Figure 1.7b), 

and the “symmetric” distribution of the acyl chains, such as  the 3+3 symmetry of N. 

meninigitidis (Figure 1.7c) lipid A, have been associated with a poor 

immunostimulatory activity.64,65  Differences in the substitution occurring on the 

phosphate group(s) have also been observed, including the presence of additional 

phosphate units or sugar residues: an example is the glucuronic acid (D-GlcpA) unit 

on the lipid A of Echinicola pacifica and E. vietnamiensis, (Figure 1.7d, and Chapter 

8) or the 2-aminoethanol group (EtN) linked to the phosphate, like that observed on 

the lipid A of N. meningitidis and P. pulmonicola (Figure 1.7b, Chapter 8).65,66  

Phosphate groups of the lipid A create an overall negative charge of the molecule and 

aid in the stability and permeability of the bacterial OM.60  In rare cases, like in 

Campylobacter jejuni, the usual GlcN residue of the backbone is replaced by a 2,3-

diamino-2,3-dideoxy-D-glucose (GlcN3N).67   
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Because of their chemical structure, some lipid A species behave as TLR4/MD-2 

antagonists, thus competing for the biding to the receptor with potent agonistic lipid 

A species of pathogenic bacteria, and therefore are able to impede/reduce the 

subsequent cascade of detrimental events associated to an uncontrolled inflammatory 

reaction.  The typical antagonist for human TLR4/MD-2 is the biosynthetic precursor 

of E. coli lipid A, the lipid IVA (Figure 1.7e).  

 

Figure 1.7 Chemical structures lipid A from different bacteria to illustrate heterogeneities that 
can be observed in the acylation (number, type and distribution of acyl chains), and 
phosphorylation patterns, and substitutions on the disaccharide backbone a) Escherichia coli 
b) Bacteriodes vulgatus, c) Neisseria menigitidis, d) Echinicola pacifica and e) lipid IVA 

 

1.5.2 Core Oligosaccharide  

The core oligosaccharide (core OS) is a complex oligosaccharide composed of up to 

15 monosaccharides of various nature that can be arranged as either branched or linear 

moieties. The core OS can be further distinguished into an inner core and an outer 

core.52 The inner core is linked to the lipid A through a well conserved sugar, a 3-
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deoxy-D-manno-oct-ulosonic acid (Kdo) (Figure 1.8a), linked to position 6 of the 

non-reducing glucosamine of the lipid A.  As the presence of Kdo is almost 

exclusively found within LPS, it is considered a diagnostic marker for Gram-negative 

bacteria.50  In some unusual cases however, other sugars have been identified in place 

of Kdo, such as in the case of Acinetobacter68 where the first sugar of the inner core 

is a D-glycero-D-talo-oct-2-ulosonic acid (Ko) (Figure 1.8b) or within the LPS of 

Shewanella69 where there is an 8-amino-8-deoxy-manno-oct-2-ulosonic acid 

(Kdo8N). Kdo typically carries charged groups, such as phosphate or uronic acids, 

that often present in a non-stoichiometric manner.50,70 The residue commonly found 

linked to the Kdo is a heptose (L,D- Hepp and D,D-Hepp). However, it has been 

unveiled that some bacteria lack this sugar, an example being B. vulgutus where a 

rhamnose residue has been found directly linked at position 5' of the Kdo.71  As 

previously stated, the lipid A is the portion of the LPS that interacts with TLR4/MD-

2. Nevertheless, it has been well documented that the inner core OS also plays a 

fundamental role in stabilising this interaction.70 That said, structural variations within 

the core, especially substitutions like phosphate groups and amino-sugars, can alter 

the overall charge of the core OS, and thus profoundly affecting the interaction with 

the receptor. Furthermore, studies looking into mutants of the core region of E. coli, 

among others, demonstrated that phosphorylation of the inner core is critical for the 

stability and permeability of the OM.72 The extent of the structural variability of the 

inner core is limited within each genus or family, whereas the outer core region has 

higher structural heterogeneity.50 Indeed, the outer core is the most exposed portion 

for a rough-type LPS and is the bridge between the core and the O-antigen in the 

smooth-types.  
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Figure 1.8 Structure of a) 3-deoxy-D-manno-octulosonic acid (Kdo) and b) D-glycero-D-
talo-oct-2-ulosonic acid (Ko).50 

 

1.5.3 O-antigen polysaccharides 

Gram-negatives expressing a smooth-type LPS have an additional polysaccharide 

portion covalently linked to the outer core known as the O-antigen polysaccharide. 

This terminology comes from the Kauffman–White serological classification system 

developed for Salmonella in the 1930.53 The presence of the O-antigen can be 

visualised using SDS-PAGE and a silver nitrate stain that develops as a “ladder-like” 

pattern, where each band of the ladder represents a lipid A plus the core plus 

incrementing the number of O-antigen unit repeats.73 The structural variability of the 

O-antigen is almost limitless, with structural heterogeneity able to arise from a varying 

composition and number of monosaccharide residues, branching or linear structures 

as well as non-stoichiometrically linked sugar and non-sugar residues. Such 

heterogeneity of O-antigens across bacterial species led them to be used for 

serological classifications, as in the case of E. coli that has more than 170 O-serotypes 

and Salmonella having 46 O-serogroups.74,75 

In S-LPS, the O-antigen is the most exposed moiety of the molecule and therefore is 

at the interface between the bacterium and its environment, thus it plays a vital role in 

the evasion from the host immune surveillance.  Several studies have demonstrated 

that some Gram-negatives (i.e. Helicobacter pylori, Neisseria gonorrhoeae, Neisseria  

meningitidis and Haemophilus influenza) possess O-antigen structures that resemble 
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those of found in human glycoconjugates. In the case of H. pylori, the O-antigen 

structure mimics that of Lewis blood groups, hence greatly contributing to the 

invasiveness, colonisation, and antigenicity of the bacteria.75 It is also well studied 

that the chain length of the O-antigen is crucial for the protection of complement 

system-mediated lysis. An example is represented by V. cholerae where a R-LPS 

significantly reduces its ability to colonise the intestinal epithelia compared to the 

smooth-type strain, due to an increased sensitivity to complement system.76  

Furthermore, some O-antigen structures have been characterised as providing 

protection from environmental stresses such as oxidative stress, bile salts and CAMPs 

(Cationic antimicrobial peptides), all of which are advantageous for microbes to 

colonise the intestine.77 However, in some cases the O-antigen also contributes to LPS 

recognition by means of carbohydrate binding proteins, known as lectins, which are 

other actors of the immune system influencing the elicitation of inflammatory 

responses.  An example is given by the mannose rich O-antigen of Hafnia alvei PCM 

1223 which is recognised by the dendritic cell-associated C-type lectin-2 (Dectin-2) 

leading to the augmentation of TLR4 response in myeloid cells.78   
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1.6 LPS and elucidation of the host immune system  

1.6.1 Innate and adaptive immunity: an overview 

The immune system can be considered a complex collection of organs, cells and 

proteins that protect the human body from intruders. The immune system is divided 

into two branches: the innate immune system and the acquired immune system, of 

which the innate immune system can be viewed as the first line of defence against 

invading pathogens. The innate immune system includes physical barriers such as the 

skin and the mucus layer that covers the epithelium of the intestinal, respiratory, and 

genitourinary tract. It also consists of soluble proteins and small bioactive molecules 

that are released (complement proteins, defensins, ficolins, cytokines and 

chemokines) as well as membrane bound receptors and cytoplasmic proteins which 

use an efficient recognition strategy through the detection of conserved microbial 

molecular target that are widespread across microbes.59,79 These targets are known as 

MAMPs (Microbe Associated Molecular Patterns) or previously termed as PAMPs 

(Pathogen Associated Molecular Patterns), which are recognised by the innate 

immune receptors called PRRs (Patten Recognition Receptors). Upon recognition of 

MAMPs by PRRs an intracellular signalling cascade is triggered, leading to changes 

in the expression of receptor proteins and transcription factors, enabling activation of 

the innate immune response and then supporting the acquired immunity.  

The acquired immune responses are slower to develop on first exposure to a new 

pathogen but are a more sophisticated system of defence, as it creates a memory that 

enables it to be more effective when re-exposed to the same stimuli. The main 

components of the acquired system are composed of four major populations of mature 

lymphocytes: B cells, T cells, natural killer (NK) cells, and NK-T cells.79 

1.6.2 Innate immunity and LPS: Toll-like Receptor 4 

One of the most studied PRRs is represented by the large family of Toll-Like 

Receptors (TLR). These receptors are transmembrane receptors that are characterised 
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by an extracellular leucine-rich repat unit (LRR) domain and an intercellular Toll/IL-

1 (TIR) domain. The LPS from Gram-negatives are recognised as a MAMP by a 

specific TLR: the TLR4.  The TLR4 is the only TLR that requires the accessory 

protein Myeloid Differentiation factor 2 (MD-2), thus forming the TLR4/MD-2 

complex. TLR4 is expressed on different types of immune cells and non-immune 

cells, with differences in function varying on the cell type. For example, TLR4 on 

hepatocytes is necessary for the uptake of LPS whereas on macrophages TLR4 is 

essential for enhancing phagocytosis. 80  

LPS is anchored to the OM through the lipid A thus for recognition by the host 

immune system it must be removed from the bacterial membrane. This is achieved 

either though cell death leading to the release of the LPS or through a direct extraction 

mechanism performed by the soluble LPS-binding protein (LBP) (Figure 1.9). 

Important to note here is that LBP is secreted into the intestinal tract where it can 

sense both pathogenic and harmless (commensal) Gram-negatives, yet the host 

immune system is able to distinguish between a pathogen and a commensal and is 

vital in maintaining the GM-host homeostasis.  The N-terminal domain of LBP binds 

to the lipid A moiety while the C-terminal domain recognises another protein called 

CD14, which consequently is where LBP transfers the LPS molecule to. The CD14 

can be either membrane-anchored or soluble and plays an essential role in the sensing 

of LPS, to the extent that there is an increase by a factor of 102 to 103 in the 

susceptibility of the TLR4/MD-2 expressing cell when CD14 is present. The CD14 

acts as a chaperone for LPS to the MD-2, which in turn creates the formation of a 

heterooligomeric protein complex consisting of two TLR4 and two MD2 molecules 

(TLR4/MD2-TLR4’MD2’). Of note, to form the active TLR4/MD-2 conformation, 

the ligand must be a pro-inflammatory lipid A species, such as that of E. coli.61,81  This 

extracellular dimerisation causes an intercellular dimerisation of the TIR-domains 

which can cause the activation of two separate immune signalling pathways: 1) the 

myeloid differentiation primary response gene 88 (MyD88)-dependent pathway and 

2) the TIR domain containing adapter-inducing interferon-β (TRIF)/TRIF related 
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adaptor molecule (TRAM)-dependent pathway. The activation of these pathways 

leads to activation of the mitogen-activated protein kinases (MAPKs), interferon 

regulatory factors (IFNs), and the nuclear transcription factor κB (NF-κB) that results 

in the transcription of pro-inflammatory genes. This consequently results in the 

production of pro-inflammatory cytokines and chemokines such as TNF-α, IL-1β, IL-

6, IL-8, and IL-12.  It is noteworthy to mention that the binding of an antagonistic 

ligand (such as that described for the lipid IVA or Eritoran) hinders the dimerisation 

thus preventing the intercellular signalling events to occur and further immune system 

activation.15 

 

Figure 1.9 Graphical representation of the of the activation of TLR4-depedent signalling of 
extracellular LPS. When an agonist LPS binds to the TLR4/MD-2, it causes the 
heterodimerisation of the complex resulting in the activation of two intracellular signalling 
pathways: Myd88-dependent pathway and the TRIF-dependent pathway. The former from the 
cell membrane whereas the later from the endosome. Image taken from Di Lorenzo et al. 
(2021).50  
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1.6.3 Structure and activation of the TLR4/MD-2 receptor complex  

As mentioned, the host immune response must be able to distinguish between a 

pathogenic and a commensal bacterium and therefore it is crucial to highlight that the 

binding mode of an LPS to the TLR4/MD-2 receptor from pathogenic bacteria 

compared to commensals LPS must be in some ways different. These differences seen 

in the binding mode and ability to activate the downstream events originate in the 

chemical structure of the LPS, or more specifically the lipid A, as the moiety that 

directly binds the receptor. The molecular structure of the TLR4 can be divided into 

three domains: the N-terminal domain, the central domain, and the C-terminal 

domain. The N-terminal and central domains bind the TLR4 with the co-receptor the 

MD-2, forming the TLR4/MD-2 heterodimer. The molecular structure of the MD-2 is 

composed of two anti-parallel beta-sheets which form a β-cup-like fold that creates a 

hydrophobic pocket to encompass the fatty acid (FA) chains of the lipid A.61 The 

structure of the overall TLR4/MD-2 complex depends on whether it is bound to an 

agonist (activated) (Figure 1.10) or to an antagonist (inactivated). Indeed, activation 

leads to the dimerisation of the TLR4/MD-2 heterodimer whereas an antagonistic is 

unable to confer this dimerisation.63,81 
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Figure 1.10 Graphical representation of the LPS from E. coli (in green) with the TLR4/MD-2 
(TLR4 in blue, MD-2 in magenta) from the x-ray crystallographic structure (PDB ID: 3FXI). 
Sketch of the lipid A structure is shown in the inset. The R2 FA of the lipid A coloured in cyan 
to indicate how this FA protrudes out of the MD-2 pocket to create the dimerisation of the 
TLR4/MD-2 complex. 
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1.6.4 Agonist ligand binding to TLR4/MD-2 complex 

With structural information of the TLR4/MD-2 complex with the agonist ligand of 

the LPS from E. coli (EH100) now available on the protein data bank (PDB) (ID: 

3FXI), information at an atomic level of the agonistic TLR4/MD-2 complex can be 

appreciated. This data confirms the binding behaviour of the lipid A of E. coli into the 

MD-2 through accommodating up to 5 FA chains in the hydrophobic pocket. The sixth 

FA chain (R2 in Figure 1.10) is found to be protruding out of the MD-2 hydrophobic 

pocket, creating a local conformational change involving the Phe126 side chain and 

the surrounding residues (Ile124 and Leu87). The stabilisation of this binding is aided 

by interactions between the phosphate groups of the lipid A glucosamine backbone 

and the polar MD-2 rim (e.g., Arg90, Lys91, Ser118 and Lys122). Furthermore, the 

inner core of E. coli LPS establishes a network of polar interactions with TLR4 amino 

acids, emphasising the importance of all the structural components of the LPS 

molecule in the binding to this receptor. All these interactions thus enable the 

dimerisation and activation of the TLR4/MD-2/TLR4’/MD-2’ complex (Figure 

1.11a).81 

1.6.5 Antagonist ligand binding to TLR4/MD-2 complex 

Several computational studies have been performed to clarify the binding mode of 

different lipid A structures and synthetic compounds with TLR4/MD-2. The 

antagonist ligand lipid IVA has its’ X-ray crystallographic structure interacting with 

the MD-2 molecule are available on the Protein Data Bank (ID: 2E56) thus providing 

great insights in the difference at a molecular level when this receptor interacts with 

an antagonistic ligand. The most obvious difference between the structures from 

agonists and antagonists is in the 180-degree rotation of the ligand in the binding site. 

The binding of lipid IVA to the receptor creates a re-orientation of the “on/off” switch 

loop containing Phe126, causing destruction in the side chains in proximity thus 

hindering the dimerisation of the receptor (Figure 1.11b).81 In this context, molecular 

modelling, docking and MD simulations studies have enabled these ligand/receptor 



 Chapter 1 
Section 2: Gram-negatives of the gut microbiota and their cell surface glycans 

31 
 

interactions to be more easily studied. Of note, a great deal of work in this sense has 

provided various relevant contributes leading to promising novel drug design 

procedures; a key example can be seen in the development of lipid A based vaccine 

adjuvants. An example can be seen in the case of Eritoran, a synthetic lipid A mimetic 

and a potent TLR4 antagonist which reached phase III clinical trains as an antisepsis 

drug. Unfortunately, Eritoran failed to succeed further as it did not meet its primary 

endpoint of reduction of mortality in patients with severe sepsis in a 28-day period.82 

Resatorvid (TAK-242) was another antagonist but able to bind to the intracellular 

domain of TLR4 and therefore blocked the cytoplasmic signalling pathways. 

Although promising results were seen in relieving symptoms of sepsis it was unable 

to pass the clinical phase III trials. Moreover, a synthetic glucolipid (FP7) was shown 

to down regulate several TLR4-dependent pro-inflammatory proteins making it a 

promising new candidate as a TLR4 antagonist.59  
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Figure 1.11 Scheme showing the modes of interaction of agonist and antagonist lipid A 
variants with the TLR4/MD-2 complex. a) Lipid A from E. coli as an example of an agonistic 
ligand; when bound, the R2 of E. coli Lipid A is exposed to the surface and creates 
hydrophobic interactions with the Phe126 loop. Additional stabilising interactions are also 
made, leading to the dimerisation of the TLR4·MD-2-ligand complex.  b) Lipid IVA as an 
example of an antagonistic ligand. The orientation of the ligand is inverted by 180° and the 
loop containing the Phe126 points outward, which prevents dimerisation of the TLR4·MD-2-
ligand complex. PDB ID: 3FXI and 2E56 
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1.6.6  Innate immunity and LPS: TLR2 and lectins 

It has recently come to light that LPS from some bacterial species are also able to 

interact with TLR2, another receptor from the Toll-like receptor family. TLR2 

mediated signalling occurs via heterodimerisation with either TLR1 or TLR6, of 

which the heterodimers are thought to be pre-formed on the cell surface (TLR2/TLR1 

is shown in Figure 1.12).83,84 These different heterodimers are known to trigger 

specific immune responses, both pro and anti-inflammatory. It has been hypothesised 

that this diversity in immune response is due to time-dependent structure-activity 

relationship between the TLR and the ligand. The LPS from L. interrogans, L. 

pneumophila, and Rhizobium spp. have been reported to induce TLR2-mediated 

inflammatory responses in immune cells.85–87  Other species such as the LPS from B. 

vulgatus (as presented in Chapter 3 of this thesis) showed a synergistic effect between 

TLR4 and TLR2 when studied in HEK cell lines.71 Furthermore, LPS from O. 

intermedium has shown a weak activation of TLR4 yet when investigated in a 

preassembled receptor complex TLR4/TLR2/MD-2, a high release of pro-

inflammatory cytokines was observed.  This suggested that also this LPS requires 

TLR4 together with TLR2 to activate the innate immune response.85 Advancing our 

understanding of how LPS and TLR2 interact, plus its biological role needs to be 

addressed. This key information could lead to the development of new 

pharmacological strategies against diseases that are caused or exacerbated by TLR-

mediated inflammation.  
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Figure 1.12 Schematic representation of the TLR2/TLR1 heterodimer. Labelled at the main 
structural elements of the leucine-rich repeat (LRR) motif, transmembrane helix and 
intracellular TIR domain. Images taken from Jastrząb et al. (2021).84 The LRR structure is 
based on the interaction of the receptor with Tri-acetylated  lipopeptides, one of the key ligands 
studied and recognised by this receptor.  
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In addition to TLR, lectins are a major class of PRR involved in glycan recognition 

and activation of the immune system. Lectins are carbohydrate binding proteins 

largely subdivided into three classes: galectins which bind to galactose containing 

substrates, Siglecs which are specific for recognition of sialic acid containing glycans, 

and C-type lectins (CLRs) which are known for their need for Ca2+ for glycan binding 

(Figure 1.13).88 Many C-type lectins are expressed on antigen presenting cells where 

they act as PRRs and recognise specific MAMPs on the surface of bacteria. Following 

this recognition event, internalisation and presentation via the major 

histocompatibility complex (MHC) of the bacterium occurs, hence linking the innate 

immune system to the acquired system.89 Indeed, the triggered immune outcome 

differs depending on the respective lectin and/or bacteria species, as highlighted in 

Figure 1.13.  

 

Figure 1.13 Graphical representation of different families of lectins found within the immune 
system. Siglecs a subgroup of I-type lectins that carry a sialic acid recognition domain, C-type 
lectins that recognise glycans in a calcium dependent manner and galectins. Image from Acosta 
et al. (2019).88 
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1.7 Capsular polysaccharides and immunological functions 

Both Gram-negative and Gram-positive bacteria can also synthesise capsular 

polysaccharides (CPS). These are long chain polysaccharides tightly attached to the 

surface of bacteria either via covalent bond or through a linkage with a phospholipid. 

The composite polysaccharide repeating units of CPS are typically negatively charged 

and create an extensive hydrated layer surrounding the cell which can be viewed under 

microscopy.90 CPS specific composition and structure are impressively diverse and 

unique across bacterial species but also between strains within a single bacterial 

species. Bacteria which produce CPS have been associated with increased resistance 

to complement and anti-microbial attacks.44   B. fragilis is one of the most studied gut 

commensal species for its CPSs, with the most studied one called the polysaccharide 

A (PS A), isolated from strain 9343. Indeed PS A can be seen as the archetypical 

example of a molecule from a commensal microbe that has immunoregulatory 

properties (Figure 1.14).91–93   The chemical  structure of PS A displays a high but 

equal density of both positive and negative charged groups thus rendering this CPS a 

zwitterionic polysaccharide (ZWP).94,95 Although some species have been greatly 

investigated for their CPS and their potential therapeutic, the discovery and 

characterisation of other bacterial species CPS is still greatly understudied considering 

that most gut microbes produce a massive pool of CPS structures with immune-

potential roles still to be discovered.  

 

 

 

 

Figure 1.14 Sketch of the capsular 
polysaccharide (PS A) from B. fragilis 
NCTC9343  
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1.8 Objectives 

The human intestinal tract is colonised by thousands of microorganisms which are 

collectively known as the gut microbiota (GM) key for the proper functioning of the 

human body. Gram-negatives make up a huge majority of the bacterial population 

within the GM, and intrinsically possess lipopolysaccharides (LPS) on their outer 

membrane. LPS are glycoconjugates universally considered “inflammatory”, as they 

are sensed by the host’s innate immune system as a warning of a potential treat. Yet, 

humans live in a harmonious and also a mutualistic relationship with these Gram 

negatives. With the knowledge that the immunological response is dependent on the 

chemical structure of the LPS, there must be a difference between dangerous and 

harmless bacteria. This PhD project thesis aimed at shedding light on this by: 

 Defining the chemical structure of LPS from key members of the human GM, 

thus increasing the knowledge of diversity and complexity of LPS chemistry. 

 Investigating the immunological behaviour of these LPS, using both in vitro 

and computational methods to gain insights into the key molecular features 

that render these LPS somehow “invisible” and/or “not dangerous” to the 

host. This unprecedented information on how these bacteria not only persist 

in our intestine but also whether their LPS co could be beneficial for the 

development of the immunological system. 

 Improving and updating existing protocols for the extraction and purification 

of LPS from GM species to overcome frequent complications, such as the 

presence of various other carbohydrate molecules such capsular 

polysaccharides or exopolysaccharides, which can be easily co-extracted with 

LPS. 
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2.1 Introduction 

Most of the studies performed during this PhD were on the characterisation of LPS 

from gut microbiota (GM) and therefore in this chapter it will be outlined the 

techniques used to successfully achieve structural determination of 

 LPS. However, the methods explained for the analysis of the carbohydrate moieties 

of the LPS after their extraction, have been exploited for the full characterisation of 

other GM polysaccharides, such as capsular polysaccharides (CPS), although their 

results have not been reported in this thesis.   

2.2 Preparation of bacterial cells prior to LPS extraction 

Before the initiation of the LPS characterisation, the isolation and purification of the 

LPS must first be carried out. The extraction of LPS from pathogenic and 

environmental microbes is well published1,2 but still is understudied how these 

techniques should be modified to isolate LPS from GM.  Hence, additional work 

throughout this PhD was also to adapt and modify, through a trial-and-error approach, 

the typical protocols for LPS extraction/purification to the GM LPS world.3 These 

modifications were mandatory for several reasons. First, gut microbes are often 

anaerobic (both strict or partial), thus require specific and sometimes very complex 

growth conditions; this typically implies that only reduced amounts of starting cellular 

material is obtained, thus resulting in a low yield of LPS. Second, GM species are 

notorious for expressing various other carbohydrate molecules on their cell surfaces 

or secreting them in the surrounding environment, such as CPS or exopolysaccharides 

(EPS) which can be easily co-extracted with LPS; this obviously would create 

forthcoming problems for the detailed structural characterisation.  Certainly, to have 

some prior knowledge of the bacterial species under investigation and of its capability 

to produce (and how much/how many) CPS and/or EPS before starting any LPS 

extraction procedures would reduce these drawbacks. However, by making some few 

practical tricks, it is possible to protect the quality and the robustness of an LPS 
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structural analysis. These “tricks” include cell washes, enzymatic digestions, and 

ultracentrifugation, as described below. These initial steps were all employed during 

this PhD work but varied depending on the bacterial species analysed, the total amount 

of starting material, and the chemical properties of the LPS itself.  Furthermore, these 

refined protocols led to a publication of a book chapter on “Extraction, Purification, 

and Chemical Degradation of LPS from Gut Microbiota Strains” in Methods of 

Molecular Biology. 
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2.3 Extraction and purification of LPS 

2.3.1 Extraction of LPS 

There are several conventional procedures to achieve LPS extraction which depend 

on the nature of the LPS (R-LPS or S-LPS), refer to Section 1.5. Two methods are 

largely used and exploit the chemical properties of the two LPS types, that is the 

presence of the O-antigen renders the S-LPS more hydrophilic than R-LPS that lacks 

this carbohydrate portion. Indeed, a method known as the 

Phenol/Chloroform/Petroleum ether (PCP) procedure, is selective for R-LPS; indeed, 

after the extraction has been performed, the evaporation of the chloroform and 

petroleum ether causes the R-LPS to be retained in the phenol phase, which can be 

then easily precipitated by adding a few drops of water (Example of the gel-like 

precipitate formed Figure 2.1a). The PCP procedure results in a sample that is 

generally free of cell contaminants allowing for a subsequent easier purification of the 

extracted material.4 Another extraction method is the hot phenol/water procedure that 

consists of suspending dried cells in 90% phenol/water 1:1 (v/v) at 68 °C.5 The LPS 

is then typically isolated in the water phase. However, based on the intrinsic chemistry 

of a specific LPS, it is possible in some cases, to isolate LPS also in the phenol phase 

(Example of the different phases from this method in Figure 2.1b). To be sure of 

isolating the LPS, both water and phenol phases are typically collected and subject to 

further purification steps including dialysis to remove phenol traces and enzymatic 

digestion with DNAase, RNAase and proteases to remove nucleic acids and proteins.  

It should be noted that, although the PCP method is mostly effective on R-LPS, the 

S-LPS can also be extracted by this approach.6 

The detection of LPS nature and purity can be achieved through polyacrylamide gel 

electrophoresis with sodium dodecyl sulphate (SDS-PAGE) as the denaturing agent 

for the disaggregation of the LPS micelles, which is a necessary step to allow the 

migration of such big molecules through the gel pores.7 A silver nitrate gel staining 

procedure is then used to reveal the nature of the LPS. The presence of a S-LPS is 
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determined by the observation of a “ladder-like” pattern on the gel, which is due to 

the migration of the O-antigen polysaccharide repeating units. The LPS molecules 

devoid of this polysaccharide part migrate to the bottom of the gel due to their lower 

molecular weight.8 (example given in Figure 2.1) 

 

Figure 2.1 Visual examples of both LPS extraction techniques a) A gel-like precipitate that 
contains the LPS, that can form during the PCP extraction method b) The result after the 
centrifugation step during the hot-phenol/water extraction method. This centrifugation step 
enables the separation of the different phases: a pellet containing the cellular material, a lower 
phase containing phenol, a white milky interphase containing proteins, and clear supernatant 
containing water and also typically the LPS.  
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Other gel staining techniques can be employed to distinguish other molecules possibly 

co-extracted. One such used frequently is a Coomassie Brilliant Blue staining that 

enables detection of protein and lipoprotein contaminations. In this frame, a 

quantitative analysis of protein contamination can also be performed by loading a 

series of protein concentrations and comparing the staining to that of the sample.8,9 

Another additional staining method is given using Alcian blue that is able to stain acid 

groups and therefore often helpful in identifying CPS.10  

Figure 2.2 Example of the two types of LPS on a 13% SDS-PAGE with silver nitrate staining 
a) A smooth-type LPS (S-LPS), a ladder-like pattern is formed due to the presence of the O-
antigen. b) An example of a rough-type LPS (R-LPS), lacking the O-antigen polysaccharide 
and thus only a single low band is formed.  

  

a b 
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2.3.2 Purification of LPS  

Multiple purification methods can be applied once the LPS is successfully extracted, 

including enzymatic digestions (as previously explained), ultracentrifugation, and 

size-exclusion chromatography (SEC).  SEC is an efficient and fast method to purify 

LPS and is easily performed with various commercially available resins (Table 2.1). 

Indeed, the choice of the resin must be carefully considered in a case-to-case manner 

depending on the size of the molecules (LPS and/or contaminants) and to maximize 

the yield. This method separates molecules depending on their hydrodynamic 

dimensions by passing the sample in a mobile phase (eluent) through a solid phase 

made of a densely packed porous material (resin).  The smaller molecules penetrate 

the pores and take longer to be eluted compared to larger molecules which  can freely 

diffuse around the pores.11 A detector, such as a refractive index can be used to sense 

the difference in the refractive index between the chosen mobile phase and the 

presence of the eluted analyte.3 From this, a chromatogram can be obtained and each 

fraction can be collected, pooled and then analysed through several techniques, as 

explained below in Section 2.4. 

Table 2. Overview of some commercially available resins used for the purification of LPS.  

Resin Matrix Example of use in LPS 
purification 

Sephacryl 
(i.e., Sephacryl S-300, GE 
Life Sciences) 

Cross-linked allyl dextran 
with N,N’-
methylenebisacrylamide. 

Macromolecule separation: 
Purification of extracted 
LPS 

Bio-gel 
(i.e., Bio-Gel ® P-4 
(BioRad) 

Polyacrylamide For separation and 
purification: After chemical 
treatments have been used 
for the isolation of 
saccharide part of LPS. 

Sephadex  
(i.e., Sephadex G-10)  

Cross-linked dextran with 
epichlorohydrin 

Often used for desalting 
after full de-acylation 
treatment of R-LPS   
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2.4 Structural characterisation of the saccharide moieties  

Achieving the chemical characterisation of carbohydrates comes with its complexities 

because their primary structure is depending on many parameters.  Furthermore, 

bacterial glycoconjugates like LPS are particularly complex as their structures are 

highly heterogenous. Variations can be found in composition of the sugar monomers, 

most of which are widely distributed in nature such as: pentoses, hexoses, 

hexosamines, 6-deoxyhexoses, and hexuronic acids, yet, bacteria can also synthesise 

other monosaccharides that are unusual and strain specific.12 In addition, a 

polysaccharide structure can also vary in the stereochemistry (D or L) of its 

monosaccharide constituents, as well as in their ring size (pyranose or furanose) 

and/or anomeric configuration (α or β). It should also be considered the presence and 

nature of any noncarbohydrate substituents commonly found in LPS.13 All the above 

structural possibilities clearly highlight how complex can be the structural 

characterisation of LPS, which requires delicate and accurate chemical analyses 

integrated with powerful instrumental techniques, such as Nuclear Magnetic 

Resonance (NMR) and several Mass Spectrometry (MS) techniques.  

2.4.1 Structural characterisation of the saccharide moieties using Gas 
Chromatography Mass Spectroscopy (GC-MS) 

For the chemical analyses, which entail the investigation of sugar and lipid content, 

the sugar linkage pattern, and the absolute configuration, Gas Chromatography Mass 

Spectrometry (GC-MS) is the leading analytical technique.14 However, in order to use 

this instrument and exploit its potential, it is necessary to render both sugars and lipids 

volatile and therefore they must be “modified” to obtain proper derivatives that can 

be inspected via GC-MS .  

One method typically employed in the qualitative analysis of the carbohydrate 

residues of an LPS entails the treatment of the poly/oligosaccharide with MeOH/HCl 

at 85 °C to cleave the glycosidic bonds and form O-methyl glycosides. This is 

followed by acetylation with acetic anhydride in pyridine which produces Acetylated 
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Methyl Glycosides (AMG) (Figure 2.3).1,15 By comparison of the retention times 

provided by the GC analysis and the fragmentation pattern of the obtained mass 

spectra, it is possible to identify the type of monosaccharide residues. One drawback 

to the AMG method is, however, the production of isomers, which cannot be 

distinguished apart, and thus could lead to miss-quantification. 

Figure 2.3 a) Scheme of the reactions taking place during derivatisation of a glycan [→4)α-
D-Glcp(1→] into the corresponding acetylated methylhexopyranose  b) MS spectrum of a fully 
acetylated methylhexopyranose  and the primary fragments identified.  

 

To overcome this problem, a parallel method that is used entails the derivatisation of 

sugars into Acetylated Alditols (AA), which is performed using trifluoroacetic acid 

(TFA) for a strong acid hydrolysis reaction followed by reduction of the carbonyl 

moiety of the free sugar residues with sodium tetrahydroborate (NaBH4) (Figure 2.4). 

An advantage of the AA derivatisation method is the production of “only one peak 

per residue” in the resultant GC spectra (excluding ketoses and aldoses as the 

reduction step can yield the same alditol)14, which is an important advantage for 

quantification analysis. An unfavourable occurrence of this method is the production 

of a reactive aldehyde group that can create unwanted reactions thereby reducing the 
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recovery yield of each component. In fact, the AA technique has an additional 

drawback of being unable to detect acidic residues, unless the reduction of the 

carboxylic group is performed.16 

 

 

Figure 2.4 a) Scheme of the reactions taking place during derivatisation of a glycan [→4) α-
D-Glcp (1→] into the corresponding Acetylated Alditol (AA). b) MS spectrum of a fully 
acetylated hexitol (glucitol) together with of the primary fragments  

 

The GC-MS can also be employed to distinguish the absolution configuration of 

individual monosaccharides within the LPS structure. This is performed through the 

distinction between enantiomers by solvolysis with an enantiomerically pure alcohol 

such as 2-(+)-octanol or 2-(+)-butanol.  After the acetylation step, a comparison 

between the retention time of the acetyl 2-(+)-octyl glycosides and one of a standard 

mixture of O-2-(±)-octyl-glycosides in D or L configuration allows the assignment of 

the monosaccharide configuration (Figure 2.5).17   
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Figure 2.5 Strategy used for the construction of the appropriate octyl glycoside 
standard used to identify the absolute configuration of a monosaccharide. D-Rha (rhamnose) 
is used as an example: 1) The reaction of 2-(+/-)-octanol with D-Rha produces a mixture of 
diastereoisomers: D-Rha-(+)-oct. and D-Rha-(-)-oct. Mixture is acetylated in pyridine and 
injected into GC-MS.  The retention time of these compounds is the same as the corresponding 
enantiomers L-Rha-(-)-oct. and L-Rha-(+)-oct. respectively. 2) The same reaction is repeated 
on D-Rha using the enantiopure 2-octanol to determine ethe rendition time of D-Rha-(+)-oct. 
and L-Rha-(+)-oct. 3) Absolute configuration of the Rha (in the sample) is determined through 
comparison of the rendition times after the reaction with the enantiopure 2-octanol 

 

Derivatisation into Partially Methylated Acetylated Alditols (PMAA) is a crucial 

method to determine the ring size (pyranose or furanose) as well as the linkage pattern 

of the monosaccharides. This is an invaluable tool although the method is a longer 

and more extensive in its reaction steps than those previously described.  Indeed, this 

procedure consists of four steps: complete methylation of polysaccharide, successive 

hydrolysis, reduction with NaBD4, and acetylation. This procedure consists in a and 

successive hydrolysis, reduction with NaBD4, and acetylation (Figure 2.6a). When 

injected into the GC-MS, these PMAA can be easily analysed following their 

substitution groups (acetyl and methoxyl groups) because the molecules break 
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through ionisation preferably leaving the methoxyl group with a positive charge 

(Figure 2.6b). 

 

Figure 2.6 a) Scheme of the reactions occurring during derivatisation of a sugar into the 
corresponding Partially Methylated Acetylated Alditol. Example given here of a disaccharide 
of [→4)α-L-Rhap (1→3)α-D-Manp(1→] b) MS spectrum of the PMAA from a 3-linked hexose 
annotated with the alditol backbone fragmentations which enable the identification of the 
substitution pattern 

 

For a full analysis of a complex mixture of sugars like those present in LPS, the 

composition can be derived using a combination of these methods. A comparison 
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through GC-MS injection against known standards is highly recommended as a final 

confirmation of the nature of the sugar residues. 

2.4.2 Chemical degradation techniques 

Due to the amphiphilic nature of the LPS, micelle formation occurs thus resulting in 

low solubility in aqueous and apolar solvents. This is one of the biggest drawbacks of 

the structural investigation of LPS and therefore several strategies have been 

developed to overcome these hindrances.  Briefly, the carbohydrate part (O-antigen 

and core OS) in a S-LPS or the core OS in a R-LPS can be isolated through from the 

lipid A by means of two chemical approaches: one entails a two-step deacylation 

procedure and another entails a mild acid hydrolysis The first step of the deacylation 

protocol is an O-deacylation using anhydrous hydrazinolysis to remove ester-bound 

acyl chains of the lipid A. The second reaction step is a N-deacylation through a strong 

alkaline hydrolysis to cleave the amide-linked fatty acids .18   

The mild acid hydrolysis, instead, leads to separation of highly hydrophobic lipid A 

fraction from the water-soluble saccharide moiety due to the acid-labile bond bridging 

the first monosaccharide of the inner core, the Kdo, and the non-reducing glucosamine 

residue of the lipid A disaccharide backbone. The separation of the insoluble lipid A 

from the saccharide mixture can be accomplished by centrifugation. The insoluble 

lipid A portion can be further purified using the Bligh and Dyer method.19 As for the 

saccharide mixture obtained, it is essential that a SEC is performed to further purify 

the product and to possibly separate the core OS from the O-antigen allowing the 

structural investigation of each single LPS moiety.  

The main disadvantage of the acid hydrolysis treatment is however formation of 

microheterogeneity due to the reducing Kdo residue (formation of α and β, furanose 

and pyranose forms) hindering the analysis of the core OS by NMR and therefore is 

often desirable to do in parallel the O- and N-deacylation treatment previously 

described. The latter procedure has, by contrast, other intrinsic drawbacks as the harsh 
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alkaline treatment can cause loss of important structural data. For example, a β-

elimination process typically occurs in 4-substituted uronic acids leading to the loss 

of information on the saccharide component linked at this position. In addition, in 

presence of di- and trisaccharide of Kdo residues, the N-deacylation treatment can 

cause linkage cleavage, leading to the formation of di- and monosaccharide residues, 

respectively. Finally, alkaline labile compounds, such as phosphodiester, 

pyrophosphate, diphosphodiester, acetyl, and carbamoyl groups, might be cleaved by 

this approach.  

Then, a combination of state-of-art NMR experiments and soft-ionisation mass 

spectrometry techniques together with compositional and linkage analyses (Section 

2.4.3) is the key approach to fully determine the primary structure of the saccharide 

portions obtained after these chemical treatments.  
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2.4.3 Structural characterisation of the saccharide moieties using NMR 
Spectroscopy  

NMR is a powerful technique for the characterisation of carbohydrates for its non-

destructive nature, its broad applicability, and the large number of different 

experimental sets available. By contrast, this method comes with its limitations, which 

include a high economic cost of the instrument, the need for adequate amount and 

purity of sample, relatively long experimental time needed for the acquisition of all 

necessary experiments, and a high level of expertise and experience for the spectra 

interpretation.  

The first set of experiments for the characterisation of an oligosaccharide or 

polysaccharide is given by mono-dimensional 1H-NMR (proton) spectra which 

furnish key information regarding the nature of the sample under investigation.20 In 

general the spectra can be divided into four regions (Figure 2.7 1H NMR example 

showing the different regions of the spectra).  

2.7–1.0 ppm The aliphatic region: important for the detection of deoxy 

sugars. The methyl group of 6-deoxyresidues, such as 

rhamnose or fucose, can be found at about 1.1–1.3 ppm. As 

well as the diastereotopic protons of the methylene group at 

C-3 of Kdo (3-deoxy-2-keto-D-manno-octulosonic acid).  

4.4–3.0 ppm 

 

The carbinolic region: reports the ring protons of the 

monosaccharide residues and is generally considered as the 

“fingerprint” of a specific glycan. 

5.6–4.4 ppm 

 

The anomeric region:  reports the anomeric protons of any 

sugar units and is considered the most informative part of a 

proton spectra.  

8–7 ppm 

 

The aromatic region: this range of the spectrum comprises 

aromatic signals for the detection of glycosides with an 
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aromatic aglycon or for sugar-nucleotides in biosynthetic 

studies 

 

Figure 2.7 1H NMR example showing the different regions of the spectra. Figure taken from 
Speciale et al. (2022)20  



   Chapter 2 
Extraction, purification, and structural characterisation of bacterial glycoconjugates 

61 
 

The acquisition of a combination of both homo and heteronuclear 2D NMR 

experiments is essential to complete the characterisation of an unprecedented 

structure. Usually the use of homonuclear through-bond experiments like Correlation 

Spectroscopy (COSY) and Total Correlation Spectroscopy (TOCSY) is applied to 

allow for identification and assignment of all ring protons. The Heteronuclear Single 

Quantum Coherence (1H,13C-HSQC) spectrum allows for the assignment of all 13C 

resonances and can also be used to locate the positions of glycosylation due to the 

typical down-field of the chemical shifts observed when a monosaccharide is 

glycosylated by another one. It is also key to appreciate the presence of O- and N- 

acyl groups beyond enabling for the identification of carbons resonating at 20-17 ppm, 

which are diagnostic for the presence of deoxy sugars.   

NOESY (Nuclear Overhauser Effect Spectroscopy) and ROESY (Rotating Frame 

Overhauser Enhancement Spectroscopy) are experiments that correlate spatially close 

protons, thus can relate protons within the same residue (intra-residue NOE effect) to 

provide information on the specific anomeric configurations (α and β): NOE 

correlations between H-1/H-3/H-5 are typical of β-gluco-configured residues. 

Whereas NOE-contacts seen between H-1 and only H-2 defines an α-gluco 

configuration. NOE-residue contacts can also be useful for understanding the linkage 

between residues by tracing the inter-residue dipolar correlations. However, to define 

the primary sequence of an oligo-/polysaccharide, heteronuclear multiple-bond 

correlation (1H,13C-HMBC) experiments should be recorded. This experiment allows 

the analysis of scalar long-range correlations among the 1H and 13C nuclei involved in 

glycosidic linkages. In addition, the HMBC spectrum provides information regarding 

the cyclisation of the ring with scalar long-range correlations detectable between H-

1/C-5 and C-1/H-5 for pyranosidic rings or between H-1/C-4 and C-1/H-4 for 

furanosidic rings.  Therefore, the information gained from the 2D NOESY and 

ROESY spectra combined with the scalar long-range correlations visible in the 
1H,13C-HMBC spectrum can be utilised to establish the full sequence of the 

poly/oligosaccharide. Finally, by recording a 1H, 31P-HSQC experiment it is possible 
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to identify the location of any phosphorylation sites likely occurring on the saccharide 

moity under investigation.20 

 

Figure 2.8 Schematic representation of nuclei involved in the main NMR techniques 
for the analysis of carbohydrates.   

1H1H COSY
1H13C HSQC

1H1H TOSCY
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2.4.4 Structural characterisation of the saccharide moieties using MALDI TOF 
mass spectrometry 

Advances in the development of mass spectrometers leading to high sensitivity, high 

precision, and fast acquisition time, have allowed to reach tremendous progresses in 

the structural characterisation of carbohydrates and glycoconjugates. In this frame, 

mass spectrometry (MS) using a soft ionisation method, such as either electrospray 

ionisation (ESI) or matrix-assisted laser desorption/ionisation (MALDI), are 

invaluable tools for the characterisation of poly/oligosaccharides and full R-LPS. In 

addition, MS can be ‘personalised’ through choice of analysers such as Quadrupole 

(Q), Quadrupole Ion Trap (QIT), Fourier transform Ion Cyclotrone Resonance (FT-

ICR) and Time-of-Flight (TOF).21   MS techniques are usually utilised in support to 

data obtained through NMR investigation, gaining new structural insights and thus 

additional information that could be lost during the NMR analysis.  

Above all, MALDI-TOF analysis provides an ideal profile of the sample by defining 

the composition of all the molecules, thus allowing to capture a full picture of the 

presence of various glycoforms and their composition along with the presence of non-

saccharide substituents. This type of analysis allows for the study of mixtures of 

oligosaccharides (such as the core OS of LPS) differing by minimal structural 

subunits. An additional benefit of this method is the lack of need for prior purification 

of the samples before the measurement.22   

The matrix is necessary to aid in the ionisation process of the analytes, but additionally 

it absorbs the laser energy and therefore plays an essential role in protecting the 

sample and assuring for a soft ionisation with formation of single charged ions.15,23 In 

addition, by using a MALDI‐TOF/TOF system, it is possible to perform tandem mass 

spectrometry experiments, by selecting a specific ion and inducing its fragmentation. 

To define the fine structure of a carbohydrate or a glycoconjugate under investigation 

in the sample, the analysis of the fragmentation pattern in this MS/MS spectra is 

fundamental. However, the resulting MS/MS spectra is not always trivial as the 
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fragmentation does not necessarily occur at each glycosidic linkage. In addition, other 

different fragment types can be formed that are not easily distinguishable. The 

systematic nomenclature to describe these fragments was developed by Domon and 

Costello (Figure 2.9) and is based on distinguishing them into two types: derived from 

glycosidic cleavages (B-, C-, Y-, Z-type) and from cross-ring fragmentations (A- and 

X-type). More specifically, the A, B and C type are used to designate fragments 

containing a terminal (non-reducing end) sugar moiety, whereas X, Y and Z represent 

ions still containing the reducing end of the carbohydrate portion or the aglycon.15,24 

Great advances have been made in MALDI-TOF MS approaches enabling the study 

of an intact R-LPS, without any loss of structural information that can arise when the 

MS analysis is executed on derivatives of selective degradations. These approaches 

have also been shown to produce high sensitivity and resolution even at relatively 

high molecular masses. The laser is in fact able to cleave the acid labile linkage 

between the Kdo and the GlcN of the lipid A, as it occurs when a mild acid hydrolysis 

(explained in Section 2.3.4) is performed on a LPS to physically separate lipid A and 

saccharide moieties.25,26 In the resulting MALDI-TOF MS spectra there are typically 

three regions of ions originated by the lipid A, the core OS and the intact R-LPS. In 

S-LPS, due to the dispersion of molecular weight of the O-antigen, information on the 

size of the repeating unit can be deduced.21 Furthermore, recent developments have 

arisen through applying the use of ion mobility MS (IMS-MS) and tandem MS (IMS-

MS/MS) which showed to provide a much higher resolution of the intact R-LPS.15,24 
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Figure 2.9 a) A scheme showing the systematic nomenclature for carbohydrate product ions 
generated by tandem MS approach.24 The glycosidic cleavages labelled B-, C-, Y-, Z-type and 
the A- and X-type of the cross-ring cleavages. Subscript numbers indicate the position relative 
to the termini, whereas superscript numbers indicate cleavages within sugar rings b) A 
schematic representation indicating the cleavage occurring in MALDI-TOF MS analysis of a 
R-LPS. Indicated are the B-type (core OS) and Y-type (lipid A) ions which occur in the 
spectrum. Image taken from Garcia-Vello et al. (2021).15  
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2.5 Structural determination of the lipid A moiety 

For the characterisation of the lipid A, first it is necessary to isolate it from the 

saccharide moieties of the LPS which can be achieved through a mild acid hydrolysis.  

A centrifugation step then enables the precipitation of the lipid A that can then be 

purified using the Bligh and Dryer method.3,19 The determination of fatty acids content 

is a key analysis in the process of LPS, and of lipid A structural characterisation, 

which can be executed by following several procedures. The lipid A can be 

characterised compositionally using the previously mentioned AMG or AA methods 

and GC-MS (Section 2.3.3), to analyse the sugar backbone but also to gain information 

about other atypical sugars that might be found as part of the saccharide backbone of 

some lipid As.   

Another method is through studying fatty acid as methyl esters upon their proper 

derivatisation and (Section 2.3.3) hexane extraction. The total fatty acid content can 

be obtained upon treatment of the lipid A with HCl followed by neutralisation with 

NaOH. The free acyl chains are then extracted in CHCl3, methylated with 

diazomethane, and investigated by GC-MS.  By analysis of the mass spectra and 

through comparisons with properly prepared standards, the fatty acids composition 

and nature (straight or branched) can be defined.   

MALDI-TOF MS/MS is applied to the isolated lipid A to detailly define its structure. 

In addition, the amide-linked fatty acids can be deduced through MALDI-TOF MS 

and MS/MS analysis of the O-deacylated lipid A by using anhydrous hydrazine18 or 

by treating the lipid A with NH4OH, which cleaves the ester linked acyl chains leaving 

the amide-linked ones unaffected. This analysis is therefore crucial in the 

determination of the secondary fatty acid distribution whose definition is not always 

a trivial task to carry out. 
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2.6 Computational Techniques in the characterisation of lipid A ligands 
with TLR4/MD-2 complex 

Computational techniques can be employed to characterise and investigate the 

structure and dynamic behaviour of molecules by combining the principles from 

chemistry and quantum physics. Indeed, these techniques can be used in combination 

with in vitro experimentation to either help demonstrate a hypothesis or create a new 

one. Molecular docking is one of the most rapidly developing computational tools, 

with its use in computational chemistry, biology, and drug design. This method can 

provide a robust answer to some of the more complex biological problems, to improve 

existing drugs to better bind the target protein or find novel molecules with enhanced 

affinity. In this thesis, molecular docking was employed to predict the binding mode 

of a ligand (lipid A) to the target site of a protein (TLR4/MD-2) to shed light on the 

mode of interaction between these two molecules and provide answers to the observed 

immunological properties. 

2.6.1  Molecular docking 

The aim of molecular docking is to predict if a given molecule (a ligand) will be able 

to bind with a biological target (a protein, also known as a macromolecule) and how 

strong their interactions are. Indeed, in biological systems interactions between two 

molecules play an important role in signal transduction. Furthermore, the orientation 

and shape of the interacting molecules can greatly influence this signalling event, and 

therefore molecular docking is an invaluable tool for predicting biological responses.  

Docking is achieved in two stages: the first is by sampling the conformation of the 

ligands in the active site of the receptor, and second to rank these conformations based 

on a scoring function. The defining of the score function is proportional to the binding 

affinity of the ligand towards a target. There are three different classifications of 

scoring functions: physics-based, knowledge-based, and empirical.27 The algorithms 

of these two steps should be experimentally reproducible, meaning that predicted 

poses should be biologically relevant. For a successful docking, the ligand is often 
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allowed flexibility while the protein is held rigid.28 The flexibility of the protein at the 

binding site can be allowed at a later stage when performing the molecular dynamic 

(MD) simulations.   There are a variety of available programs to use for docking 

calculations, with the Autodock being one of the most common in academic and 

commercial use.  Within this work, two docking programs have been employed: 

Autodock4 and Vina.  

AutoDock4 

Autodock4.0 is the most widely employed molecular docking software for fast and 

accurate results on predicted bound poses of a ligand with a chosen receptor. This 

program uses a grid-based approach where the target site of the protein is embedded 

in a grid. A Lamarckin Genetic Algorithm is used to search for the conformation of 

the ligand to the protein. Autodock then produces a list of results which are ranked by 

their predicted binding energies through a semiempirical function. This function 

works in a two-step process: first, the program estimates the intra-molecular 

energetics for the transition from unbound to bound state for both the ligand and the 

protein; second, it involves the inter-molecular energetics resulting from a 

combination of these two molecules. 27,29 

Vina 

AutoDock Vina (Vina) is another open-source software developed by the Script 

Institute which has no graphical interface but uses the MGL-Tools program.  Vina 

does not require parameter or grid maps files like in AutoDock4 but functions with 

just 3D structures of the molecules (ligand and proteins) and the specification of the 

search space in the protein (active site coordinates). A limitation of Vina is that only 

20 poses can be predicted per ligand but benefits from being remarkedly faster than 

Autodock4. Vina uses a hybrid scoring function but can be majorly classified as 

empirical in nature.30  
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Once docking methods have been completed, estimation of the strength of the 

intermolecular interaction between the ligands and its biological target can be 

completed through MD studies. These can also provide information regarding small 

conformational changes that occur in the macromolecule upon its interaction with the 

ligand. 
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CHAPTER 3 
Pairing Bacteroides vulgatus LPS structure with its 

immunomodulatory effects on human cellular models 
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3.1 Introduction 

This first chapter will be focused on the characterisation of the LPS from Bacteroides 

vulgatus. B. vulgatus is found with the genus Bacteroides, comprising the 

predominant anaerobes in the gut of the healthy American and Western European 

population, whose members can be considered as commensal, mutualist, or even 

pathobiont microorganisms. The cell surface structures of various Bacteroides species 

have been shown to exert immunomodulatory effects.1,2 Examples can be given by 

the CPS of B. fragilis that has been identified for its beneficial effects, reported to 

induce the proliferation of macrophages, promote the generation of T regulatory 

(Treg) cells, induce immune tolerance in the intestine, and protect against various 

sterile inflammatory disorders, including viral encephalitis and colitis.3,4 B. vulgatus 

strain mpk was shown to exert a strong immune-modulating properties leading to 

prevention of colitis-induction in several mouse models for experimental colitis.  In 

2019, through a collaboration with Professor Frick at the University of Tübingen in 

Germany, our group showed that the isolated LPS from B. vulgatus (LPSBv) does not 

induce TLR4-mediated expression of pro-inflammatory cytokines yet does create 

hypo-responsiveness toward subsequent LPS-stimuli in intestinal CD11c+ cells in 

murine in vitro systems.5 Therefore, this LPS fairly merged properties of TLR4 

antagonists and agonists. Furthermore, this work proved that the administration of 

LPSBv re-established intestinal immune homeostasis in a mouse model for 

experimental colitis. This evidenced that LPSBv acts differently to what is historically 

thought to be exclusively a pro-inflammatory molecule. Given that LPS 

immunological properties are reflected in its chemical structure, such unusual effects 

on the host immune system must of course be attributed to the LPS chemistry. 

Therefore, the focus of this project was to characterise the full structure of LPSBv 

through the combined use of chemical, spectroscopic, and spectrometric techniques. 

Finally, the immunological properties of this LPS were evaluated by using human in 

vitro systems, such as HEK cell lines, human macrophages, and dendritic cells. 
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The full report of this research was published in ACS Central Science Journal, 

6, 1602-1616, in 2020, Doi: 10.1021/acscentsci.0c00791 
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3.2 Structural characterisation of B. vulgatus LPS 

3.2.1 Purification and chemical analyses of LPS from B. vulgatus 

 LPSBv was extracted from lyophilised bacterial cells by the hot phenol/water 

procedure.6 The extracted LPS underwent an enzymatic digestion by DNase, RNase 

and proteases in order to remove cell contaminants, followed by purification by size-

exclusion chromatography and ultracentrifugation. The nature and purity of the LPSBv 

was determined by SDS-PAGE analysis after silver nitrate gel staining,7 disclosing 

the smooth nature of the extracted LPS, as proven by the ladder-like pattern in the 

upper part of the gel (Figure 3.1). In parallel, no bands were visible in a parallel SDS-

PAGE analysis followed by Coomassie Brilliant Blue gel staining (Figure 3.1b), 

which was essential to prove the absence of any contaminating protein/lipoprotein in 

the isolated LPS material. These results were also further confirmed by a Micro BCA 

protein assay that proved a protein content of less than 1%.  

Figure 3.1 13.5% SDS-PAGE of LPSBv stained with silver nitrate (a) and Coomassie Brilliant 
Blue (b).1 mg/mL solution of LPSBv were loaded on the gel in increasing volumes: 0.5, 1, 2, 4, 
8 μL (Lanes 2-6). In the silver stained SDS-PAGE gel (a) LPS from E. coli O127:B8 (8 µL) 
(Lane 1) was used as a benchmark. In the Coomassie Brilliant Blue stained SDS-PAGE gel 
(b) bovine serum albumin (BSA) (8 µL) (Lane 1) and BLUeye Pre-stained Protein Ladder (2 
µL) (Lane 7) were used as references.  
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Chemical analyses executed on isolated and purified LPS revealed the presence of the 

following monosaccharide residues: terminal, 4-substituted and 3,4-disubstituted L-

rhamnopyranose (L-Rhap), terminal L-fucopyranose (L-Fucp), terminal 

galactofuranose (D-Galf), 3-substituted D-mannopyranose (D-Manp), 3-substituted D-

glucopyranose (D-Glcp), 2,6- disubstituted D-galactopyranose (D-Galp), 6-substituted 

amino D-glucopyranose  (D-GlcpN), and 5-substituted Kdo.8 Fatty acids were: 

tetradecanoic acid (14:0), pentadecanoic acid (15:0), hydroxypentadecanoid acid 

(15:0(3-OH)), hydroxyhexadecanoid acid (16:0(3-OH)), and hydroxyheptadecanoic 

acid (17:0(3-OH)). These results were in full agreement with those previously 

reported by Hashimoto et al. (2002) on the composition and structure of lipid A from 

B. vulgatus strain IMCJ 1204.9,10 
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3.2.2 Structural characterisation of the saccharide portion B. vulgatus LPS by NMR  

An aliquot of the pure LPS isolated from B. vulgatus mpk underwent a full 

deacylation11 furnishing the complete saccharide portion of the LPS. The deacylated 

LPS fraction was then purified by gel permeation chromatography and then analysed 

by 1D and 2D NMR spectroscopy. A combination of homo- and heteronuclear 2D 

NMR experiments (DQF-COSY; TOCSY; NOESY; ROESY; 1H, 13C HSQC; 1H, 13C 

HMBC; and 31P and 1H, 31P HSQC) were performed to elucidate the complete 

saccharide sequence of LPSBv. Use of the double quantum-filtered correlation 

spectroscopy (DQF-COSY) and the total correlation spectroscopy (TOCSY) spectra 

enabled the spin system of each residue to be assigned. The heteronuclear single-

quantum coherence (HSQC) spectrum allowed to identify each carbon atom (Table 

3.1). The anomeric configuration of each sugar residue was defined by intra-residual 

NOE contacts, detectable in the nuclear Overhauser effect spectroscopy (NOESY) 

spectrum and the 3JH-1,H-2 coupling constants from the DQF-COSY spectrum. The 

assignment of the relative configuration of each sugar unit was obtained through the 

observation of the vicinal 3JH,H coupling constant values. Combining the information 

from the rotating-frame NOE spectroscopy (ROESY), NOESY, and HMBC 

(heteronuclear multiple-bond correlation spectroscopy) spectra, it was possible to 

characterise the entire primary structure of the LPS saccharide portion. Finally, 31P 

and 31P, 1H HSQC experiments were pivotal to establish the location of the phosphate 

group decorating the LPSBv.  
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Figure 3.2 1H NMR spectra of the deacylated LPS from B. vulgatus. Inset shows a zoom of 
the anomeric region. Letters indicate the 11 anomeric signals (A−L).  

 

Figure 3.2 shows the 1H NMR spectrum with the 11 anomeric signals labelled as 

reported in Table 3.1. The spectrum also annotates the signals at δH 1.77 and 2.02 

ppm that were attributed to the H-3 methylene protons of the Kdo unit (K3 in Figure 

3.2).  All units except for residue D, were present as pyranose rings, according to both 
13C chemical shift values and the presence of long-range correlations between C-1/H-

1 and H-5/C-5 observable in the 1H, 13C HMBC spectrum. Residue D was found to be 

a furanose ring, through the occurrence of low-field shifted ring carbon signals 

resonating around δC 82.0 ppm and anomeric carbon over δC 108 ppm.   
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Spin systems A (H-1 δ 5.50 ppm) and B (H-1 δ 4.90 ppm) were identified as the α-

GlcpN and β-GlcpN of the lipid A moiety based on their H-2 proton signals, which 

correlated with two nitrogen-bearing carbon atoms at δC 54.3 and δC 55.6 ppm, 

respectively (Table 3.1). Furthermore, the occurrence of a correlation seen in the 31P, 
1H HSQC spectrum between the signal at δ 2.99 ppm and the anomeric proton signal 

of residue A (δH 5.50 ppm, Table 3.1), allowed the allocation of a phosphate group at 

this position. The analysis of spin systems of C, G, G′ and I enabled their 

identification as α-rhamnopyranose residues as proven by the correlations, in the 

TOCSY spectrum, with the methyl group signals resonating at δH 1.23 and 1.24 ppm 

(δC 16.9 and 17.0 ppm; Table 3.1).  

Residues D, E and H were assigned as galacto-configured sugar units. Starting from 

residue D (H-1 δ 5.07 ppm, Table 3.1) that was revealed to be a β-galactofuranose 

(anomeric carbon signal at δ 108.6 ppm, Table 3.1) based on its chemical shifts and 

intra residual scalar and dipolar correlations. By contrast, spin system H (H-1 δ 4.72 

ppm) was assigned to a β-galactopyranose, as proven by the chemical shift values of 

ring protons and the 3JH,H ring coupling constants; furthermore, the large 3JH-1,H-2 

values and the NOE correlations of H-1 with H-3 and H-5, were indicative of the β-

anomeric configuration. The residue E (H-1 δ 5.09 ppm) was identified as an α-

fucopyranose as shown by the correlations, in the TOCSY spectrum, with the methyl 

proton signal at δH 1.14 ppm (δC 16.2 ppm) and the 3JH-1,H-2 coupling constant values 

that confirmed the α-anomeric configuration.  

Spin system F (H-1 δ 4.47 ppm) was assigned to a β-glucopyranose as indicated by 

the large 3JH,H ring coupling constants and the chemical shift values of ring protons, 

in agreement with gluco-configuration of pyranose rings (Table 3.1). In addition, the 

large 3JH-1,H-2 values and the NOE contacts of H-1 with H-3 and H-5, were diagnostic 

for the β-anomeric configuration. Finally, the spin system L (H-1 δ 4.78 ppm) was 

attributed to a β-mannopyranose, as proved by the small 3JH-1,H-2  and 3JH-2,H-3 values 

and the intra-residual correlations between H-1 and H-5 in the NOESY and ROESY 
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spectra which confirmed the β-anomeric configuration.  The assignment of the Kdo 

unit was achieved starting from the diastereotopic methylene signals. The anomeric 

α-configuration was assigned on the basis of the chemical shift values of H-3 (δ 

1.77/2.02 ppm, Table 3.1), and of the 3JH-7,H8a and 3JH-7,H-8b coupling constants.12 

Moreover, the Kdo residue was shown to be phosphorylated at position O-4, due to 

the occurrence of a correlation with a signal at 1.64 ppm in the 31P, 1H HSQC 

spectrum.  
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Table 3.1 1H, 13C (italic) and 31P (bold) chemical shift values of the saccharide region of the 
LPSBv.  

Chemical shifts (δ) 

Unit 1 2 3 4 5 6 7 8 

A 

6-α-GlcpN 

 
 

5.50 

90.4 

2.99 
 

3.22 

54.3 

3.81 

69.9 

3.27 

70.1 

4.07 

73.0 

4.12/3

.80 

68.0 

  

B 

6-β-GlcpN 

4.90 

99.6 
 

2.86 

55.6 

3.52 

72.3 

3.43 

69.8 

3.55 

74.5 

3.69/3

.47 

61.3 

  

C 

3,4-α-Rhap 

(α-RhaI) 

5.11 

101.0 

4.16 

70.2 

3.96 

78.9 

3.85 

73.6 

3.85 

68.6 

1.23 

16.9 

  

D 

t-β-Galf 

5.07 

108.6 

4.06 

81.8 

3.96 

77.0 

3.92 

82.8 

3.72 

70.3 

3.56 

62.7 

  

E 

t-α-Fucp 

5.09 

99.4 

3.67 

68.3 

3.76 

71.4 

3.71 

73.2 

4.27 

66.9 

1.14 

16.2 

  

F 

3-β-Glcp 

4.47 

102.5 

3.29 

73.5 

3.48 

82.4 

3.36 

69.9 

3.36 

75.6 

3.82/3

.62 

60.8 

  

G 

t-α-Rhap 

(α-RhaII) 

5.01 

100.8 

3.93 

70.4 

3.81 

69.7 

3.34 

71.9 

3.96 

67.4 

1.22 

17.0 

  

G′ 

4-α-Rhap 

(α-Rha′II) 

5.00 

100.8 

3.93 

70.4 

ND 

ND 

3.58 

79.4 

3.88 

67.5 

1.22 

17.0 

  

H 

2,6-β-Galp 

4.72 

100.2 

3.45 

76.8 

3.75 

71.4 

3.80 

69.7 

3.71 

70.6 

3.93 

69.0 

  

I 

4-α-Rhap 

(α-RhaOC) 

4.86 

99.7 

3.90 

70.3 

3.94 

70.3 

3.58 

79.4 

3.89 

67.5 

1.22 

17.0 
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Scheme 3.1 The structure of the O-antigen, core OS and the glucosamine disaccharide 
backbone of the lipid A of LPSBv, Monosaccharide lettering is indicated as in Table 3.1 

 

The linkage between each residue and thus the conclusion of the LPS structure was 

achieved through combining information of the inter-residual NOE contacts 

(observable in both the NOESY and ROESY spectra) and the long-range correlations 

in the HMBC spectrum (Figure 3.3). This was also confirmed and concluded by the 

down-field shifted carbon signals, which are indicative of glycosylation sites. The 

glucosamine backbone of the lipid A was assigned to residues A and B, with the latter 

found to be substituted at O-6 by Kdo, as proven by the weak downfield shift of signal 

of C-6 of residue B (δ 61.3 ppm, Table 3.1), which is consistent with the α-(2→6) 

ketosidic linkage of Kdo with the β-GlcN of the lipid A. The Kdo was then found to 

be substituted at O-5 by the residue C due to the long-range correlation between the 

anomeric proton signal of C and the C-5 of Kdo visible in the HMBC spectrum 

(Figure 3.3). Residue C, was identified as a 3,4-α-Rhap that at O-3 is substituted by 

residue D and at O-4 by the residue H. These linkages were proved by the occurrence 

L 

3-β-Manp 

4.78 

100.3 

4.17 

66.6 

3.58 

76.6 

3.54 

65.0 

3.29 

76.1 

3.82/3

.64 

60.8 

  

K 

5-α-Kdop 

 

- - 1.77/2

.02 

34.5 

4.15 

67.2 

1.64 

4.07 

73.3 

3.68 

70.5 

3.96 

70.2 

3.95/3

.86 

65.6 

α-RhaII-(1→3)-β-Glc-(1→6)-β-Gal-(1→4)-α-RhaI-(1→5)-α-Kdo4P-(2→6)-β-GlcN-(1→6)-α-G1cN1P →4)-α- RhaOC-(1→3)-β-Man-(1 → 4)-

n 2
↑
1

α-Fuc

3
↑
1

β-Galf

I L CF HG/G’

E D

K B A
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of the strong NOE contacts between H-1 of D and H-3 of C and between H-1 of H 

and H-4 of C. These glycosidic linkages were also confirmed by the observation of 

the respective long-range correlations in the HMBC spectrum (Figure 3.3). Residue 

H, in turn, was substituted by the α-Fuc (residue E) at position O-2 and by the β-Glc 

(residue F) at position O-6, as proven by the long-range correlations between the H-1 

of E and the C-2 signal of H, and H-1 of F and C-6 of H (Figure 3.3). This latter 

residue F, turned out to be substituted at position O-3 by rhamnose G, as suggested 

by the long-range contact between the anomeric proton signal of G and the carbon 

atom signal at δ 82.4 ppm (Table 3.1) of β-glucose F. As can be noted from the Table 

3.1, it was identified a second slightly different glycoform of rhamnose G, referred to 

here as G′, differing for the presence of a glycosylated position, that is position O-4.   

The final sugars units I and L were attributed to the components of the disaccharide 

O-antigen moiety, which were in full agreement with the LPS O-antigen repeating 

unit previously elucidated by Hashimoto et al. (2002).9 Finally, I was able also to 

establish the biological repeating unit, in fact, residue G′, assigned to a 4-substituted 

α-Rha, was identified as the sugar likely connecting the O-antigen moiety to the core 

region, as proven by the long-range correlation between H-1 of L and C-4 of G′ 

(Figure 3.3).  
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Figure 3.3 Overlap of 1H, 1H, 13C HMBC (blue) and 1H, 13C HSQC (black and red) NMR 
spectra. Most relevant inter-residue scalar long-range correlations have been reported in the 
spectrum. 

3.2.3 Structural characterisation of the lipid A from B. vulgatus LPS, by MALDI-
MS  

To define the structure of the lipid A of the LPSBv, an aliquot of pure LPS underwent 

a mild acid hydrolysis to isolate the lipid A fraction.  Figure 3.4 shows the MALDI 

MS spectrum acquired in negative polarity and portrays a high heterogeneity of lipid 

A species that was immediately apparent through the occurrence of two clusters of 

peaks related to lipid A species differing in the number of the fatty acid chains. 

Furthermore, each of these clusters of ions was characterised by the presence of mass 

differences of 14 and 28 amu diagnostic for lipid A species differing in the acyl chains 

length. The intense cluster of ions in the mass range m/z 1617−1717 Da was consistent 

with mono-phosphorylated penta-acylated lipid A species.  Within this cluster, the ion 

peak at m/z 1688.28, was determined as a lipid A made up of two 17:0(3-OH) as N-

linked acyl chains, two C6:0(3-OH) as primary O-linked fatty acids, and 15:0 as a 

secondary O-acyl substitution. The other cluster of ions visible in the mass range m/z 

1385−1479 Da was attributed to mono-phosphorylated tetra-acylated lipid A species 
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with the main ion peak at m/z 1436.02 assigned to a lipid A possessing the above-

mentioned fatty acid composition but lacking one primary O-linked 16:0(3-OH). 

Overall, this analysis matches which was previous published for another B. vulgatus 

strain.9 

 

Figure 3.4 MALDI MS spectrum of B. vulgatus lipid A, acquired in negative polarity. 
Assignment of the lipid A species is depicted as TetraLipA (tetra-acylated) and PentaLipA 
(penta-acylated).  The inset shows the structure of a representative B. vulgatus mpk lipid A 
species, relative to ion at m/z 1688.3 is depicted.  
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Figure 3.5 Sketch of the completed structure of the LPS from B. vulgatus mpk. 
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3.3 Immunological evaluation of B. vulgatus LPS 

3.3.1 Activation of peripheral blood monocyte-derived macrophages and of 
peripheral blood-monocyte-derived dendritic cells by B. vulgatus LPS and 
lipid A 

Our investigation into the immunological role of LPSBv was performed in 

collaboration with Professor Bernardini and Professor Chiodo at Sapienza-University 

of Rome and Vrije University Medical Center, Amsterdam, respectively. The first 

evaluations of the LPSBv were performed by using human Peripheral Blood 

Monocyte-Derived Macrophages (MoMs) and on Peripheral Blood-Monocyte-

Derived Dendritic Cells (MoDC). These studies used both the purified LPSBv and the 

lipid A (lipid ABv). Cells were stimulated with LPSBv and lipid ABv at concentrations 

of 1, 10 and 100 ng/mL. As a positive control, the hexa-acylated Escherichia coli 

O111:B4 LPS was used while for a negative control, the synthetic tetra-acylated lipid 

IVA was used.  The release of cytokines from the stimulated cells were quantified by 

ELISA after 12 hours and assessed for the following cytokines: Tumor Necrosis 

Factor-α (TNF-α), Interlekin-6 (IL-6), the chemokine IFN-γ -Inducible Protein-10 

(IP-10), and the Interleukin-10 (IL-10).  

The choice of these cytokines/chemokines was because they provide a good 

representation of inflammatory (TNF-α and IL-6) and anti-inflammatory (IL-10) 

responses following an LPS stimuli. As explained in Chapter 1, following the 

recognition of LPS by the receptor TLR4, two signalling pathways can be activated 

which are mediated by the adaptor molecules MyD88 and TRIF. Both pathways lead 

to the activation of the NF-κB and the production of the pro-inflammatory molecules, 

while the only TRIF pathway promotes the production of type I interferon and the 

interferon-related cytokines/chemokines, such as the chemokine IP-10.13 Therefore, 

the measurement of this chemokine was chosen to assess whether LPSBv can activate 

the TRIF pathway in addition to the MyD88 pathway. 
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3.3.2 Human peripheral blood monocyte-derived macrophages (MoMs) 

Firstly, observing the MoMs after stimulation with the LPSBv, (Figure 3.6a), the 

amount of TNF-α triggered at 100 ng/mL was significantly reduced with respect to 

that of E. coli LPS at the same concentration (p < 0.5) but comparable to that of E. 

coli LPS at 10 ng/mL. As for the chemokine IP-10, Figure 3.6c shows that its release, 

triggered by 100 ng/mL of LPSBv, was appreciable but significantly lower (p < 0.001) 

than that of E. coli LPS at the same and minor concentration (10 ng/mL). Of note, the 

anti-inflammatory cytokine IL-10 production upon stimulation with 100 ng/mL LPSBv 

or E. coli LPS, IL-10 was comparable while at 10 ng/mL the difference between these 

values was significant (p < 0.01), see Figure 3.6d. As for the stimulation of cells with 

the lipid ABv, there was no release of the cytokines, with exception of IL-6 that was 

scantly but significantly produced (p < 0.001, for lipid ABv vs untreated cells) at the 

concentration of 100 ng/mL (Figure 3.6b).  

Figure 3.6 Cytokine and chemokine release induced by LPSBv and lipid ABv in MoMs. Release 
of TNF-α (a), IL-6 (b), IP-10 (c) and IL-10 (d) in cell free supernatants of MoMs. The cells 
were stimulated with LPSBv or lipid ABv, with E. coli LPS and with lipid IVA at the 
concentration of 1, 10 and 100 ng/mL for 12 hours. Untreated cells are the negative control in 
these experiments. Untreated cells are the negative control in these experiments. *p < 0.05, 
**p < 0.01, ***p < 0.001. 
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3.3.3 Peripheral blood-monocyte-derived dendritic cells (MoDC). 

Figure 3.7 shows the results of the ELISA when observing the MoDCs upon LPSBv 

and lipid ABv stimulation. The first graph (Figure 3.7a) shows that the production of 

TNF-α after stimulation with LPSBv is visibly triggered but was significantly lower 

than that of E. coli ( p < 0.001 for all concentrations LPSBv vs E. coli LPS). When 

looking at the results for the MoDCs and lipid ABv, no release of TNF-α and IL-6 was 

seen following stimulation at all the concentrations evaluated. Looking at Figure 

3.7d, showing the IL-10 response in MoDCs stimulated with LPSBv, the release of this 

cytokine was lower than that elicited by E. coli LPS at 1 and 10 ng/mL (p < 0.01 and 

p < 0.05, respectively, for LPSBv vs E. coli LPS at the same concentrations) while at 

100 ng/mL no statistical difference between the two values was found. Likewise, lipid 

ABv elicited an exiguous but still detectable production of IL-10 ( p < 0.01 for lipid 

ABv vs untreated cells). Therefore, the findings in MoDCs consolidated those achieved 

in MoMs and highlighted the peculiar ability of the LPSBv to stimulate the release the 

anti-inflammatory cytokine IL-10.  

Figure 3.7 Cytokine and chemokine release induced by LPSBv and lipid ABv in MoDCs. Release 
of TNF-α (a), IL-6 (b), IP-10 (c) and IL-10 (d) in cell free supernatants of MoDCs. The cells 
were stimulated with LPSBv or lipid ABv, with E. coli LPS and with lipid IVA at the concentration 
of 1, 10 and 100 ng/mL for 12 hours. Untreated cells are the negative control in these 
experiments. Untreated cells are the negative control in these experiments. *p < 0.05, **p < 
0.01, ***p < 0.001. 
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3.3.4 Activation of bone marrow monocyte-derived macrophages by B. vulgatus 
LPS and lipid A 

A common model to analyse the immune potential of LPS is the use of murine Bone 

Marrow Monocyte-derived Macrophages (BMDMs). Therefore, we also investigated 

the LPSBv and lipid ABv on this model by using ELISA and 12 hours of stimulation. In 

contrast to human cells, in BMDMs stimulated with LPSBv at all concentrations the 

TNF-α production (Figure 3.8a) was scant and significantly lower (p < 0.001, for 

LPSBv vs E. coli LPS at all concentrations) than that induced by E. coli LPS at all 

concentrations tested. Likewise, IL-6, IP-10, and IL-10 values were undetectable or 

scantly detectable ( p < 0.05 for IL-10:  LPSBv at 100 ng/mL vs untreated cells). 

Conclusively, human but not murine cells were particularly sensitive to the 

immunopotential of LPSBv although a particular immunological behaviour was 

observed also in human cell models, that is a selective induction of the anti-

inflammatory IL-10 without the stimulation of the pro-inflammatory TNF-α 

production. 

Figure 3.8 Cytokine and chemokine release induced by LPSBv and lipid ABv in BMDMs. ytokine 
and chemokine releases was analysed through ELISA. Data are expressed as mean ± SD of 
four independent experiments in triplicate. Untreated cells are the negative control in this 
experiment. *p<0.05, **p<0.01, ***p<0.001   
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3.3.5 Activation of TLR4 and TLR2 by LPSBv and lipid ABv in HEK293 cell models  

TLR4 

Further analyses were performed to understand in more detail the biological properties 

of the LPSBv and to gain information on the receptors involved in its recognition. The 

LPSBv and lipid ABv were in fact tested in the model of HEK293 cell line stably 

transfected with the human CD14/MD-2/TLR4 genes. LPSBv and lipid ABv were 

analysed at the concentration of 1, 10 and 100 ng/mL and after 6 hours the activation 

of the nuclear factor–κB (NF-κB) (Figure 3.9a) and the production of Chemokine (C-

X-C motif) ligand 8 (CXCL-8 or IL-8) were measured (Figure 3.9b). E. coli LPS and 

the lipid IVA were used at the same concentration and were the controls. Briefly, in 

HEK293 hTLR4 the level of NF-κB activation induced by LPSBv (100ng/mL) reached 

7 % compared to that of E. coli LPS at the same concentration while the cells were 

not responsive to lipid ABv. No CXCL-8 release was detected upon LPSBv and lipid 

ABvexposure. 

TLR2 

As explained in Chapter 1, research by Chavarría-Velázquez et al. (2018) reported 

that Helicobacter pylori LPS can activate TLR2,14 underlining that some atypical LPS 

show a TLR2-activating capacity. Therefore, it was decided to also evaluate whether 

LPSBv or lipid ABv could induce a TLR2 response.  expressing hTLR2 were used to 

assess the immunologic impact of LPSBv and lipid ABv at the concentration of 1, 10 and 

100 ng/mL as described above. E. coli LPS and Lipid IVA were used in parallel.  

Pam3CSK4 (Pam3 CSK4) (500 ng/mL), a synthetic tri-acylated lipopeptide (LP), 

which mimics the acylated amino terminus of bacterial lipoprotein, represented the 

positive control for a TLR2 ligand. No activation of NF-κB (Figure 3.9c) or CXCL-

8 (Figure 3.9d) release was detected upon stimulation with E. coli LPS and lipid IVA, 

as expected. LPSBv (100 ng/mL), but not lipid ABv, elicited a visible degree of NF-κB 

activation (p < 0.001 vs untreated cells). With LPSBv CXCL-8 production was 

consistent with NF-κB results (p< 0.05 for LPSBv vs E. coli LPS, both at 100 ng/mL) 
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and lipid ABv triggered only a scant yield. As expected, Pam3 determined high NF-κB 

activation and CXCL-8 production. 

TLR4 plus TLR2 

Finally, to evaluate the mutual influence of both TLRs (TLR4 and TLR2), the 

HEK293 hTLR4 cells were transfected with hTLR2 and analysed under the same 

conditions as stated above. These transfected cells were evaluated upon stimulation 

with LPSBv and lipid ABv (Figure 3.9e and 3.9f).  In contrast to the results in HEK293 

hTLR4, activation of NF-κB and CXCL-8 release induced a certain degree of 

activation following stimulation with LPSBv (100 ng/mL) although they were 

significant lower (p< 0.001 and p<0.01 for NF-κB and CXCL-8, respectively: LPSBv 

vs E. coli LPS, both at 100 ng/mL) than those of E. coli LPS at the same concentration.  
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Figure 3.9 Analysis of immunopotential of LPSBv and lipid ABv in HEK293 cells expressing 
hTLR4/MD2-CD14 (a, b), hTLR2 (c, d) or hTLR4/MD2-CD14 and hTLR2 (e, f).  Cells were 
treated for 6 hours with LPSBv or lipid ABv, with E. coli LPS, with the synthetic antagonist tetra-
acylated lipid IVA at the concentration of 1, 10 and 100 ng/mL, or with the synthetic TLR2 
agonist Pam3 CSK4 (500 ng/mL) (c, d, e, f). Fold of NF-κB activation in (a, c and e) and 
release of CXCL-8 release supernatants of HEK293 (b, d and f) 
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3.3.6 Competition tests of LPSBv and lipid ABv against agonistic LPS in HEK-
Blue™ cell model  

It is well known that under-acylated lipid A and/or unusual LPS show an inhibitory 

activity against endotoxically active LPS in human cells.15,16 Therefore, it was 

investigated the ability of LPSBv/lipidABv to compete with the hexa-acylated fully 

immunocompetent E.coli LPS for binding to the TLR4 receptor. This was performed 

through pre-incubating HEK-Blue™ hTLR4 cells with LPSBv or lipid ABv which were 

then stimulated with 10 and 100 ng/mL of E. coli LPS for 4 h. NF-κB activation and 

CXCL-8 production were the read-out of these experiments. Figure 3.10a and 3.10b 

shows that LPSBv and lipid ABv did not significantly inhibit the activity of NF-κB upon 

E. coli LPS stimulation at all the concentrations tested, albeit the trend of NF-κB was 

reduced with respect to the only stimulation with E. coli LPS. As for the CXCL-8 

readout, the lipid ABv (1 and 10 ng/mL) plus E. coli LPS (10 ng/mL) significantly 

reduced the production of CXCL-8 of E. coli LPS (10 ng/mL) alone (p< 0.01) (Figure 

3.10c). Likewise, LPSBv and lipid ABv (1 and 10 ng/mL) plus E. coli LPS (100 ng/mL) 

induced a lower release of CXCL-8 than E. coli LPS (100 ng/mL) alone (p< 0.01) 

(Figure 3.10d). As expected, lipid IVA showed an inhibitory activity on E. coli LPS 

for NF-κB and CXCL-8 production at all the concentrations tested (p<0.001). It could 

be concluded that LPSBv and lipid ABv show a weak inhibitory activity towards E. coli 

LPS, which agrees with the observation that LPSBv is a slight competitive inhibitor of 

E. coli LPS for binding to murine TLR4 as showed previously.5 
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Figure 3.10 Competition assay between LPSBv or lipid ABv with E. coli LPS for hTLR4 binding. 
Fold of NF-κB activation (a and b) and CXCL-8 release (c and d) in HEK293 hTLR4/MD2-
CD14 cells primed with LPSBv or lipid ABv or with lipid IVA at the concentration of 1, 10 and 
100 ng/mL for 1 hour and then stimulated with 10 (a and c) or 100 ng/mL (b and d) of E. coli 
LPS for 4 hours 

 

3.4 Discussion and conclusions  

The research activity presented here provides the complete chemical structure of the 

S-LPS from the intestinal bacterial species B. vulgatus strain mpk, which uncovered 

its particular and novel structural features.  The lipid A species was determined to be 

comprised of a heterogenous mixture of tetra- and penta-acylated mono-

phosphorylated species. It is widely known that the immunogenicity, or the strength 

of the intracellular signalling, triggered by LPS via TLR4 is mostly mediated by the 

lipid A structure and a reduction in the acyl chain number typically correlates with a 

decreased immunopotency.17 B. vulgatus lipid A was indeed a mixture of hypo-

acylated lipid A species, i.e. tetra- and penta-acylated forms, thus likely being 

responsible of a low agonism towards TLR4 activation. Furthermore, both 1- and 4'- 

phosphates on the lipid A disaccharide backbone are known to be important moieties 

for MD-2/TLR4 receptor complex activation,4 and since B. vulgatus lipid A possesses 

only one phosphate at position 1 of the reducing glucosamine, this may also contribute 

to its weaker (compared to E. coli LPS) agonistic effects as a missing 4'-phosphate 

was demonstrated to result in a 100-fold reduction in endotoxic activity.10 Of note, 

also the carbohydrate portion of LPSBv showed to possess novel and uncommon 

characteristics. Briefly, the core OS revealed a rhamnose substituted at the O-5 
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position of the Kdo, an unusual feature because almost always a heptose sugar is found 

at this position. Furthermore, the core OS contains a five-member ring sugar, that is 

Galf, which is rare for a core OS and is known to be immunogenic to mammals, thus 

representing an innovative signature for bacterial LPS. It is also worth noting that Galf 

can be recognised by specific lectins of the eukaryotic innate immunity system, such 

as intelectin,18 whose interaction would be of great interest to be further investigated, 

which will be a logical follow up of this project. The O-antigen structure was built up 

of repeating units made up of β-Manp and α-Rhap, with α-Rhap as the sugar binding 

the polysaccharide chain to the core OS  

The investigation of the immunological properties of LPSBv in human macrophages 

showed a weaker capability to elicit pro-inflammatory cytokines compared to that of 

the potent agonist LPS from E. coli. It was also shown that the lipid A from B. vulgatus 

had an even weaker effect compared to the whole LPS molecule thus testifying that 

the full structure is pivotal for the innate immunity modulation. It can be hypothesised 

that the LPSBv acts by providing a basic anti-inflammatory intracellular transcription 

program, without exceeding a pro-inflammatory threshold, which could exert a 

“protective” role for the colonised host. In addition, our results showed that LPSBv was 

able to highly stimulate the release of IL-10, a potent anti-inflammatory cytokine that 

restrains pathogenic inflammation in the gut. By using the HEK cell lines, it was 

understood that the LPSBv acts as a weaker TLR4 agonist compared to the E. coli LPS 

but also that LPSBv interacts in a clear synergistic manner when both TLR4 and TLR2 

are present on immune cells. This is extremely important as it has been demonstrated 

that TLR2 pathway is key in the establishment of commensals colonisation in the 

human gut.  

This chapter is a summary of the work we published in 2020 in ACS Centr. Sci. and 

that launched our investigation into the determination of LPS structures from various 

species of the GM and their interaction with the human host.2 From this research, a 

“paradigm shift” in our comprehension of the role of LPS began: from a toxic 
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molecule to a potentially beneficial glycoconjugate to modulate immune response. 

Indeed, the long-term vision is to gain insights into the molecular motifs from 

harmless and beneficial gut bacterial species that may play an important role in the 

training, education, and maturation or our immune system.   
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CHAPTER 4 
Lipopolysaccharide from Gut-Associated Lymphoid-

Tissue (GALT) resident Alcaligenes faecalis: complete 

structure determination and chemical synthesis of its 

lipid A 
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4.1 Introduction 

Peyers patches (PPs) are the major gut-associated lymphoid tissues (GALT) lying 

immediately under the intestinal epithelium over the entire length of the small 

intestine (see Figure 4.1).1,2 PPs are also known as the largest sites for the initiation 

and regulation of intestinal Immunoglobulin A (IgA ) responses by crosstalk via 

cytokines and cell–cell interactions comprising dendritic, T, and B cells. It is widely 

accepted that microbial stimuli are required for the development and maintenance of 

intestinal IgA production.  

Alcaligenes faecalis is the predominant Gram-negative bacterium inhabiting PPs and 

thus is a good candidate for such stimuli. Alcaligenes spp. were classified as 

opportunistic bacteria but it has been demonstrated that they create and maintain a 

homeostatic environment in PPs without triggering any harmful responses.3 

Furthermore, the LPS from Alcaligenes spp. revealed to act as a weak TLR4 agonist 

and could promote IL-6 release from dendritic cells (DCs), which, in turn, enhanced 

IgA production.3 From this knowledge, it can be hypothesized that Alcaligenes spp. 

LPS tends to favour bacterial persistence in PPs by promoting homeostasis rather than 

inflammation. Acting as such, Alcaligenes spp. LPS would take part in the host 

immune system vigilance through the production of IgA, which, in turn, might favours 

commensal persistence in PPs.3,4 These remarkable immunomodulating properties of 

the LPS from Alcaligenes spp. must be necessarily attributed to its chemical structure. 

All these premises boosted my interest in determining the complete structure of the 

LPS isolated from A. faecalis thanks to a collaboration with Prof. Kiyono and Prof. 

Fukase of Tokyo and Osaka University respectively. 
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Figure 4.1 Schematic representation of the intestinal barrier with a view of the Peyer’s patch 
and mesenteric lymph node. Image from Di Lorenzo et al. (2019)2 

 

This chapter will present the results of the full characterisation of the lipid A, core OS 

and the O-antigen from this prominent and important Gram-negative of the human 

microbiota. With the perspective of a structure-to-function relationship study, in the 

frame of this project, the chemical synthesis of A. faecalis lipid A was also performed, 

and the so-obtained product(s) were immunologically tested. The chemical synthesis 

was performed thanks to my collaboration with research group of Prof. Fukase.  

The full research described in this chapter has been published in Angewandte 

Chemie (International ed. in English) in 2021, Doi: 10.1002/anie.202012374 
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4.2 Structure determination of the LPS of A. faecalis 

4.2.1 Isolation and purification of A. faecalis R-LPS and S-LPS  

The rough form LPS (R-LPS) of A. faecalis was isolated from dried bacterial cells by 

using the phenol/chloroform/light petroleum extraction protocol 5 whereas the smooth 

form (S-LPS) was isolated through the hot phenol/water extraction method.5 The 

extracts were extensively dialysed against distilled water and cell material was 

removed by means of enzymatic digestion with nucleases followed by dialysis. SDS-

PAGE analysis was used to understand the nature of the purified extracts.6 The LPS 

material (R-LPS and S-LPS) were then further purified by means of size-exclusion 

chromatography. Compositional analysis of the monosaccharides present in both LPS 

were detected as acetylated O-methyl glycoside derivatives.7 The absolute 

configuration was defined through analysis of the O-octylglycoside derivatives.7 The 

linkage pattern of the saccharide moieties was defined by analysis of the partially 

methylated and acetylated alditol derivatives of each monosaccharide unit.7 By 

converging the information from these analyses it was possible to identify for the R-

LPS: terminal D-galactose (Gal), 6-substituted D-glucose (Glc), terminal D-

glucosamine (GlcN), 6-substituted D-GlcN, terminal D-galactosamine (GalN), 4-

substituted D-GalN, 3,4-disubstituted L,D-heptose (Hep), 2,7-disubstituted L,D-Hep, 

and 5-substituted 3-deoxy-D-manno-oct-2-ulosonic (Kdo). In contrast, the 

monosaccharide analysis of S-LPS highlighted the presence mainly of 2-substituted, 

3-substituted, and 2,3,4- trisubstituted D-rhamnose (Rha) and terminal D-xylose (Xyl).  

Fatty acid content, identical for both S-LPS and R-LPS, revealed the presence of (R)-

3-hydroxytetradecanoic acid (14:0(3-OH)), either in both ester and amide linkages, 

and of ester-linked (R)-3-hydroxydodecanoic acid (12:0(3-OH)), decanoic (10:0), 

dodecanoic (12:0), and tetradecanoic acids (14:0). 
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4.2.2 Structural characterisation of the core OS from A. faecalis LPS 

The core OS structure was determined on the fully deacylated R-LPS after alkaline 

treatment and assessed by combining data from the compositional analyses and NMR 

spectroscopy. It was also key to perform an additional NMR investigation of the core 

OS structure on the material obtained after mild acid hydrolysis of the R-LPS. In 

particular, by analysing the acid treated product it was possible to identify the acetyl 

groups occurring on the huge number of aminohexoses composing the core OS of A. 

faecalis. 

Figure 4.2 Zoom of the anomeric region of the overlapped 1H, 1H 13C HSQC and 1H 13C 
HMBC recorded for the deacylated R-LPS from A. faecalis. Key inter-residue correlations are 
labelled as reported in Table 4.1.     

 

NMR investigation of the fully deacylated R-LPS revealed the occurrence of twelve 

anomeric signals, indicative of twelve spin systems (A–L), plus the up field-shifted 

signals attributable to the H-3 methylene resonances of the Kdo unit (K). These 

residues were then fully assigned by tracing the spin connectivity derived from the 

DQF-COSY and the TOCSY spectra; the precise identification of each carbon atom 

was attained through the 1H,13C HSQC spectrum. All the chemical shifts so deduced 

are reported in Table 4.1. The core OS was concluded to be composed of one α-Kdo 
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(K), two α-L,D-Hep (D and G), two α-D-GalNAc (E/E’ and C/C’), two α-D-GlcNAc 

(B and F), one β-D-Gal (I), and one β-D-Glc (L). The primary sequence was inferred 

by using NOE contacts visible in the NOESY spectrum (Figure 4.3) and the 1H,13C 

HMBC spectra, which is shown, together with the HSQC, in Figure 4.2. 

  

Table 4.1 1H,13C (italic) and 31P (bold) chemical shifts (ppm) of fully deacylated R-LPS from 
A. faecalis.  

  1 2 3 4 5 6 7 8 

A 1H 5.54 3.26 3.80 3.37 4.05 4.17/3.91   

6-α-D-GlcN1P 13C 90.7 54.1 69.7 69.6 72.1 69.0   

 31P 3.60        

B 1H 5.34 3.27 3.82 3.42 3.69 3.88/3.79   

t-α-D-GlcN 13C 95.9 54.1 69.7 69.5 72.2 60.2   

C 1H 5.33 3.30 3.83 4.00 3.89 3.67   

4-α-D-GalN 13C 97.2 54.2 69.8 75.6 71.4 60.9   

C' 1H 5.38 3.27 3.83 3.70 3.89 3.67   

t-α-D-GalN 13C 95.9 54.2 69.8 69.7 71.4 60.7   

D 1H 5.27 4.02 3.92 3.75 3.65 4.06 3.75  

2,7-α-L,D-Hep 13C 100.0 77.7 70.1 69.2 72.2 69.3 70.7  

E 1H 5.15 3.42 3.93 3.98 4.02 3.66   

4-α-D-GalN 13C 94.8 50.8 71.9 73.6 71.7 60.8   

E' 1H 5.18 3.42 3.91 3.97 4.07 3.66   

t-α-D-GalN 13C 94.8 50.8 68.0 66.6 71.7 60.8   

F 1H 5.16 3.22 3.82 3.37 3.69 3.77/3.68   

t-α-D-GlcN 13C 95.9 54.1 69.7 69.5 72.0 60.2   

G 1H 5.05 3.98 4.10 4.03 3.67 3.80 3.65/3.48  

3,4-α-L,D-Hep 13C 100.0 70.2 76.3 72.1 69.9 69.8 62.5  

H 1H 4.82 2.98 3.76 3.64 3.43 3.62/3.44   

6-β-D-GlcN4P 13C 99.2 55.4 71.8 73.9 72.0 62.3   

 31P    2.01     

I 1H 4.51 3.54 3.75 3.99 3.66 3.69   

t-β-D-Gal 13C 103.7 72.2 73.5 70.4 75.7 60.3   

L 1H 4.41 3.21 3.36 3.35 3.50 3.88   

6-β-D-Glc 13C 102.8 73.3 75.8 69.5 74.4 66.2   

K 1H - - 1.90/2.16 4.46 4.18 3.69 3.95 3.86/3.56 

5-α-D-Kdo4P 13C 171.7 95.6 34.2 70.2 71.2 72.1 70.1 63.6 

 31P    -0.76     
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Figure 4.3 a) Zoom of the overlapped 1H, NOESY (red) and TOCSY (black) spectra of the 
fully deacylated R-LPS of A. faecalis. Indicated are the key inter-residue NOE contacts. b) 
The superimposition of the full proton, NOESY (red) and TOCSY (black) spectra. (600 
MHz, 298 K, D2O, Table 4.1).   
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 Briefly, starting from the lipid A sugar backbone, built up of GlcN residues A and H, 

the latter was found to be substituted at position O-6 by Kdo unit (K). This was, in 

turn, substituted at O-5 by α-Hep G as proven by the inter-residue NOE correlation 

of H-1 G with H-5 K (Figure 4.3), and by the corresponding long-range correlation 

observed in the HMBC spectrum (Figure 4.1). α-Hep G was, in turn, substituted at 

positions O-3 and O-4 by α-Hep D and β-Glc L, respectively. The latter β-Glc L was, 

in turn, substituted at its O-6 by terminal α-GalN unit E/E’. Residue E was found to 

be non-stoichiometrically substituted at its position O-4 by β-Gal I. Moreover, the a-

Hep D was substituted at O-2 by β-GalN C/C’ and at O-7 by α-GlcN B. Finally, 

residue C was found to be non-stoichiometrically substituted at its position O-4 by a 

GlcN residue F. The final structure of the R-LPS with the lipid A (explained further 

on) is sketched in Figure 4.4 

Figure 4.4 Structure of the R-LPS form A. faecalis with hexa-acylated lipid A species 
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4.2.3 Structural characterisation of the O-antigen from A. faecalis S-LPS 

For the S-LPS which is also produced by A. faecalis, the O-antigen was fully 

characterised after a mild acid hydrolysis performed on the S-LPS, which cleaves the 

acid labile linkage between the Kdo residue and the β-GlcN (residue H) of the lipid 

A. The O-antigen fraction was then isolated, purified, and investigated through NMR. 

The final structure of the deduced xylosylated rhamnan chain can be seen in Figure 

4.5 and matches with previously published data.8 Chemical shifts allowing this 

structural determination are reported in Table 4.2. Briefly, a linear rhamnan chain was 

defined as composed of the sequence M1→3N1→3O1→2M (Figure 4.5) as proven 

by the relative long-range and inter-residue NOE correlations. The β-Xyl units Q and 

R were found sitting at positions O-2 and O-4 of unit N respectively, as proven by the 

long-range correlations between H-1 of Q and C-2 of N, and H-1 of R with C-4 of N, 

in addition to the corresponding inter-residue NOE connectivities. As stated above, 

this branched repeating unit was identical to the one reported by Knirel et al. (1986), 

8 nevertheless, a minor substructure was also identified. Information about the latter 

could be drawn by the occurrence of the long-range correlations between H-1 of P 

and C-2 of M, in addition to the one between H-1 of O' and C-2 of P, suggesting the 

existence of the substructure O'1→2P1→2M, i.e. α-Rha-(1→2)-β-Rha-(1→2)-α-

Rha. 

Figure 4.5 Sketch of the O-antigen from the S-LPS of A. faecalis 
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Table 4. 2 (600 MHz, 2983 K, D2O) 1H and 13C (italic) chemical shifts (ppm) of the O-antigen 
isolated through mild acid hydrolysis of the A. faecalis LPS fraction. 

4.2.4 Structural characterisation of the lipid A from A. faecalis LPS 

Detailed MALDI-TOF MS and MS2 analyses were performed on the isolated lipid A 

obtained as a precipitate after mild acid hydrolysis of the S-LPS and R-LPS. The 

reflectron MALDI-TOF mass spectrum, recorded in negative polarity, of the lipid A 

is reported in Figure 4.6. The spectrum showed a patten of peaks in the range m/z 

1347.8–1784.9 relative to deprotonated [M-H]- lipid A species differing both in the 

nature and number of acyl chains and phosphate content. Three distinct families of 

peaks around m/z 1375.8, 1601.9 and 1756.1 were clearly identified and matched with 

tetra-, penta-, and hexa- acylated lipid A species respectively, whose heterogeneous 

nature was also clearly apparent due to the occurrence of mass differences of 28 amu 

(-(CH2)2-unit). To establish the detailed structure of A. faecalis lipid A, i.e., revealing 

  1 2 3 4 5 6 

M 1H 5.25 4.01 4.06 3.52 3.88 1.33 

2-α-D-Rha 13C 100.3 78.5 69.3 72.1 69.1 16.6 

N 1H 5.11 4.16 4.03 3.65 3.93 1.39 

2,3,4-α-D-Rha 13C 102.3 79.3 75.5 79.7 69.5 16.6 

O 1H 4.94 4.12 3.99 3.51 3.81 1.28 

3-α-D-Rha 13C 102.0 69.4 80.2 72.9 69.0 16.5 

O' 1H 4.96 4.19 3.99 3.51 3.79 1.28 

3-α-D-Rha 13C 102.0 70.0 80.2 72.9 69.0 16.5 

P 1H 4.83 4.17 3.72 3.71 3.47 1.33 

2-β-D-Rha 13C 100.2 79.4 76.6 72.3 71.9 16.7 

Q 1H 4.47 3.37 3.43 3.49 3.98/3.22  

t-β-D-Xyl 13C 105.2 73.4 75.5 72.0 64.9  

R 1H 4.48 3.32 3.38 3.48 3.98/3.27  

t-β-D-Xyl 13C 103.0 73.1 75.7 72.0 64.9  
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the exact location of the acyl chains as well as of the phosphate units with respect to 

the glucosamine disaccharide backbone, a negative-ion MS2 analysis on several ion 

peaks was conducted. This MS2 analysis showed that A. faecalis hexa-acylated lipid 

A was decorated by four 14:0 (3-OH) moieties as the primary fatty acids, whereas 

12:0 (3-OH) and 10:0 were the secondary acyl chains. As sketched in Figure 4.4, the 

hexa-acylated species were revealed to have a 3 + 3 distribution of the acyl chains 

with respect to the GlcN disaccharide backbone. This was then further unequivocally 

confirmed by a positive-ion MALDI-TOF MS and MS2 analysis (Figure 4.6). Indeed, 

positive ion MS2 analysis of peak at m/z 1320.2, relative to a sodiated mono-

phosphorylated tetra-acylated lipid A species carrying three 14:0 (3-OH) and one 12:0 

(3-OH), underwent a positive-ion MS2 investigation. The MS2 spectrum of precursor 

ion at m/z 1320.2 (Figure 4.7), among other product ions, showed a very diagnostic 

peak for structural elucidation at m/z 688.4 attributed to the oxonium ion. This 

fundamental fragment ion arose from the cleavage of the glycosydic linkage and gave 

a first indication of the 12:0 (3-OH) moiety linked as a secondary acyl chain to the 

primary amide bound 14:0 (3-OH) of the non-reducing glucosamine. In support of 

this hypothesis, the ion at m/z 852.7 (Figure 4.7), derived from a loss of 467 mass 

units, matched with the sequential loss of the phosphate group plus 368 mass units; 

the observation of such a peak led to the conclusion that a rearrangement, promoted 

by the free 3-OH groups on both primary 14:0 (3-OH), drove the loss of 184 mass 

units (C12H24O) from each primary acyl chain. Because such a fragmentation can only 

occur if the fatty acids have a free 3-OH group, this further suggested that the 12:0 (3-

OH) was a secondary acyl moiety of the primary N-linked 14:0 (3-OH) of the non-

reducing glucosamine unit. Therefore, combining fatty acid analysis with both 

positive- and negative-ion MALDI-TOF MS and MS2 data on isolated lipid A, it was 

possible to define the A. faecalis R-LPS/S-LPS as expressing a blend of tetra- to hexa-

acylated mono and bis-phosphorylated lipid A species with the uncommon occurrence 

also of 3-hydroxylated fatty acids as secondary substituents. This is a very unusual 
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characteristic as, when present, secondary hydroxylated fatty acids carry the hydroxyl 

group at their position 2. Here only 3-hydroxylated acyl chains were identified.  

 

Figure 4.6 Reflectron MALDI-TOF mass spectrum, measured in negative polarity, of lipid A 
from A. faecalis LPS. The lipid A species clusters are indicated are indicated as Tetra LipA, 
Penta LipA and Hexa LipA. P indicates phosphate group 

 

 

Figure 4.7 Positive-ion MALDI-TOF MS2 analysis of precursor ion at m/z 1320.2 relative to 
a monophosphorylated lipid A species from A. faecalis R-LPS/S-LPS. The proposed structure 
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for the tetra-acylated lipid A species is sketched in the inset. The structure for the oxonium ion 
identified at m/z 688.4 is also reported  
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4.3 Chemical synthesis of the lipid A of A. faecalis and immunological 
properties 

4.3.1 Chemical synthesis of hexa-acylated A. faecalis lipid A 

The remarkable TLR4-mediated immunomodulating properties of Alcaligenes spp. 

LPS previously shown by Shibata et al. (2018),3 must be attributable to the lipid A 

chemical structure as this is the moiety which directly interacts with this innate 

immune receptor.  Prof. Fukase and his team at Osaka University chemically 

synthesised the bis-phosphorylated tetra-, penta-, and hexa-acylated A. faecalis lipid 

A. The Scheme of the synthesis is shown in Figure 4.8 and the full explanation can 

be found in the publication.4 Briefly, the chemical synthesis approach entailed a 

diversity-oriented synthetic strategy based on a key disaccharide, intermediate 1. On 

this intermediate each protecting group, that is, 1-O-allyl, 2-N-allyloxycarbony 

(Alloc), 2'-N-2,2,2-trichloroethyloxycarbonyl (Troc), 3'-O-p-methoxybenzyl (MPM), 

and 4',6'-O-benzylidene groups could be selectively removed to enable the sequential 

introduction of acyl or phosphate groups to the proper position. By a similar approach, 

and starting with the same intermediate 1, penta- and tetra-acylated lipid A were also 

synthesised.  
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Figure 4.8 Synthesis of the hexa-acylated Alcaligenes faecalis lipid A  

 

Once synthesised, the immunomodulating properties of lipid A derivatives were 

investigated by using HEK-Blue TLR4 to evaluate the NF-kB activation. The results 

in Figure 4.9a showed that the activation of the HEK-Blue hTLR4 cells by the 

synthetic hexa-acylated A. faecalis lipid A was weaker than E. coli LPS, and 

comparable to the previously reported data of the full LPS of A. faecalis. On the other 

hand, synthetic penta- and tetra- acylated lipid As did not show any 

immunostimulatory effect. Following this, the ability of synthetic lipid As were 

evaluated for their ability to release IL-6, TNF-α, IL1β, and IL-18 in phorbol 12-

myristate 13- acetate (PMA)-differentiated THP-1 human monocytic cells and 

evaluated using ELISA. The synthetic hexa-acylated lipid As induced IL-6 release, 

although significantly less than that observed for upon E. coli LPS stimulation (Figure 

4.9c). Likewise, all other cytokines exhibited low immunostimulant activity upon 

stimulation with synthetic lipid As compared to E. coli LPS.  
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Finally, a competition assay against E. coli LPS was also performed (Figure 4.9d), 

but the hexa- lipid A from A. faecalis exhibited almost no inhibitory and/or synergistic 

effect in the presence of E. coli LPS. 

 

Figure 4.9 a) NF-κB activation in HEK Blue™ hTLR4 cells b) NF-κB activation in HEK-
Blue™ Null2 cells, that is cells devoid of the TLR4 genes, c) cytokine IL-6 induction activity 
in PMA-differentiated THP-1 cells d) cytokine Il-6 release in the presence of E. coli LPS upon 
the stimulation of synthetic hexa-acylated lipid A from A. faecalis  
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4.4 Discussion and conclusions  

In this chapter is presented the full structural determination of the LPS from A. faecalis 

the predominant Gram-negative inhabiting the gut-associated lymphoid tissue called 

PPs. From previous work it was demonstrated that Alcaligenes spp. can establish 

symbiotic relationships with the host in PPs despite the continuous contact with 

immune cells, and fascinatedly the LPS of Alcaligenes spp. was proved to be directly 

involved in the maintenance of homeostatic immunological conditions by induction 

of IgA production through an IL-6-dependent mechanism.4 Given these premises, the 

determination of the chemical structure of this unusual LPS was initiated. This 

bacterium revealed to present two typologies of LPS, i.e., R-LPS and S-LPS, which 

possess uncommon chemical features with interesting peculiarities both in the lipid A 

and the saccharide domains. The R-LPS is made up of the lipid A attached to a 

nonasaccharide core OS composed of Kdo, two L-glycero-D-manno-heptoses, two N-

acetyl D-glucosamine, two N-acetyl D-galactosamine, one D-glucose, and one D-

galactose residue. The S-LPS, which inherently has an additional polysaccharide 

repeat unit, was also defined as a branched xylosylated rhamnan chain. As for the lipid 

A component, a mixture of tetra-, penta- and hexa-acylated species were identified. 

The hexa-acylated forms were composed of a bis-phosphorylated glucosamine 

disaccharide backbone carrying 14:0 (3-OH) as primary and 12:0 (3-OH) and 10:0 as 

secondary fatty acids, which were distributed in a 3+3 fashion.  

In addition, this project led to further research being undertaken, as the lipid A 

moieties were chemically synthesised and evaluated for their immunological 

properties. These results confirmed the weak agonistic behaviour towards the TLR4 

activation as was previously shown by the full LPS of A. faecalis.3 The release of IL-

6 cytokine significantly increased in THP-1 cells and were comparable to those 

previously observed after administration of the full A. faecalis LPS.4 Therefore, these 

results suggest that lipid A is the main responsible for most of  the IL-6-mediated IgA 

production occurring in PPs. Indeed, due to its physiological location and persistence 
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(a gut lymphoid tissue), a mono-phosphorylated hypo acylated lipid A was expected 

for A. faecalis, like that seen in other gut bacterial species like. However, this 

structural investigation revealed the presence, as minor species, also of hexa-acylated 

bis-phosphorylated forms and not only tetra and penta-acylated. Although in the hexa-

acylated form, the presence of two phosphates, the number and nature of most of the 

acyl chains is identical to that of E. coli, several different structural features might be 

responsible for the diverse immunological functions observed between A. faecalis 

LPS and E. coli LPS. In this frame, 1) the symmetrical distribution of the acyl chains 

in the A. faecalis lipid A (3 + 3 distribution, in its hexa-acylated form, vs 4 + 2 

symmetry for the E. coli lipid A), 2) the presence of a shorter secondary fatty acid 

(10:0 in place of 14:0) and in a different position compared to E. coli, 3) the presence 

of a hydroxylated secondary acyl moiety, and 4) the occurrence of hypo-acylated and 

mono-phosphorylated lipid A species are notable. These chemical features, in fact, 

could globally result in a weak elicitation of the TLR4-mediated immune response.9–

11  The structure-related properties of the lipid A from A. faecalis of inducing only 

weak activation of TLR4 signalling in combination with the potent IgA production-

inducing activity are significant in the evaluation of this molecule as a potential 

adjuvant candidate in vaccine production. In other words, LPS from A. faecalis and 

possibly other GALT-resident mutualistic bacteria might be of inspiration for the 

chemical synthesis of a pool of safer and effective adjuvants for vaccine development. 

In addition, by analysing synthetic derivatives of LPS and/or its substructures, as done 

within the frame of this project, it is possible to deduce the structure to function 

relationship of an LPS. This can aid in understanding the common chemical features 

owned by symbiotic bacteria of the GM that might be essential to maintain 

physiological homeostasis and to provide beneficial roles to the host.  

As a follow up of the present project, the saccharide moieties of A. faecalis LPS, 

especially the core OS moiety with its huge number of N-acetyl aminohexoses, are 

currently under investigation for their role and involvement in the interaction(s) with 

the host immune system receptors.   
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5.1 Introduction  

Bacteroides play a vital role in the microbiota of the human host, providing protection 

from pathogens and suppling nutrients to other microbial residents of the gut.1,2 B. 

thetaiotaomicron is an abundant symbiont of the normal healthy gut, and one most 

extensively studied microorganisms of the GM. B. thetaiotaomicron has shown to 

degrade complex polysaccharides and to stimulate the initiation of epithelial and 

immunological development.3,4 A decrease of these bacteria in the intestinal tract has 

shown to correlate with gut inflammation and disease emergence.5,6  

B. thetaiotaomicron colonisation within the gut has been possible thanks to intricate 

strategies developed by the bacterium to interact with the host, including modification 

of its surface. In this frame, B. thetaiotaomicron dedicates a significant portion of its 

genome (eight distinct genomic loci) to production of capsular polysaccharides (CPS) 

resulting in the expression of eight structurally different CPS, which can reach several 

hundred nanometres thick 7,8. Therefore, most of the crosstalk between the immune 

system and B. thetaiotaomicron is supposed to involve these complex glycans, 

although the underlying mechanisms remain poorly understood. As a Gram-negative, 

B. thetaiotaomicron is also equipped with LPS, and although a number of publications 

have shown that Bacteroides species express R-LPS with immune inhibitory 

activities, an investigation into the LPS chemistry to function had yet to be completed. 

The lack of structural information about the LPS of such a largely studied gut 

mutualist likely derived by the fact that it produces a broad array of heterogenous CPS 

that renders the isolation of the LPS a complex procedure.9  

This chapter is thus based on the structural and immunological investigation of the 

LPS from B. thetaiotaomicron. This work took advantage of a mutant previously 

constructed by Martens and co-workers and provided by Prof. Michael Fischbach of 

Stanford University. in which all eight CPS gene clusters were deleted to have a 

successful isolate of the sole LPS and thus enabling its chemical characterisation 
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through NMR and MALDI-TOF MS. 10 Subsequently, an investigation of the 

immunological properties of the isolated B. thetaiotaomicron LPS was accomplished.  

The full research described in this chapter has been published Carbohydrate 

Polymers, in 2022. Doi: 10.1016/j.carbpol.2022.120040 
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5.2 Structural characterisation of B. thetaiotaomicron R-LPS 

5.2.1 Extraction, purification, and compositional analysis of B. thetaiotaomicron 
R-LPS 

The LPS material was extracted using the hot phenol/water extraction method 11, 

followed by purification steps including enzymatic digestion, dialysis, and size 

exclusion chromatography. The confirmation of R-LPS extraction in the water phase 

was achieved by using SDS-PAGE followed by gel staining with silver nitrate.12 

Indeed, the gel did not exhibit the ladder-like pattern typical of an S-LPS, but it 

showed two main strongly stained, rapidly migrating bands in the lower part of the 

gel (Figure 5.1). This suggested the occurrence of R-LPS with different molecular 

weight likely due to the length of the saccharide portion. This was also in accordance 

with previous Tricine SDS-PAGE gel analysis performed on a micro-scale extracted 

R-LPS from this mutant strain.10 

Figure 5.1  SDS-PAGE after silver a) and Coomassie brilliant blue b) staining of R-LPS from 
B. thetaiotaomicron (lanes 2 and 4). The S-LPS from E. coli (lane 1) was used as a benchmark 
in (a). In the Coomassie brilliant blue stained SDS-page gel (b), BLUeye prestained protein 
ladder (2 µl) (lane 3) was used as a reference. 
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For the composition of  monosaccharides composing the isolated R-LPS, a set of 

chemical analyses on the purified water phase extract was performed.13 By merging 

of data from compositional analyses, through acetylated methyl glycosides 

derivatisation, and absolute configuration, through acetylated octyl glycosides 

derivatisation, revealed the presence of D-galacturonic (D-GalpA), D-glucuronic (D-

GlcpA), D-mannose (D-Manp), D-glucose (D-Glcp), D-galactose (D-Galp), 2-amino-

2-deoxy-D-glucose (D-GlcpN), 2-amino-2-deoxy-D-galactose (D-GalpN), and Kdo. 

Linkage analysis, through partially methylated acetylated alditols derivatization 

proved all sugar residues are in the pyranose form. This technique also allowed the 

identification of their branching points as follows: terminal and 2-substituted D-Glcp, 

terminal D-Galp, 2-substituted, 2,3-disubstituted and 2,6-disubstituted D-Manp, 

terminal D-GlcpA, 4-substituted D-GalpA, terminal, 3-substituted and 4-substituted 

D-GlcpN, 6-substituted and 3,6 disubstituted D-GalpN, and 5-substituted Kdo were 

detected.  
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5.2.2 Structural characterisation of the lipid A from B. thetaiotaomicron R-LPS 

Fatty acid compositional analysis of B. thetaiotaomicron R-LPS revealed the 

occurrence of tetradecanoic acid (14:0), anteiso-pentadecanoic acid (a15:0), iso-15:0 

(i15:0), 15:0, hydroxypentadecanoic acid (3-OH 15:0), hydroxyhexadecanoic acid (3-

OH 16:0), iso-hydroxyheptadecanoic acid (3-OH i17:0), and 3-OH a17:0, in full 

agreement with previously reported data on the structure of lipid A from Bacteroides 

sp, as also described in Chapter 3.  

For the characterisation of the lipid A, an aliquot of the R-LPS underwent a mild acid 

hydrolysis followed by purification and then detailed investigation using MALDI-

TOF MS and MS2. The MALDI mass spectrum was recorded in negative polarity and 

is presented in Figure 5.2. Two main clusters of peaks were detected which were 

identified as penta-acylated and tetra-acylated mono-phosphorylated species, and 

clearly showed to have a highly heterogeneous nature due to mass differences of 14 

amu, indicative of lipid A species differing in their acyl chain length. A sketch of the 

proposed structure from the ion peak m/z 1688.6 can also be seen in Figure 5.2, with 

the presence of branched fatty acid chains also drawn. This structural deduction 

matched with that of previously reported lipid A for other Bacteroides sp. as also 

described in Chapter 3. 10,14–16 
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Figure 5.2 Negative-ion MALDI-TOF MS spectrum of lipid A from B. thetaiotaomicron R-
LPS. The lipid A fraction was obtained as a precipitate after centrifugation of the mild acid 
hydrolysis executed on an aliquot of R-LPS. Tetra LipA and Penta LipA indicate the acylation 
degree. The asterisk indicates the ion peak (m/z 1688.6) whose proposed structure is sketched.  
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5.2.3 Structural characterisation of the core OS by NMR spectroscopy and 
MALDI-TOF  

The complete structure of the core OS of B. thetaiotaomicron R-LPS was achieved by 

merging data from NMR spectroscopy and MALDI-TOF MS investigations executed 

both on the fully deacylated R-LPS (OS1) and on the product obtained after mild acid 

hydrolysis (OS2) of the R-LPS. Finally, the MALDI-TOF MS analysis of the intact 

R-LPS was then pivotal to obtain complete information regarding the heterogenous 

structure of B. thetaiotaomicron R-LPS. For the sake of simplicity, in Scheme 1 is 

reported the procedure adopted for this structural characterisation.  

Scheme 1 An overview of the different procedures performed and the techniques used for the 
full characterisation of the R-LPS from B. thetaiotaomicron. 
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5.2.4  NMR Spectroscopy of the fully deacylated R-LPS of B. thetaiotaomicron 

To elucidate the primary structure of the saccharide portion of B. thetaiotaomicron R-

LPS, an aliquot of pure R-LPS underwent a full deacylation.17 Following this 

treatment, the complete oligosaccharide, named as OS1, was obtained and then 

subject to various purification methods. OS1 was then analysed via 1D and 2D NMR 

spectroscopy. All sugar units were present as pyranose rings, as proven by the 13C 

chemical shift values observable in the HSQC spectrum. The inspection of both the 
1H NMR and the HSQC spectra (Figure 5.3 and 5.4 respectively) of the pure OS1 

showed the presence of thirteen anomeric signals assigned to thirteen different spin 

systems (A-O, Table 5.1). The presence of the diasterotopic H-3 methylene proton 

signals at δH 1.95/2.13 ppm (K, δC 34.2 ppm) were indicative of the occurrence of a 

Kdo unit.  

Figure 5.3 1H NMR spectra of OS1 (a) and OS2 (b) products derived from the full 
deacylation and mild acid hydrolysis of B. thetaiotaomicron R-LPS, respectively. Anomeric 
signals of spin systems are labelled as in Table 5.1. Diastereotopic methylene proton signals 
of Kdo residue (K) are also indicated. Spin system X is the 4-substituted α-GalpA residue that 
underwent β-elimination and that originated the terminal hex-4-eneuronic acid designated as 
D in OS1 product.  
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At this point, the complete assignment of all spin systems was achieved as described 

for other projects discussed in this PhD thesis (see Chapters 2, 3 and 4). 

Spin system A (H-1/C-1 at 5.51/90.3 ppm) and L (H-1/C-1 at 4.93/99.5 ppm, Table 

5.1) were assigned to α-GlcpN and β-GlcpN of the lipid A on the basis of their H-2 

protons that showed a correlation with two nitrogen-bearing carbon atoms at 54.3 and 

55.5 ppm, respectively. The observation of an inter-residue connectivity between H-

1 of L and H-6a,b of A, identified in the NOESY spectrum (Figure 5.5), corroborated 

the assignment of residues A and L to the lipid A backbone. Likewise, the large 3JH,H 

coupling constant values, the NOE correlation between H-1 and H-2, as well as the 

C-2 signals resonating at 54.0 ppm indicated that residues H and H′ (H-2 at 3.19 and 

3.18 ppm, respectively) were both α-GlcpN. Spin systems B, E, and F were all 

identified as α-Manp residues, as proven by the small 3JH-1,H-2 (~1.2 Hz), indicative of 

a H-2 equatorial orientation, and by the intra-residue NOE contact of H-1 only with 

H-2. Spin systems C, M, N and O were identified as glucose residues due to the 

chemical shifts of ring protons that agreed with the gluco-configuration of pyranose 

rings (Table 5.1, Figure 5.4). However, the large 3JH-1,H-2 values, together with the 

NOE contacts of H-1 with H-3 and H-5, were diagnostic of the anomeric β-

configuration for M, N and O, whereas the intra-residue NOE contact of H-1 with H-

2, and the small 3JH-1,H-2 coupling constant (3.3 Hz) were indicative of an α-anomeric 

configuration for residue C. Due to the presence of a correlation of H-5 signal of G 

with a carboxyl group whose carbon atom resonated at 177.3 ppm, it was possible to 

assign this spin system as an uronic acid. This was identified as a GlcpA due to the 

TOCSY correlations that ended at H-5; in addition, the intra-residue NOE contact of 

H-1 with H-2 and the 1JC-1,H-1 and 3JH-1,H-2 values (about 171 Hz and 3.2 Hz, 

respectively) led to assign the anomeric α-configuration for this GlcpA residue G. Of 

note, the signal at 5.33 ppm, labeled as D, was identified as the anomeric proton of a 

hex-4-enuronic residue, which resulted from β-elimination in a 4- substituted uronic 

acid as a consequence of the alkaline treatment. Therefore, the olefine signal clearly 

visible in the HSQC spectrum at H-1/C-1 5.80/106.7 ppm (Figure 5.4, D4) was 
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assigned as H-4 of residue D. This was further confirmed by the observation that H-1 

and H-4 of D were correlated in the TOCSY and COSY spectra via two other proton 

resonances (Table 5.1). Finally, the Kdo unit (K) was assigned starting from the 

diastereotopic methylene signals, while its anomeric α-configuration was established 

on the basis of the chemical shift values of H-3 and of the 3JH-7,H8a and 3JH-7,H-8b 

coupling constants.19  
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Table 5.1 1H, 13C (Italic), and 31P (bold) chemical shifts of the OS1 (A-O) and OS2 (P-T/X) 
products derived from mild acid hydrolysis and complete deacylation respectively of the R-
LPS from B. thetaiotaomicron. 

 

Chemical Shifts (δ) 

 Unit   1 2 3 4 5 6 7 8 

A 1H 5.51 3.25 3.78 3.27 4.07 4.13/3.77     

6-α-D-

GlcN1P 
13C 90.3 54.3 69.8 70.0 72.8 68.7 

    

  31P 1.60               

B 1H 5.36 4.29 3.85 3.61 3.71 3.92/3.80     

2,6-α-D-Man 13C 98.2 79.0 71.0 67.1 71.5 66.2     

C 1H 5.36 3.36 3.69 3.40 3.95 3.82/3.61     

t-α-D-Glc 13C 97.3 71.7 72.6 69.4 71.74 60.6     

D 1H 5.33 3.88 4.02 5.80 - -     

α-Δ4,5-GalA 13C 97.3 69.3 65.4 106.7 n.d. n.d.     

E 1H 5.31 4.49 4.10 3.62 3.65 3.65     

2,3-α-D-Man 13C 98.4 75.2 77.0 67.2 72.1 60.5     

F 1H 5.29 4.24 4.16 3.70 3.63 3.93/3.82     

2-α-D-

Man3P 
13C 97.5 79.0 73.6 65.2 72.1 61.5 

    

  31P     0.52           

G 1H 5.28 3.41 3.90 3.64 4.51 -     

t-α-D-GlcA 13C 97.6 71.5 72.0 72.8 75.0 177.3     

H 1H 5.08 3.19 3.82 3.39 3.66 3.82     

4-α-D-GlcN 13C 95.1 54.0 69.8 76.8 72.2 61.6     

H' 1H 5.06 3.18 3.81 3.36 3.66 3.82     

t-α-D-GlcN 13C 94.8 54.0 69.7 69.4 72.2 61.6     

L 1H 4.93 2.89 3.52 3.47 3.54 3.53/3.44     

6-β-D-GlcN 13C 99.5 55.5 72.1 69.6 74.3 62.3     
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M 1H 4.88 3.33 3.51 3.32 3.59 3.86     

2-β-D-Glc 13C 101.6 77.1 75.3 69.8 74.8 60.7     

N 1H 4.78 3.37 3.49 3.33 3.55 3.63/3.47     

2-β-D-Glc 13C 101.8 76.7 74.4 69.8 74.8 61.2     

O 1H 4.61 3.35 3.46 3.37 3.54 3.63     

2-β-D-Glc 13C 101.9 77.9 75.6 69.5 74.4 60.6     

K 1H - - 1.95/2.13 4.49 4.24 n.d 3.86 3.83/3.54 

5-α-D-

Kdo4PEtN 
13C - - 34.2 70.9 72.5 n.d. 

70.9 63.3 

  31P       -0.80         

PEtN 1H 4.00 3.18             

  13C 61.9 40.0             

P 1H 4.94 3.76 3.57 3.41 3.69 3.70     

3-α-D-

GlcNAc 
13C 96.6 53.0 79.7 71.6 71.5 60.2 

    

R 1H 4.49 3.73 3.78 4.10 3.85 3.99/3.79     

3,6-β-D-

GalNAc 
13C 101.5 54.6 79.9 67.5 73.9 68.9 

    

R' 1H 4.47 3.71 3.65 4.08 3.85 3.99/3.78     

6-β-D-

GalNAc 
13C 101.3 54.6 72.7 67.5 73.9 67.7 

    

S 1H 4.39 3.32 3.69 3.41 3.37 3.56     

t-β-D-Glc 13C 104.0 73.2 76.3 69.3 75.5 60.0     

T 1H 4.37 3.40 3.51 3.80 3.58 3.65     

t-β-D-Gal 13C 103.1 70.8 74.3 70.1 75.1 60.8     

X 1H 5.18 4.07 4.01 4.24 4.60 -     

4-α-D-GalA 13C 97.4 67.5 71.7 80.9 73.2 175.3     
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Figure 5.4 a) Superimposition of 1H and HSQC spectra recorded for OS1 product of B. 
thetaiotaomicron R-LPS fraction after a full deacylation treatment. b) Zoom of the carbinolic 
region of the overlapped 1H and HSQC spectra.  
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Downfield shifted carbon signals (Table 5.1) were useful to identify substitution at 

O-2 and O-3 of α-Manp E, at O-2 and O-6 of α-Manp B, at O-2 of β-Glcp N, M and 

O and α-Manp F, at O-4 of α-GlcpN H, at O-6 of α-GlcpN A and β-GlcpN L, and at 

O-5 of Kdo; on the other hand, residues C, H' and G were ascribed to terminal sugar 

units. The complete sequence of the monosaccharides composing OS1 (Scheme 5.2) 

was deduced by using both NOE contacts attained from the NOESY spectrum and the 

long-range correlations visible in the HMBC spectrum. In detail, starting from the 

lipid A disaccharide backbone made up of residues A and L, the latter was substituted 

at position O-6 by the Kdo, as confirmed by the weak downfield shift of C-6 signal of 

β-GlcpN L (δ 62.3 ppm, Table 5.1), which matches with the α-(2→6) ketosidic 

linkage of Kdo with the non-reducing GlcpN units of the lipid A. The Kdo residue 

was, in turn, substituted at its position O-5 by the α-Manp E, as suggested by both the 

long-range correlation between the anomeric proton signal of residue E and the carbon 

atom at δ 72.5 ppm of residue K visible in the HMBC spectrum (Figure 5.5b) and by 

the related NOE contact between H-1 of E and H-5 of K (Figure 5.5a). Following 

inter-residue contacts, unit E was in turn substituted at O-2 by β-Glcp O and at O-3 

by the hex-4-enuronic acid D.  Residue O carried at O-2 α-Manp F, in turn substituted 

at its O-2 by α-Manp B. The latter was substituted at O-2 by β-Glcp N and at O-6 by 

α-GlcpN H, in turn substituted at its O-4 by α-Glcp unit C, as shown by the long-

range correlation of C-1 of C with H-4 of H (Figure 5.5b). Here, the observation that 

also terminal α-GlcpN H' showed a long-range correlation with O-6 of B suggested 

that H' was an alternative spin system for residue H generated by the non-

stochiometric presence of the α-Glcp unit C. Finally, β-Glcp N was substituted at O-

2 by β-Glcp M in turn carrying at O-2 α-GlcpA residue G.  

In conclusion, the 31P NMR analysis of OS1 revealed the presence of three 

phosphate signals at 1.60 ppm, 0.52 ppm, and –0.80 ppm. The 31P-1H HSQC spectrum 

(Figure 5.6) indicated correlations for the 31P with 1H signals as follows: H-1 of α-

GlcpN A of the lipid A with 31P signal at δ 1.60 ppm; H-3 of α-Manp F with 31P signal 
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at δ 0.52 ppm, and H-4 of Kdo with 31P signal at δ –0.80 ppm. The latter 31P signal 

also correlated with methylene proton resonances at δH 4.00 and 3.18 ppm, which 

were diagnostic for the presence of a 2-aminoethyl phosphate (PEtN) unit; thus, it was 

concluded that a PEtN decorated the Kdo residue at its position O-4 (Scheme 5.2). In 

support to this structural interpretation, the chemical shifts of the carbon resonances 

visible in the HSQC spectrum (C-1 of A 90.3 ppm, C-3 of F 73.6 ppm, and C-4 of K 

70.9 ppm, Table 5.1) were clearly shifted to lower field due to substitution with a 

phosphate group. 
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Figure 5.5 a) A zoom of the overlapped 1H, NOESY (red) and TOCSY (black) spectra of the 
OS1 product. The inter-residue NOE correlations that provided structural information on the 
primary sequence of the B. thetaiotaomicron core OS after complete deacylation are indicated. 
b) Superimposition of 1H and HMBC spectra recorded for OS1.  
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Figure 5.6 Section of 1H,31P HSQC spectrum of OS1. The localisation of the phosphate and 
the 2-aminoethyl phosphate (PEtN) group is indicated. Anomeric signals of spin system are 
designated as in Table 5.1. 
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5.2.5 NMR on product obtained after mild acid hydrolysis (OS2) of the R-LPS of 
B. thetaiotaomicron 

To establish the structure of the saccharide component that was lost by β-elimination 

that occurred upon strong alkaline treatment (of the full deacylation reaction), an 

aliquot of R-LPS was also subjected to a mild acid hydrolysis. The so-obtained 

product (OS2) underwent a complete 1D and 2D NMR. Despite the great 

heterogeneity observed in the product, the NMR analysis of OS2 allowed to identify 

a tetrasaccharide as the portion that was lost after the alkaline treatment (Scheme 5.2, 

coloured in red).  

Briefly, five additional anomeric proton signals were identified in the 1H NMR 

spectrum compared to those found for OS1 and they were assigned to five different 

spin systems (P-T, Figure 5.3b and Table 5.1). R, R', and T were identified as 

galacto-configured residues based on their 3JH-3,H-4 and 3JH-4,H-5 values (3 and 1 Hz, 

respectively) and all with an anomeric β-configuration due to the NOE correlations 

occurring between H-1 and H-3 and H-5. Finally, the occurrence of signals for C-2 of 

R and R' at 51.0 ppm and 54.6 ppm (Table 5.1) indicated that C-2 of these sugar 

residues were nitrogen-bearing carbon atoms, thus allowing their final assignment as 

β-GalpN units, while T was identified as a β-Galp. The observation of the downfield 

displacement of carbon signals led to the assignment of R as a 3,6-disubstituted β-

GalpN, R' as a 6-substituted β-GalpN, whereas T was identified as a terminal β-Galp. 

Likewise, spin systems P and S were attributed to gluco-configured units due to their 

high 3JH,H ring proton values; in addition, due to the occurrence of a correlation of H-

2 of P with a nitrogen-bearing carbon signal at 53.0 ppm, it was possible to identify 

this sugar unit as an α-GlcpN, whereas S was assigned to a β-Glcp due to the chemical 

shifts of H-1 and C-1 (4.37 and 103.1 ppm respectively) and the intra-residue NOE 

correlation of H-1 with H-3 and H-5. Low field shift of C-3 of P allowed its 

identification as a 3-substituted α-GlcpN, whereas S was identified as a terminal sugar 
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unit. By analysing the inter-residue NOE contacts visible in the transverse ROESY 

(T-ROESY) spectrum (Figure 5.7c), it was possible to deduce the sequence 

T1→3R1→3P1, with R also carrying at O-6 β-Glcp S. Spin system R' was identified 

as an alternative spin system for R originated by the non-stochiometric presence of β-

Galp T at its O-3 position. Further on, it was possible to observe a clear inter-residue 

NOE contact between H-1 of P and H-4 of spin system designated as X (δH/C 5.18/97.4 

ppm, Figure 5.7c, Table 5.1). The latter was identified as a 4-substituted α-GalpA as 

proven by the chemical shifts, the 3JH-3,H-4 and 3JH-4,H-5 values (3.6 and 2 Hz, 

respectively), and the low-field displacement of C-4 (80.9 ppm, Table 5.1 and Figure 

5.7b). It was reasonable to assign residue X as the uronic acid that underwent β-

elimination after the alkaline treatment leaving the terminal hex-4-eneuronic acid 

designated as D in OS1 product (Table 5.1, Figure 5.3).  Finally, 31P NMR analysis 

of OS2 product showed no signals attributable to the presence of phosphate groups 

that were lost due to the acid treatment. In agreement, it was possible to analyse OS2 

product by MALDI-TOF MS only in the positive-ion mode, as explained below. 

Therefore, by combining data attained from both the fully deacylated (OS1) and the 

mild acid hydrolysis (OS2) products, it was possible to deduce the structure of the 

core OS from B. thetaiotaomicron R-LPS, as reported in Scheme 5.2. 
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Figure 5.7 a) Superimposition of 1H and HSQC spectra recorded for OS2 product of B. 
thetaiotaomicron R-LPS fraction after mild acid treatment. b) Zoom of the carbinolic region 
of the 1H and HSQC spectra. Key one-bond heteronuclear correlations are indicated and 
numbered as reported in Table 5.1. Densities related to the acetyl groups (NAc) have been 
also indicated. c) Section of the overlapped 1H, tROESY (red) and COSY (purple/blue) spectra 
of the OS2 product. The inter-residue NOE contacts that were essential to define the primary 
sequence of the tetrasaccharide lost after strong alkaline treatment are indicated. Spin system 
X is the 4-substituted α-GalpA residue that was subjected to β-elimination and resulting in the 
terminal hex-4-eneuronic acid designated as D in OS1 product.  

  



Chapter 5 
Bacteroides thetaiotaomicron 

142 
 

 

Scheme 5.2 Structural assessments of the OS1 and OS2 products. The complete structure of 
the core OS from B. thetaiotaomicron was achieved by combination of data attained from the 
NMR investigation of the LPS after full deacylation (yielding OS1) and mild acid hydrolysis 
(yielding OS2) procedures. Coloured in red is reported the tetrasaccharide portion of the core 
OS that was lost due to the β-elimination occurred as a consequence of the alkaline conditions 
used to deacylate the R-LPS. The core OS structure is labelled using letters in Table 5.1. “p” 
indicates the pyranose form of sugar residues, “P” indicates the phosphate group, and PEtN 
stands for 2-aminoethyl phosphate.   
 

 

5.2.6 MALDI-TOF MS analysis  

A positive-ion MALDI-TOF MS analysis of OS2 (Figure 5.8a) was also performed. 

Briefly, the MALDI-TOF MS spectrum showed a dominant species at m/z 2296.7 

[M+Na]+ (OSA), which was interpreted as the sodium adduct of an oligosaccharide 

made up of 7 hexoses (Hex), 2 hexuronic acids (HexA), 2 N-acetyl hexosamines 

(HexNAc), one HexN, and one Kdo (in its anhydro form), which was in agreement 

with OS2 structure (Scheme 5.2), deduced by NMR analysis, minus two Hex units. 

This was likely due to the non-stoichiometric presence of α-Glcp (labelled as C, 

Scheme 2) and β-Galp (designated as T, Scheme 5.2) on the core OS. In line with this 

hypothesis, a minor peak at m/z 2458.8 [M+Na]+ (OSB) was corresponded to an 

oligosaccharide having the same sugar composition of OSA plus an additional Hex 

unit. Of note, other core OS species (OSC-OSH) were identified and attributed to 

structural heterogeneities within the core OS structure.  
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Figure 5.8 a) Positive-ion MALDI-TOF MS spectrum of OS2 product obtained after mild 
acid hydrolysis of B. thetaiotaomicron R-LPS. The structural heterogeneities within the core 
OS structure have been depicted as OSA-OSH b) Negative-ion MALDI-TOF MS spectrum of 
intact R-LPS from B. thetaiotaomicron, recorded in linear mode. R-LPS molecular ions (R-
LPS1 and R-LPS2) and their ion fragments, attributable to the core OS (OSX, OSY) ad lipid A 
(Tetra and Penta LipA) species are visible and indicated in the spectrum.  
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5.2.7 Structural characterisation by MALDI mass spectrometry of the intact R-LPS 

To a complete characterisation of the structure of B. thetaiotaomicron R-LPS, an 

aliquot of intact R-LPS was analysed by negative-ion MALDI-TOF MS (Figure 

5.8b). This analysis was key to fully dissect the structure of such a complex R-LPS. 

In particular, the spectrum showed at higher molecular masses (between m/z 3100 and 

4500) a series of [M-H]- ions corresponding to the whole R-LPS mixture, composed 

of species differing by the composition of both the acyl and the sugar moieties. Two 

main peak clusters were identified at about m/z 3400.1 and m/z 4234.6, labelled as (R-

LPS1 and R-LPS2 respectively. These species were assigned as R-LPS differing in the 

length of the carbohydrate portion, that corresponds to what was observed in the SDS-

PAGE analysis (Figure 5.1). In addition, at the lower mass ranges (m/z 1900-2800), 

these peaks come from ion fragments originating from the cleavage of the labile 

glycosidic bond between Kdo and the lipid A. This type of insource fragmentation (β-

elimination) yielding both oligosaccharide(s) and lipid A ions was key to further 

appreciate the heterogeneity of both the lipid A and the core OS of B. 

thetaiotaomicron R-LPS beside confirming the NMR-derived structure.20 Indeed, the 

main ion fragments at these lower mass ranges, were in agreement with previous 

studies and with our MS inspection of the isolated lipid A fraction (see Section 5.2.2). 
10,14 Moreover, it was possible to identify two core OS fragments at m/z 1935.9 (OSX) 

and m/z 2800.5 (OSY). In detail, OSX species detected at m/z 1935.9 was interpreted 

as an oligosaccharide composed of 6 Hex, 1 HexA, 1 HexN, 1 HexNAc, 1 Kdo, 1 

phosphate, and 1 PEtN, whereas OSY detected at m/z 2800.5 was inferred as a core 

OS made up of 9 Hex, 2 HexA, 1 HexN, 2 HexNAc, 1 Kdo, 1 phosphate, and 1 PEtN, 

thus perfectly matching with the one identified by merging NMR data of OS1 and 

OS2 (Scheme 2). A minor species at m/z 2476.8 was assigned to a core OS composed 

of 7 Hex, 2 HexA, 1 HexN, 2 HexNAc, 1 Kdo, 1 phosphate, and 1 PEtN, that is an 

oligosaccharide likely devoid of the two non-stoichiometric Hex residues. Finally, the 

main R-LPS species were consistent with a combination of OSX and OSY ion peaks 

and differently acylated lipid A species. Through the merging of NMR and MS 
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information it was possible to define the complete structure of B. thetaiotaomicron R-

LPS which has been sketched in Figure 5.9, and here with a penta-acylated lipid A 

species.  

Figure 5.9 Chemical structure of B. thetaiotaomicron R-LPS. The letter labels used for NMR 
investigations are as reported in Table 5.1, Scheme 5.2.  N-Acetyl groups were deduced by 
NMR analysis of the R-LPS product after mild acid hydrolysis (OS2). The lipid A is 
heterogeneous, composed of a mixture of mono-phosphorylated penta- and tetra-acylated 
species. The dotted lines indicate the non-stoichiometric substitution. 
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5.3 Immunological properties of B. thetaiotaomicron R-LPS 

5.3.1 Recognition by TLR4/MD-2 complex 

Given the structural similarities of lipid A from B. thetaiotaomicron and B. vulgatus 

(Chapter 3), it is tempting to hypothesise that also B. thetaiotaomicron R-LPS might 

act providing only a weak pro-inflammatory intracellular transcription program, 

without exceeding an inflammatory threshold, that could exert a “protective” role for 

the colonised host. On the basis of this hypothesis, the immunological activity of B. 

thetaiotaomicron R-LPS was established in vitro in HEK-Blue™ cells stably 

transfected with human TLR4, MD-2, and CD14 genes. The NF-κB activation was 

used as the read-out of this experiment. HEK-Blue™ hTLR4 cells were stimulated 

with different concentrations (1, 10, and 100 ng/mL) of B. thetaiotaomicron R-LPS 

and compared with the pro-inflammatory S. typhimurium SH 2201 S-LPS. The results, 

presented in Figure 5.10a showed that B. thetaiotaomicron R-LPS induced a 

significantly lower NF-κB activation compared to S. typhimurium S-LPS (B. 

thetaiotaomicron R-LPS vs. S. typhimurium S-LPS, p < 0.01 at 1 ng/mL and 10 

ng/mL, p < 0.05 at 100 ng/mL).  

In addition, we analysed whether B. thetaiotaomicron R-LPS could stimulate the 

TLR2-mediated signalling, as previously observed for LPS of other Bacteroides 

species, such as B. vulgatus (Chapter 3).14,21 Therefore, HEK-Blue™ hTLR2 cells 

were stimulated with B. thetaiotaomicron R-LPS and with S-LPS from S. 

typhimurium at different concentrations and analysed as above. It was visible that B. 

thetaiotaomicron R-LPS can activate the TLR2 in a potent dose-dependent manner, 

which by contrast was not observed upon stimulation with S. typhimurium S-LPS 

(Figure 5.10b). To evaluate if the activation of the cells was dependent on TLR 

receptors, cells without TLR4/MD-2/CD14 or TLR2 expression, known as HEK-

BlueTM Null2™, were used. These results revealed a lack of any NF-kB activation 

in HEK-Blue™ Null2™ cells, indicated that NF-κB activation by B. thetaiotaomicron 

R-LPS were TLR-dependent. 
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Figure 5.10 a) Stimulation of HEK BlueTM hTLR4 and b) HEK BlueTM hTLR2 cells. SEAP 
levels (OD) upon stimulation with R-LPS of B. thetaiotaomicron at 1, 10, and 100 ng/mL; S. 
typhimurium SH 2201 S-LPS was used as a positive control. Significant differences 
between B. thetaiotaomicron R-LPS and S. typhimurium S-LPS values are indicated. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by the Student t-test. NT, not treated 
cells. Data are expressed as mean ± SD of three independent experiments in triplicate. 
 
 
Through collaboration with Prof. Amoresano at the University of Naples, Federico II 

and a novel Multiple Reaction Monitoring Mass Spectrometry (MRM/MS)based 

method recently developed by her group, more information was gained about the 

cytokine release profile upon stimulation of HEK293 cells.22  Five proteins were 

selected for this study, interferon γ (IFN-γ), IL-2, IL-6, IL-10 and IL-1β, which were 

then monitored in LC-MS/MS in MRM ion mode through the selection of 28 

proteotypic peptides and the monitoring of 141 precursor ion to product ion 

transitions. To compare the protein expression along all samples, the peak area of each 
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peptide was averaged and the area values of stimulated HEK-Blue™ hTLR2 and 

HEK-Blue™ hTLR4 cells were compared to untreated HEK-Blue™ hTLR2 and 

HEK-Blue™ hTLR4 cells, respectively. The results were reported as a fold change 

respect to untreated HEK-Blue™ hTLR2 and HEK-Blue™ hTLR4 cells. This 

approach was adopted to analyse both the supernatants and the cells upon stimulation 

with B. thetaiotaomicron R-LPS to evaluate both the extracellular and the intracellular 

cytokine profile. 23  

The result of this preliminary immunological study shows that B. thetaiotaomicron R-

LPS exerted a dose-dependent decrease in the production of IL-1β, IL-6, and IL-2 

upon stimulation of HEK-Blue™ hTLR2 cells (Figure 5.11a), and only a small 

amount of IL-10 was released, with 100 ng B. thetaiotaomicron R-LPS exerting the 

strongest IL-10 production. By contrast, a dose-dependent increase followed by a 

drastic decrease of INF-γ expression (at 100 ng) was observed in the supernatants 

upon stimulation of HEK-Blue™ hTLR2 cells with B. thetaiotaomicron R-LPS. 

When MRM/MS was applied to directly analyse HEK-Blue™ hTLR2 cells, an 

opposite trend was observed. 

Focusing on the HEK-Blue™ hTLR4 cells, this analysis revealed that the expression 

trend of IL-1β, IL-6, and IL-2 (Figure 5.11b) in supernatants was maintained 

relatively constant regardless the dose used. On the other hand, a dose-dependent 

increase of IL-10 release and INF-γ expression IL-1β, IL-6, and IL-2 was observed. 

Also in this case, the MS analysis of the expression trend of IL-10, IL-6, IL-2, and 

INF-γ directly on cells reflected the opposite of what was observed in the supernatants.  
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Figure 5.11 LC-MRM-MS fold change histograms of 5 different cytokines: IL-10, IL-1β , IL-
6, IL-2, and IFN-γ. a) Observed in the supernatants of HEK BlueTM hTLR4 and HEK BlueTM 
hTLR2 cells after stimulation with different amount (1, 10 and 100 ng) of B. thetaiotaomicron 
R-LPS (Btio). b) Observed directly on HEK BlueTM hTLR4 and HEK BlueTM hTLR2 cells 
after stimulation with different amount (1, 10 and 100 ng) of B. thetaiotaomicron R-LPS 
(Btio). Results are expressed as Fold change with a variation coefficient of (CV%) around 3 
%. 

a 

b 
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5.4 Conclusions  

This multifaceted project concluded the complex and heterogeneous structure of the 

R- LPS from one of the most famous gut-derived Gram-negative, B. thetaiotaomicron, 

which was obtained by taking advantage of an acapsular mutant previously described 

by Rogers et al.24 and by Jacobson et al.10 The lipid A was confirmed to be a 

heterogeneous blend of mono-phosphorylated tetra- and penta-acylated species, 

which matched with previously reported lipid A structures from both B. 

thetaiotaomicron and other Bacteroides sp. (see also Chapter 3).10,14,15 The OS moiety 

was analysed through NMR and MALDI-TOF MS of either the full R-LPS or 

following specific chemical degradations.   

It was highlighted the extreme complexity of the carbohydrate portion of B. 

thetaiotaomicron R-LPS, which can be described as made up of two oligosaccharides 

that branch off from the first sugar linked to the Kdo, which was an α-Manp residue. 

The inner core motif in most LPS comprises linear or branched sequences of L(D)-

glycero-D(L)-manno-heptosyl residues linked to Kdo. These heptoses are often 

decorated with non-carbohydrate substituents, such as phosphate, PEtN, 

pyrophosphate, and carbamoyl groups. In the case of this R-LPS, no heptoses were 

found and the α-Manp residue bears none of the above substituents. The absence of 

heptoses or phosphorylated heptosyl residues in the core OS of B. thetaiotaomicron 

R-LPS is, however, not unprecedented and agrees with previous studies on other 

species of the Bacteroidales order.14,25 Still, this R-LPS is highly negatively charged 

due to the presence of two uronic acids and a phosphate group. By contrast, two 

neutral amino hexoses and a positively charged GlcpN were also found at the two 

opposite sides of the core OS, respectively. The presence of a GlcpN is noteworthy as 

the amino group is rarely found in the free form, while it is commonly found capped 

with an acetyl moiety. Therefore, this uncapping confers a positive charge at the 

outermost part of the core OS, likely balancing the negative charge of the carboxyl 

group of the close glucuronic acid. Likewise, the occurrence of a PEtN residue linked 
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to the Kdo might serve to decrease the negative charge in proximity of the bacterial 

membrane. The tendency of masking negative charges of LPS is a well-known 

strategy adopted by some pathogenic bacteria to hide themselves from the immune 

surveillance,26,27 which also entails the release of cationic antimicrobial peptides 

(CAMPs). Due to their cationic nature, CAMPs are attracted by negatively charged 

LPS, which, once bound to CAMPs, are no longer able to trigger TLR-mediated 

response.28,29 Therefore, as previously suggested for hypo-phosphorylation of B. 

thetaiotaomicron lipid A,30 the partial masking of negative charges on the core OS 

might contribute to enhance bacterial resistance to these antimicrobial peptides, 

allowing B. thetaiotaomicron resilience in the intestine. In addition, the complexity of 

the carbohydrate part of this R-LPS raises questions about the significance it might 

have on the whole molecule recognition by the human immune system. As example, 

it was previously demonstrated that the LPS from B. vulgatus (Chapter 3) has a 

selective and potent affinity with DC-SIGN, a carbohydrate-binding protein 

associated with the gut lymphoid tissue, which might favour bacterial colonisation 

and persistence of B. vulgatus in our body.31 Future studies will be performed to shed 

light on this crucial interplay. 

This chapter also presents the results from an initial structure to function study to 

verify whether the chemistry of the R-LPS of B. thetaiotaomicron is reflected in any 

peculiar immunological behaviour that might be relatable to the ability of this 

bacterium to finely tune the host immune responses. Indeed, B. thetaiotaomicron R-

LPS showed it is a weaker activator of the TLR4-mediated immune response 

compared to the S-LPS from the enteropathogenic S. typhimurium, while it was able 

to activate the TLR2-dependent signalling unlike S. typhimurium S-LPS. Moreover, 

by employing a recently developed method based on MRM/MS22, the differential 

cytokine release profile was evaluated upon stimulation with B. thetaiotaomicron R-

LPS of HEK293 cells transfected with TLR2 or TLR4 genes. By analysing the pattern 

of cytokines in two different TLR cellular models, it was possible to establish that 
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each TLR, on equal terms of stimulation time, elicits a distinctive type of response to 

B. thetaiotaomicron R-LPS stimulation. Interestingly, the release of the cytokines 

analysed in this study, except for IL-10, was stronger in the supernatants of transfected 

hTLR2 cells than in hTLR4 cells, whereas a significant dose-dependent increase of 

IL- 10 production and INF-γ expression was observed in the supernatants of 

transfected hTLR4 cells. By contrast, IL-1β, IL-2 and IL-6 released by hTLR4 cells 

remained almost constant regardless of the dose. TLR2 and TLR4 are known to be 

involved in immune response activating pro-inflammatory cytokine production by 

NF-κB. However, an increasing number of studies have described a critical role for 

TLR2 and TLR4 in the prevention of intestinal inflammation.32,33 with a particular 

attention to the regulation of the anti-inflammatory cytokine IL-10 production. In this 

frame, it has been demonstrated that resident gut bacteria stimulate IL-10 release 

through TLR2 activation resulting in suppression of aggressive immune responses and 

preservation of mucosal homeostasis.34 Therefore, it was interesting to observe that, 

in presence of B. thetaiotaomicron R-LPS, the production of this anti-inflammatory 

mediator almost entirely relied on TLR4 activation. Unfortunately, contrary to TLR4 

pro-inflammatory signaling, the anti-inflammatory response mechanisms induced by 

this TLR activation are much less characterised. Further investigation is therefore 

required on the possible differential role of B. thetaiotaomicron R-LPS in TLR4-

mediated anti-inflammatory responses as well as on the impact of TLR2 activation in 

the intracellular signalling activated by this R-LPS.  
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Preface  

Although the lipid A moiety is the most conserved part of the LPS structure, many 

subtle chemical differences can arise within the architecture due to bacterial 

adaptation, selective pressure, incomplete biosynthesis, changes of environmental 

conditions, and the presence of external stimuli. Alterations in the lipid A chemistry 

can dramatically influence the bioactivity of the whole molecule, which can be 

harnessed to understand pathogenesis or utilised for design of therapeutic 

interventions.  

Pathogenic bacteria alter their lipid A structure i.e., the degree and pattern of 

acylation; this can render the LPS indetectable by the host immune sensors or can alter 

the permeability of the OM, thus providing resistance to harsh pH and antibiotics  

influencing the outcomes of the treatment of a bacterial infection. The characterisation 

of lipid A structures can also provide insights into the chemical structural features 

observable in some of the most serious and persistent infections caused by Gram-

negatives. On the other hand, environmental bacteria especially those living in 

uninhabitable or even lethal habitats for most eukaryotic cells (termed extremophiles), 

usually modify the LPS structure to reinforce their membrane system. These 

modifications have shown to ensure protection and adaptation but have also shown to 

exert only a weak agonistic behaviour towards TLR4. Therefore, these chemical 

patterns and their bioactivity can then be exploited to develop therapeutics such as 

TLR4 antagonists, vaccine adjuvants or antibiotics.  

This chapter focuses on the chemical characterisation of the lipid A isolated from 

bacteria not strictly related to the human gut but that are a clear example of the 

chemical alterations detectable as a consequence of the adaptation phenomena 

enabling bacterial colonisation of the host or of a specific environment. Section 1 

covers the full structural determination of the lipid A from Pandoraea pulmonicola, 

an emerging cystic fibrosis pathogen able to chronically infect patients, while Section 
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2 outlines the elucidation of the unusual lipid A structure and immunoinhibitory 

activity of LPS from two marine Echinicola species.  
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Section 1: Characterisation of lipid A from Pandoraea 

pulmonicola 

8.1 Introduction 

Cystic fibrosis (CF) is an incurable, chronic disease, caused by defects in genes 

encoding for the CF transmembrane conductance regulator (CFTR), a chloride 

channel that regulates the activity of other chloride and sodium channels at the cell 

surface epithelium.1 A defective CFTR protein results in irregular movement of salts 

and water across the cells and leads to the creation of a thick mucus that blocks the 

airways. This airway blockage leads to problems breathing and susceptibility to 

serious (multiple) lung infections. Indeed, the main cause of morbidity and mortality 

for CF patients is associated to infection by bacterial pathogens and opportunistic 

pathogens encountered throughout their lives. Beside Pseudomonas aeruginosa and 

bacteria of the Burkholderia cepacia complex, which are well-known Gram-negative 

opportunistic pathogens able to persistently colonise CF respiratory tract, Pandoraea 

species are considered as emerging CF pathogens leading to the worsening of the lung 

disease.2 

In this section, I report the structural elucidation of the lipid A from the LPS of P. 

pulmonicola strain RL8228, isolated from a chronically colonised CF Irish patient 

who died 52 months after their first Pandoraea isolation.3 The structure has been 

defined by merging information that were attained from compositional analyses 

executed on pure LPS and isolated lipid A with data from a MALDI-TOF MS and 

MS2 investigation executed on the lipid A fraction and directly on  the bacterial pellet. 

These results were published in Glycoconjugate Journal in 2021.4  
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8.2 Structural characterisation P. pulmonicola lipid A  

8.2.1 LPS extraction from P. pulmonicola strain RL8228 and compositional 
analysis of the lipid A  

The LPS material was isolated from lyophilised bacterial cells and visualised via SDS-

PAGE and silver nitrate staining.5,6 This analysis showed that P. pulmonicola strain 

RL8228 expresses an S-LPS as proven by the ladder-like pattern in the upper part of 

the gel (Figure 8.1), indicative of the presence of the O-antigen moiety. After 

purification of the LPS, a detailed compositional analysis was performed to establish 

the fatty acid content, revealing the occurrence of (R)-3-hydroxytetradecanoic acid 

(14:0 (3-OH)) in both ester and amide linkages, whereas (S)-2-hydroxytetradecanoic 

(14:0 (2-OH)), (S)-2-hydroxydodecanoic (12:0 (2-OH)), dodecanoic (12:0) and 

tetradecanoic acid (14:0) were found only as ester-bound acyl chains.  

Figure 8.1 SDS-PAGE after silver nitrate staining of S-LPS from P. pulmonicola RL8228 
(lanes 1 - 3) in various concentrations. The S-LPS from E. coli (lane 4) was used as a 
benchmark reference. 

 

To elucidate the structure of the lipid A moiety, an aliquot of the LPS underwent a 

mild acid hydrolysis, which was then centrifuged to obtain the lipid A fraction. An 

aliquot of the lipid A underwent a compositional analysis to define the nature of the 

lipid A sugar backbone. This analysis revealed the occurrence of GlcN as the only 



Chapter 8 
Appendix  

216 
 

sugar composing the lipid A moiety. To establish the fine structure of the lipid A, a 

detailed MALDI-TOF MS and MS2 analysis was performed on another aliquot of the 

isolated mild acid hydrolysis product. In addition, MALDI-TOF MS and MS2 

investigation was also applied to an aliquot of bacterial cell pellet.7 

8.2.2 MALDI-TOF MS and MS2 analysis on the isolated lipid A from P. 
pulmonicola strain RL8228 

The reflectron MALDI-TOF MS spectrum, recorded in negative ion polarity, of the 

isolated lipid A from P. pulmonicola RL8228 is reported in Figure 8.2. This spectrum 

shows an extremely complex pattern of signals relative to deprotonated [M-H]- lipid 

A species differing in the nature and number of the fatty acid chains and the phosphate 

content. Moreover, the spectrum displayed additional peaks differing in 161 amu, 

which likely suggested the occurrence of lipid A species characterised by hexosamine 

(HexN) modification on one or both phosphate groups of the disaccharide backbone. 

In the spectra shown in Figure 8.2, in the mass range m/z 1082.1–1946.9, mono- and 

bis-phosphorylated tri- to penta-acylated lipid A species have been identified. The 

high heterogeneity due to differences of 16 amu occurring between most of the peaks 

is indicative of lipid A species differing in the absence or presence of hydroxylated 

acyl chains. The main peak at m/z 1376.3 was matched with a bis-phosphorylated 

tetra-acylated lipid A species carrying two N-linked primary 14:0 (3-OH), one O-

linked primary 14:0 (3-OH) and one secondary 12:0 (2-OH), whose mono-

phosphorylated form was detected at m/z 1296.4. Moreover, the related bis-

phosphorylated penta-acylated lipid A form bearing an additional secondary 14:0 (2-

OH) moiety with respect to species at m/z 1376.3, matched with peak at m/z 1602.5. 

Interestingly, starting from the mono-phosphorylated tetra-acylated lipid A species at 

m/z 1296.4, it was possible to identify a related species decorated by one additional 

HexN matching with peak at m/z 1457.5; the corresponding penta-acylated form, 

carrying another secondary 14:0 (2-OH), was identified at m/z 1683.7. Starting from 

the lipid A species at m/z 1398.4, additional lipid A forms were identified as decorated 
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by one HexN (m/z 1559.5), one HexN and one 14:0 (OH) (m/z 1785.7), and two 

HexNs and one 14:0 (OH) (m/z 1946.9). Notably, the negative-ion MALDI mass 

spectrum, which was recorded directly on the intact bacterial cells, confirmed 

structural determination attained from the isolated lipid A fraction.  This observation 

consolidated the results obtained by analysing the mild acid hydrolysis product, thus 

excluding any lack of structural information due to the chemical treatment performed 

to isolate the lipid A. 

 

 

Figure 8.2 Negative-ion MALDI-TOF (reflectron mode) mass spectrum of the lipid A from 
P. pulmonicola RL8228 obtained by mild acid treatment of the purified LPS. Differences of 
16 amu are reported in the spectrum. Differences in the nature of the acyl chains have been 
also indicated. “P” indicates the phosphate group; “HexN” indicate differences of 161 amu 
(i.e. a hexosamine unit) 

 

A negative-ion MS2 analysis was performed on various peaks, to delineate the 

structure of P. pulmonicola RL8228 lipid A, and therefore defining the exact location 

of the acyl chains, phosphates and additional HexN with respect to the diglucosamine 

backbone. This data defined that hydroxylated 14:0 fatty acids were found as the 

primary acyl chains, while various secondary hydroxylated and non-hydroxylated 

fatty acids were found.  
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To meticulously define the structure of P. pulmonicola RL8228 lipid A, that is to 

define the exact location of acyl chains, phosphates and of the additional HexN with 

respect to the diglucosamine backbone, a negative-ion MS2 analysis was performed 

on various peaks. The first precursor ion at m/z 1296.4 was chosen for MS2 (Figure 

8.3), as representative of mono-phosphorylated tetra-acylated lipid A species. The 

spectra showed an intense peak at m/z 1052.4 attributable to an ion derived from the 

loss of one primary 14:0 (3-OH). However, an important peak, in terms of structural 

characterisation, was identified at m/z 812.4 which was attributed to an ion originating 

from the sugar ring fragmentation (0,2A2);8 the observation of the ion demonstrated 

that 1) two hydroxylated 14:0 chains and the phosphate are on the reducing 

glucosamine unit, and that 2) the hydroxyl group at position 3 of the reducing 

glucosamine was free. This, in turn, proved that the 12:0 (2-OH) acyl chain was 

present as a secondary substituent of the primary amide-bound 14:0 (3-OH) of the 

reducing glucosamine. A further sugar ring fragmentation (0,4A2)8,9 at m/z 752.4 was 

also identified and concurred to confirm the above structural hypothesis. 

Figure 8.3 Negative-ion MALDI MS2 spectra of precursor ion at m/z 1296.4 of the lipid A 
isolated from. P. pulmonicola RL8228. This is a representative ion peak of the cluster ascribed 
to tetra-acylated lipid A species decorated by one phosphate. The main fragments’ assignment 
is indicated in the spectrum. The proposed structure is reported in the inset with the observed 
sugar ring fragmentations (0,4A2 and 0,2A2). The loss of C12H24O (184 mass units) is also 
indicated and was due to a rearrangement typically occurring on primary 14:0 (3-OH) acyl 
chains only when their 3-OH group is free, thus contributing to the establishment of the 
location of the secondary acyl substitution 
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The negative-ion MS2 spectrum of precursor ion at m/z 1522.6 (Figure 8.4), identified 

as a mono-phosphorylated penta-acylated lipid A species, was chosen to settle the 

location of the secondary acyl moieties. In detail, the MS2 spectrum showed an intense 

peak at m/z 1278.6 matching with an ion derived from the loss of one hydroxylated 

14:0 moiety (Figure 8.4). In addition, the peak at m/z 1038.5, assignable to an ion 

originating from the sugar ring fragmentation 0,2A2, proved that the non-reducing 

glucosamine unit was decorated by three acyl chains, that is plausibly two primary 

14:0 (3-OH) and one secondary 14:0 (2-OH). The absence of fragments matching with 

the loss, from the precursor ion, of a whole unit of a hydroxylated 14:0 fatty acid 

carrying a secondary hydroxylated 14:0 unit, suggested that the secondary acyl 

substitution occurred on the N-linked primary acyl chain. Likewise, the absence of a 

peak matching with an ion derived from the sequential loss of one 14:0 (OH) and one 

12:0 (OH), suggested that the latter was in an acyloxyacyl moiety. Finally, and further 

supporting the structural assessment, the peaks at m/z 812.3 and m/z 794.2 were 

assigned to the sugar ring fragmentation 0,2A2 plus the loss of one hydroxylated 14:0, 

likely the primary ester-bound acyl moiety, eliminated as either a free fatty acid (m/z 

794.2) and as a ketene derivative (m/z 812.3). 
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Figure 8.4 Negative-ion MALDI MS2 spectrum of precursor ion at m/z 1522.6 of the P. 
pulmonicola RL8228 lipid A.  This is a representative ion peak of the cluster attributed to 
penta-acylated lipid A species decorated by one phosphate. The main fragments’ assignment 
is indicated in the spectrum and in the inset is sketched the proposed structure is given in the 
inset with the observed sugar ring fragmentations (0,4A2 and 0,2A2) 

 

Since data from MS2 analyses led to locate the secondary acyl substitution only on the 

primary amide-bound fatty acids, to further confirm this structural deduction, an 

aliquot of lipid A was subjected to a treatment with NH4OH,10 which is a procedure 

to selectively cleave the acyl and acyloxyacyl esters, while leaving the acyl and 

acyloxyacyl amides unaltered. The NH4OH-treated lipid A was subject to MALDI-

TOF MS in negative polarity (Figure 8.5). It clearly showed three main peaks at m/z 

1279.9, 1359.9 and 1375.9 matching with mono- (m/z 1279.9) and bis-phosphorylated 

(m/z 1359.9 and 1375.9) tetra-acylated lipid A species carrying the sole primary N-

linked hydroxylated 14:0 acyl chains in turn substituted by the secondary fatty acids, 

which were unaffected by the NH4OH treatment. This definitively proved that the 

secondary acyl substitution in the lipid A from P. pulmonicola RL8228 exclusively 

occurs on the primary amide-bound fatty acids.  
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Figure 8.5 Negative ion MALDI-TOF (reflectron mode) mass spectrum of the lipid A after 
NH4OH hydrolysis.  * Indicates the structure in the inset. “P” indicates the phosphate group; 
“HexN” indicates a hexosamine unit (differences of 161 amu).   

 

In conclusion, despite chemical analyses only showed the presence of GlcN in the 

isolated lipid A fraction, in order to unequivocally define the nature of the additional 

HexN decorating some lipid A species of P. pulmonicola RL8228 LPS, an aliquot of 

lipid A underwent a dephosphorylation treatment; this was followed by derivatisation 

to alditol acetates of the unknown HexN properly separate from the lipid A moiety, 

which was then investigated by means of GC-MS (Figure 8.6) . This analysis revealed 

the occurrence of glucosaminitol acetate, thus finally demonstrating that the additional 

HexN unit decorating the disaccharide backbone of some lipid A species from P. 

pulmonicola RL8228 was a GlcN. An overview of the lipid A species which were 

identified and confirmed through scrutiny of the MALDI TOF MS2 can be seen in 

Figure 8.7.  
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Figure 8.6 a) The GC-MS chromatogram profile of the alditol acetate derivative of the Hex 
isolated from the P. pulmonicola RL8228 lipid A by de-phosphorylation and proper extraction. 
The GC-MS chromatogram profiles of b) glucosaminitol, c) galactosaminitol and d) 
mannosaminitol acetates prepared from authentical standards and used as a reference. The 
comparison of the retention times clearly proved that the unknown HexN decorating the lipid 
A of P. pulmonicola RL8228 was a GlcN 
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Figure 8.7 A summary of the variable structural features observed P. pulmonicola RL8228 
lipid A. Some of the observed incompleteness of the substitutions are reported as dotted-line 
bonds. The secondary acyl moieties can also be non-hydroxylated and the possible occurring 
fatty acids have been indicated as suggested also by chemical analyses data. The α 
configuration at the anomeric centre of the GlcN units was tentative. 
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8.3 Conclusions 

Pandoraea species are not only able to chronically colonise the respiratory tract of CF 

individuals, but they are also easily transmitted between patients causing an 

aggravation of the lung disease and bacteremia.11 In this frame, P. pulmonicola strains 

have been identified as the most virulent among the other Pandoraea species reported 

so far.3 To gain an insight into the potential virulence mechanisms of P. pulmonicola, 

we focused the attention on the main constituent of its OM, the LPS molecule. As a 

potent elicitor of the host immune system, the LPS surely has a role in the virulence 

of this bacterium. Here we characterised the lipid A structure isolated from the S-LPS 

of the chronic strain P. pulmonicola RL8228. The lipid A turned out to be a complex 

mixture of species differing in nature and number of the acyl chains, but also for the 

phosphate content and the additional decoration on one or both the phosphate groups 

with GlcN.  

The structural elucidation of the lipid A from P. pulmonicola RL8228 S-LPS already 

revealed several structural features that could explain the exceptional virulence of this 

strain as well as its capability to chromicize in CF lungs. These being (i) the capability 

to express different lipid A species simultaneously with varying abundance, (ii) the 

low degree of acylation (less than six acyl chains), (iii) the unusual fatty acid 

asymmetry and variability at position 3 and 3’, (iv) the 2-hydroxylation of both 14:0 

and 12:0 in the acyloxyacyl positions at 2 and 2’, as well as (v) the occurrence of the 

additional decoration by GlcN of the phosphate groups. Most of these characteristics 

are considered as a strategy adopted by bacteria to escape the host immune 

surveillance and thus enabling their persistence in the infected tissue.  

Notably, some structural features found for the P. pulmonicola RL8228 lipid A 

resemble those observed for another respiratory tract pathogens, i.e., Bordetella sp. 

Indeed, a similar fatty acid composition and distribution with the respect to the 

glucosamine disaccharide backbone has been observed for some Bordetella species.12 

However, in contrast to P. pulmonicola RL8228, in Bordetella sp. short-chain fatty 
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acids (10:0 (OH)) are commonly found, in addition to the occurrence in some strains, 

of 16:0 as a modification required for persistent colonisation of the mouse respiratory 

tract, and for protection from complement-mediated killing during Bordetella 

respiratory infection.13 How and at what extent the above structural features 

determined for P. pulmonicola RL8228 lipid A are involved in the pathogenicity of 

such an emerging CF pathogen is currently under investigation in the context of a 

detailed structure to function relationship study. 

These results were as part of a full study that was published in Glycoconjugate 

Journal and can be found at: Doi: 10.1007/s10719-020-09954-8 
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Section 2: Unusual lipid A structure and immunoinhibitory 

activity of LPS from marine bacteria Echinicola pacifica 

KMM 6172T and Echinicola vietnamensis KMM 6221T 

 

8.4 Introduction 

Marine environments host remarkably high and diverse microbial populations and are 

considered as the oldest life on the planet. These microorganisms have adapted, over 

millions of years, to survive and proliferate in seas and oceans, which are 

extraordinarily delicate and highly mutable, besides being often characterised by one 

or more extreme chemical or physical parameters (i.e., high salinity, low pressure, and 

low temperature).14  Indeed, marine bacteria represent a fascinating taxonomic lineage 

and a source of natural biologically active compounds comprising a broad range of 

antitoxins, antibiotics, antitumor, antimicrobial agents, and enzymes with a wide 

activity spectrum.15  The cell envelope of marine bacteria is in constant contact with 

the stress factors of the surrounding environment, which necessarily implies that its 

main constituents (membrane lipids, proteins, and glycoconjugates) must be precisely 

organised to maintain the proper physiology and functionality, even in the “extreme” 

aquatic habitat. At the same time, these membrane components must be versatile 

enough to face the constantly changing environment.  

Marine bacteria are predominantly Gram-negatives and thus possess LPS on their 

outer membrane. It is expected that LPS from marine bacteria expresses unusual 

chemical characteristics enabling bacterial life in the extremely mutable aquatic 

environment. Of note, LPS expressing unusual structural features are considered as 

potential inhibitors of the TLR4-mediated signaling. Manifold studies have indeed 

revealed peculiar and uncommon LPS chemical structures from marine bacteria, 

which were reflected in an interesting immunological behavior that comprises a very 
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weak immunostimulant activity or even antagonistic properties.16–19 Altogether, the 

structural elucidation of the lipid A from marine bacteria is certainly a fundamental 

starting point for the comprehension of the molecular details at the basis of adaptation 

processes, but it is also extremely important in the perspective of the realisation of 

new generation immune-therapeutics inspired by a natural source. In light of this, we 

have investigated the Echinicola genus that actually belongs to the phylum 

Bacteroidetes (central in this PhD thesis project) and that also comprises Gram-

negative pigmented bacteria of marine origin.   

In particular, this section describes the structural characterisation of the lipid A moiety 

of E. pacifica KMM 6172T isolated from the sea urchin Strongylocentrotus 

intermedius (from Sea of Japan)20, and E. vietnamensis KMM 6221T isolated from 

seawater collected in a mussel farm located in a lagoon of Nha Trang Bay (South 

China Sea). 15  Within this study the immunoactivity of the isolated LPS was evaluated 

and showed to act both as weak TLR4 agonists and as inhibitors of the inflammatory 

response triggered by inflammatory LPS on HEK-Blue™ human (h) TLR4 cells.  

 

8.5 Structural characterisation of the lipid A from E. pacifica KMM 
6172T and E. vietnamensis KMM 6221T 

8.5.1 Isolation and fatty acid compositional analysis of the LPS from E. pacifica 
KMM 6172T and E. vietnamensis KMM 6221T 

Following the extraction of the LPS and purification, a detailed compositional 

analysis was performed to establish the fatty acid content (results are summarised in 

Table 8.1). This analysis revealed an extremely heterogenous composition, which was 

however qualitatively equal for both Echinicola strains. The same compositional 

analysis was also performed on the isolated lipid A confirming the fatty acid content 

as seen in Table 8.1 and enabling the observation of the acetylated methyl glycoside 

derivative 2-amino-2-deoxy-D-glucose (D-glucosamine) and also of D-galacturonic 
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acid (D-GalA), thus, suggesting the presence of an additional decoration of the lipid 

A of both Echinicola strains by this acid sugar residue. 

 

Table 8.1 Fatty acid content of the LPS isolated from the two Echinicola strains examined in 
the current study. Both strains displayed the same fatty acid composition and were both 
characterised by a disaccharide of D-glucosamine as the lipid A sugar backbone carrying an 
additional saccharide moiety, i.e., a D-galacturonic acid. For the unsaturated acyl chains, the 
position of the double bond or the stereochemistry remain to be defined. 

 

Fatty Acid Component 

9:0 iso (3-OH) [i9:0(3-OH)] 

10:0(3-OH) 

14:00 

15:1 iso (i15:1) 

15:0 iso (i15:0) 

15:0 anteiso (a15:0) 

16:01 

16:0 

15:0 iso (3-OH) [i15:0(3-OH)] 

15:0(3-OH) 

17:0 iso (i17:0) 

17:1 iso (i17:1) 

16:0(3-OH) 

17:0 iso 3-OH [i17:0(3-OH)] 
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8.5.2 MALDI-TOF MS and MS/MS analysis on the isolated lipid A from E. 
pacifica KMM 6172T 

Figure 8.5a reports the MALDI-TOF MS spectrum recorded in negative ion polarity 

of the lipid A from E. pacifica KMM 6172T. Here two clusters of peaks can be seen 

that were identified as being deprotonated [M-H]- tri-acylated (m/z 1343.6–1371.6) 

and tetra-acylated lipid A species (m/z 1499.8–1635.8). From the occurrence of peaks 

differing in 14 amu (-CH2- unit) and 28 amu (-CH2CH2-) it was immediately apparent 

the heterogeneity of fatty acid chains composing the lipid A species. Moreover, the 

spectrum showed additional peaks, in the m/z range 1417.7–1445.7, that differ in 176 

amu from the main tetra-acylated lipid A species, which suggested the occurrence of 

lipid A forms characterised by the presence of a hexuronic acid (HexA) modification 

on the lipid A saccharide backbone, also in accordance with chemical analyses. The 

main peak at m/z 1607.8 from Figure 8.5a was assigned to a tetra-acylated lipid A 

species composed of the typical glucosamine disaccharide backbone substituted by 

one phosphate and one HexA unit, bearing two i17:0(3-OH), one 15:0(3-OH) [or 

i15:0(3-OH)], and one 16:1; whereas the peak at m/z 1527.7 matched with a mono-

phosphorylated lipid A species, decorated by HexA, carrying two i17:0(3-OH), one 

15:0(3-OH) [or i15:0(3-OH)], and one i9:0(3-OH). Minor peaks in the lower mass 

region (m/z 1343.6 -13.71.6) represents the tri-acylated lipid A species carrying one 

phosphate and one HexA unit. These analyses were also observed by analysing 

directly the bacterial pellet following the Larrouy-Maumus et al. (2016) protocol.  
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Figure 8.5 Reflectron MALDI-TOF MS, recorded in negative polarity. a) of lipid A from E. 
pacifica KMM 6172T and b) E. vietnamensis KMM 6221T. The data was obtained after acetate 
buffer treatment of each LPS. The lipid A species are labelled as tri- and tetra-lip A indicating 
the degree of acylation. “hexa” indicates the hexuronic acid (i.e., the D-GalA) 

 

A negative-ion MS/MS investigation was conducted to unveil the exact location of 

the lipid A acyl moieties with respect to the glucosamine disaccharide backbone as 

well as the position of the phosphate and the HexA residue. Briefly, the MS/MS 

spectrum of the precursor ion at m/z 1607.8 (Figure 8.6) showed two intense peaks at 

m/z 1349.7 and 1353.7 attributed to ions derived from the loss of a 15:0(3-OH) and a 

16:1 fatty acid, respectively. The peaks observed at m/z 1509.8 and m/z 1431.8 were 

assigned to fragments that originated from the loss of the phosphate group and the 

HexA unit, respectively (Figure 8.6). The peak at m/z 1251.7 was attributed to a 

fragment devoid of the phosphate group and the 15:0(3-OH) unit; whereas, the peak 

at m/z 1177.7 was identified as an ion originated from the loss of the HexA unit and 

the 16:1. The observation of the ion peak at m/z 1095.6, matching with a fragment 

caused by the sequential loss of one 15:0(3-OH) and one 16:1, was important for the 

structural characterisation. Indeed, the presence of this peak gave a first indication 
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that the unsaturated acyl moiety (16:1) was not bound as a secondary substituent of 

the primary ester linked 15:0(3-OH). In parallel, the occurrence of the ion at m/z 882.2, 

originating from the sugar ring fragmentation (0,4A2)8, was fundamental to define the 

nature of the fatty acids that decorated the nonreducing glucosamine (namely, one 

i17:0(3-OH) and one 16:1) as well as the location of the HexA on such a glucosamine 

unit.  In support of this hypothesis, an ion originated from the sugar ring fragmentation 
0,4A2 plus the loss of the 16:1 acyl moiety was also assigned to the peak at m/z 628.1. 

Therefore, the three main observations key to locate the 16:1 as a primary ester-bound 

fatty acid of the nonreducing glucosamine were (1) the presence of several peaks 

relative to fragments originated from the loss of the 16:1 moiety; (2) the fact that, 

compared to their acyl and acyloxyacyl counterparts, the loss of secondary acyl 

substituents of primary amide-linked fatty acids are less commonly observed in 

MS/MS investigation; (3) the absence of any peak indicative of the loss of a whole 

unit of a hydroxylated fatty acid bearing 16:1 as a secondary acyl substituent. This 

structural hypothesis was then definitively corroborated by the observation of the peak 

at m/z 1155.6 assigned to a fragment originating from a rearrangement occurring only 

if the N-linked fatty acids at positions C-2 and C-2’ have a free 3-OH group, i.e., they 

do not carry secondary acyl substituents. Indeed, an enamine to imine tautomerisation 

followed by a six-membered ring-based rearrangement justifies the generation of the 

ion peak at m/z 1155.6, which derives from the loss of a C15H30O neutral fragment 

(226 amu) from each primary N-linked acyl chain possessing a free 3-OH group. Since 

such a rearrangement can occur only if no secondary acyl substituents are linked to 

position 3 of the amide-linked acyl chains,21 the occurrence of this peak unequivocally 

located the 16:1 as a primary ester-linked moiety. Finally, the location of the 

phosphate group was defined based on the detection of the Y-type ion (m/z 766.3)8 

originated from the cleavage of the glycosidic linkage of the glucosamine backbone, 

which in turn also confirmed the location on the reducing glucosamine unit of a 

i17:0(3-OH) and a 15:0(3-OH).  
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Figure 8.6 Negative-ion MALDI MS2 spectrum of precursor ion at m/z 1607.8, a 
representative ion peak of the cluster ascribed to tetra-acylated lipid A species from E. pacifica 
KMM 6172T. The assignment of main fragments is reported in the spectrum. The proposed 
structure for the lipid A species is reported in the inset, where the representation of 15:0(3-
OH) in its branching form is tentative. 

 

Likewise, the structure of the lipid A species detected at m/z 1595.8 and m/z 1621.8 

from the MS spectra Figure 8.5a were also elucidated (Figure 8.7). These results 

revealing a tetra-acylated lipid A carrying two i17:0(3-OH), one 15:0(3-OH), and one 

15:0 for the species detected at m/z 1595.8, and a tetra-acylated species bearing two 

i17:0(3-OH), one 15:0(3-OH), and one 17:1 for the species at m/z 1621.8; in both 

cases, a phosphate decorates the reducing glucosamine and a HexA decorates the 

nonreducing glucosamine.  
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Figure 8.7 Negative-ion MALDI MS/MS spectrum of precursor ion at a) m/z 1595.8 and b) 
m/z 1621.8. As two other representative ion peak of the cluster assigned to tetra-acylated lipid 
A species from E. pacifica KMM 6172T 

 

In order to further dissect the structure of such a heterogenous lipid A, the precursor 

ion at m/z 1527.7 was also chosen for negative-ion MS/MS analysis. The MS/MS 

spectrum (Figure 8.8) showed an intense peak at m/z 1269.6 indicative of a fragment 

derived from the loss of a 15:0(3-OH) moiety, whose fragment lacking the phosphate 

group was detected at m/z 1171.6. The peak detected at m/z 1353.6 was attributed to 

an ion originated from the loss of a i9:0(3-OH) moiety. Moreover, in this case, the 

cross-ring fragmentations 0,4A2 (m/z 802.2) and 0,4A2 minus an i9:0(3-OH) (m/z 628.1) 

were crucial to define the location and the nature of the acyl chains, namely one 

i17:0(3-OH) and one i9:0(3-OH), on the nonreducing glucosamine as well as the 
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position of the HexA unit. Finally, the investigation of the negative-ion MS/MS 

spectrum of the precursor ion at m/z 1371.6 (Figure 8.8b), chosen as a representative 

of the tri-acylated lipid A species, disclosed a lipid A composed of two N-linked 

i17:0(3-OH) and the O-linked 15:0(3-OH) acyl chains on a backbone made up of the 

glucosamine disaccharide substituted by HexA and one phosphate unit. This was 

suggested by the detection of the peak at m/z 646.2, derived from the cross-ring 

fragmentation 0,4A2, as well as of the Y1 ion peak at m/z 766.3 (Figure 8.8b), derived 

from the cleavage of the glycosidic bond.  

Figure 8.8 MALDI MS/MS analysis of the lipid A species from E. pacifica KMM 172T. a) 
Negative ion MALDI MS/MS spectrum of precursor ion at m/z 1527.7, a tetra-acylated lipid 
A species b) Negative-ion MALDI MS/MS spectrum of precursor ion at m/z 1371.6, a tri-
acylated lipid A species. The proposed structure for the lipid A species is reported in each 
inset.  
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Finally, to unequivocally establish the location of the acyl chains, an aliquot of lipid 

A was treated with NH4OH which selectively removed the acyl and acyloxyacyl 

esters, while leaving the acyl and acyloxyacyl amides unaltered. A negative-ion 

MALDI-TOF MS was recorded on this NH4OH-treated lipid A (Figure 8.9a).  This 

spectrum showed a main peak at m/z 1131.7 matching with a lipid A carrying two N-

linked i17:0(3-OH) besides being decorated by one phosphate and the HexA residue. 

Indeed, from this spectrum it was also possible to notice the lipid A forms differing 

in 14 amu (-CH2-). This analysis definitively confirmed that no secondary acyl 

substitutions occur in the E. pacifica KMM 6172T lipid A and therefore  by combining 

data from the MALDI-TOF MS and MS/MS analysis of the mild acid hydrolysis 

product with information attained from compositional analyses of both the whole LPS 

and the isolated lipid A fraction, it was possible to establish that the LPS from E. 

pacifica KMM 6172T is made up of a complex blend of mono-phosphorylated tri- and 

tetra-acylated lipid A species mostly decorated by one phosphate on the reducing 

glucosamine unit and one D-GalA on the nonreducing glucosamine unit. 
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 Figure 8.9 Reflectron MALDI-TOF mass spectrum, recorded in negative polarity, of lipid A 
from E. pacifica KMM 6172T a) and E. vietnamensis KMM 6221T b) after treatment with 
NH4OH. * Indicates the ion peak whose proposed structure is sketched in the inset, where the 
negative charge held by the phosphate is tentative. 

 

8.5.3 MALDI MS and MS/MS analysis on the isolated lipid A from E. vietnamensis 
KMM 6221T 

The same MS and MS2 approach was used to define the structure of the lipid A from 

E. vietnamensis KMM 6221T. The MALDI TOF MS of the lipid A, shown in Figure 

8.5b, after a mild acid hydrolysis of the extracted LPS, displayed a similar pattern of 

peaks to that observed for E. pacifica KMM 6172T. The lipid A species were 

understood to be a heterogenous mixture of mono-phosphorylated tri- and tetra-

acylated lipid A species carrying the HexA decoration. However, differences in the 

predominant species between the two strains were observed. For example, the main 

peak at m/z 1579.8 was attributed to a tetra-acylated lipid A species carrying 16:0(3-

OH), as primary N-linked fatty acids, and 15:0(3-OH) and 16:1 as the O-linked acyl 

chains. In relation to this peak, a tetra-acylated lipid A species devoid of the HexA 
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was attributed to peak at m/z 1403.7; whereas a tri-acylated lipid A form lacking the 

16:1 unit was assigned to peak at m/z 1343.6.  

A final analysis was performed to unequivocally establish the location of the acyl 

chains. An aliquot of lipid A was treated with NH4OH to selectively remove the acyl 

and acyloxyacyl esters, while leaving the acyl and acyloxyacyl amides unaltered and 

then a negative-ion MALDI-TOF MS analysis of these NH4OH-treated lipid A was 

done (Figure 8.9).  Both species of Echinicola lipid A were definitively confirmed to 

have no secondary acyl substitutions occurring on both lipid As.    
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8.6 Immunological properties of the LPS from E. pacifica KMM 6172T 

and E. vietnamensis KMM 6221T 

8.6.1 HEK-Blue™ hTLR4 cell models: activation assay 

To assess the immunological activity of LPS from the two Echinicola strains, in vitro 

experiments using the model of HEK-Blue™ hTLR4 cells stably transfected with 

human TLR4, MD-2, and CD14 genes were performed. The read-outs of this 

experiment were the NF-κB activation and IL-8 release (Figure 8.10). The HEK-

Blue™ hTLR4 cells were stimulated with different concentrations (1, 10, and 100 

ng/mL) of E. pacifica KMM 6172T LPS or E. vietnamensis KMM 6221T LPS.  S. 

typhimurium SH 2201 LPS, containing fully hexa- and hepta-acylated lipid A, was 

used at the same concentrations, and evaluated as a positive control. As a negative 

control, untreated cells were used.   

Both LPS from Echinicola strains induced a significantly lower NF-κB activation 

compared to cells treated with S. typhimurium LPS (E. pacifica KMM 6172T LPS vs. 

S. typhimurium LPS, p < 0.001 at 1 ng/mL, 10 ng/mL, and 100 ng/mL, Figure 8.10a; 

E. vietnamensis KMM 6221T LPS vs. S. typhimurium LPS, p < 0.001 at 1 ng/mL, 10 

ng/mL, and 100 ng/mL, Figure 8.10a). In accordance with this outcome, IL-8 

secretion was also lower after stimulation with both Echinicola LPS than after 

treatment with the LPS from S. typhimurium (E. pacifica KMM 6172T LPS vs. S. 

typhimurium LPS, p < 0.001 at 1 ng/mL and 10 ng/mL; p < 0.01 at 100 ng/mL, Figure 

8.10b; E. vietnamensis KMM 6221T LPS vs. S. typhimurium LPS, p < 0.01 at 1 ng/mL; 

p < 0.001 at 10 ng/mL and 100 ng/mL Figure 8.10b). Finally, the lack of any NF-kB 

activation and IL-8 production in HEK-Blue™ Null2 cells, indicated that NF-κB 

activation and IL-8 release by E. pacifica KMM 6172T LPS and E. vietnamensis 

KMM 6221T LPS were TLR4-dependent (Figure 8.11). 
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Figure 8.10 Stimulation of HEK Blue™ hTLR4 cells. a) SEAP levels OD and b) IL-8 release 
(pg/mL) upon stimulation with LPS of E. pacifica KMM 6172T (1, 10, 100 ng/mL) or E. 
vietnamensis KMM 6221T LPS (1, 10, and 100 ng/mL); S. typhimurium SH 2201 LPS was 
used as positive control 
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Figure 8.11  Stimulation of HEK Blue™ Null2™ cells. SEAP levels (OD). a) and IL-8 release 
b) upon stimulation with LPS of E. pacifica KMM 6172T (1, 10, 100 ng/mL) or E. vietnamensis 
KMM 6221T LPS (1, 10, 100 ng/mL); S. typhimurium SH 2201 LPS was used as positive 
control 
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8.6.2 HEK-Blue™ hTLR2 cell models: competition assay 

It is understood that LPS isolated from marine bacteria have been proven to be 

potential inhibitors of the pro-inflammatory action of LPS from pathogenic bacteria.  

Therefore, the capability of LPS from the two Echinicola strains to interfere with the 

TLR4- mediated signaling triggered by S. typhimurium LPS was investigated.  To 

appraise this ability, HEK-Blue™ hTLR4 cells were pretreated with different 

concentrations  of E. pacifica KMM 6172T LPS (1, 10, and 100 ng/mL) or E. 

vietnamensis KMM 6221T LPS, and then stimulated with S. typhimurium LPS (1 

ng/mL) (Figure 8.12).  This study clearly showed that both Echinicola LPS 

significantly inhibited S. typhimurium LPS-dependent TLR4-mediated NF-κB 

activation and IL-8 production at all the concentrations tested but with E. pacifica 

KMM 6172T LPS displaying stronger antagonistic properties than E. vietnamensis 

KMM 6221T LPS.  

8.6.3 HEK-Blue™ hTLR2 cell models 

Finally, we investigated whether Echinicola LPS could stimulate the TLR2-mediated 

signaling, as already observed for LPS of other bacteria like B. vulgatus and as B. 

thetaiotaomicron (Chapter 3 and 5).22,23 For this investigation,  HEK-Blue™ hTLR2 

cells, obtained by co-transfection of the human TLR2 and SEAP genes into HEK-

Blue™ cells, were stimulated with LPS from the two Echinicola strains. These 

experiments were also carried on using the LPS from S. typhimurium,  as a negative, 

and with the synthetic tri-acylated lipoprotein Pam3CSK4 as a positive control. 

However, there was no significant TLR2 activation observed with either E. pacifica 

KMM 6172T LPS or E. vietnamensis KMM 6221T LPS or S. typhimurium LPS 

(Figure 8.13).  
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Figure 8.12 Competition assay in HEK Blue™ hTLR4 cells pretreated with different 
concentrations (1, 10, and 100 ng/mL) of E. pacifica KMM 6172T LPS (a,b) or E. vietnamensis 
KMM 6221T LPS (c,d) and then stimulated with S. typhimurium LPS (1 ng/mL). Fold decrease 
in NF-κB and inhibition percentage of IL-8 release.  Significant differences between the 
pretreatment with the two Echinicola  LPS and S. typhimurium LPS alone values are indicated. 
* p < 0.05, ** p < 0.01 and *** p < 0.001 by the Student’s t-test 
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Figure 8.13 Stimulation of HEK BlueTM hTLR2 cells. SEAP levels (OD) (a) and IL-8 release 
(pg/mL) (b) upon stimulation with LPS of E. pacifica KMM 6172T (1, 10, 100 ng/mL) or E. 
vietnamensis KMM6221T LPS (1, 10, 100 ng/mL); S. typhimurium SH2201 LPS or 
Pam3CSK4 (500 ng/mL) were used as positive and negative controls, respectively. Significant 
differences between E. pacifica KMM 6172T LPS or E. vietnamensis KMM 6221T LPS and 
the corresponding S. typhimurium LPS values are indicated. *p < 0.05, ***p < 0.001 by 
Student’s t-test.   



Chapter 8 
Appendix  

244 
 

8.7 Conclusions  

Various environmental pressures within the marine environment can potentially 

impact the structure of the membrane constituents of Gram-negative bacteria. As the 

portion of the LPS embedded in the Gram-negative OM, the lipid A is one of the main 

bacterial components subjected to these selective pressures. Therefore, lipid A from 

marine bacteria present several structural peculiarities. For example, hypo-acylation 

(tetra- and penta-acylated) and a tendency toward desaturation of the acyl chains, 

reduction in their length, and increase in their branching are commonly observed in 

several marine LPS lipid A.16,17 Moreover, some marine species express mono- or even 

non-phosphorylated lipid A.  

E. pacifica KMM 6172T and E. vietnamensis KMM 6221T were shown to express 

hypo-acylated and hypo-phosphorylated lipid A species. In addition, a D-GalA was 

found linked to the nonreducing glucosamine of the lipid A disaccharide backbone.  

Likewise, both strains also decorate their lipid A with unsaturated acyl chains, which 

are linked to the saccharide backbone as primary ester-linked moieties. This tendency 

of both Echinicola strains to increase the desaturation level of their membrane lipids 

can be seen as an ingenious strategy to increment the outer membrane fluidity by 

decreasing the lipid packing. Likely for the same purpose, E. pacifica and E. 

vietnamensis express lipid A that can be acylated also by short acyl moieties, such as 

i9:0(3-OH) or 10:0(3-OH), which establish lower interchain Van der Waals 

interactions than long-chain fatty acids, resulting in an additional contribute to 

preserving the membrane fluidity. 

Because of the unconventional structural features of these lipid A species and the 

unexplored possibilities of utilising chemical structures from marine environments as 

leads in a pharmaceutical setting, this study investigated whether such unusual 

chemical structures are reflected in equally particular immunological properties. By 

leveraging HEK-Blue™ cell lines stably expressing human TLR4, MD-2, and CD-



Chapter 8 
Appendix  

245 
 

14, it was highlighted the very weak capability of both Echinicola LPS to elicit a 

TLR4-mediated immune response while keeping the ability to bind the receptor. This 

interesting immunological behaviour finds its reason to be in the hypo-acylated and 

hypo phosphorylated chemical structure of the lipid A of both marine bacteria. Even 

more fascinating was the observation of the potent inhibitory activity shown by both 

Echinicola LPS towards the pro-inflammatory response induced by the S. 

thypimurium LPS on HEK-Blue™ cells. Many studies have showed that these features 

are associated to a scant immune-elicitation potency,24 such as the lipid A from the 

marine species Halobacteroides lacunaris 17and Cobetia pacifica. In this context, the 

present work encourages the investigation of marine LPS as a continual source of 

natural molecules that can be potentially used as inspiration for the development 

immunomodulatory compounds exploitable as therapeutics for inflammation-related 

pathologies.  

These results were as part of a full study that was published in Microorganisms 
Journal and can be found at Doi: 10.3390/microorganisms9122552 
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9.1 Bacterial strains, growth conditions, and reagents 

All bacteria analysed in this PhD thesis were kindly provided by external 

collaborators.   

B. vulgatus mpk (Chapter 3) was provided by Prof. J. S. Frick and grown in brain-

heart-infusion (BH) medium in anaerobic conditions at 37 °C as previously 

described.1 For Alcaligenes faecalis (Chapter 4), the bacterial strain was purchased 

from the National Institute of Technology and Evaluation Biological Resource Center 

and grown in Tryptic Soy Broth (BD Diagnostics, Sparks, MD, USA) at 37 °C by our 

collaborators in Prof. Fukase group at Osaka University.  In Chapter 5, the acapsular 

B. thetaiotaomicron strain VPI 5482 was cultured and grown by Prof. M. Fischbach 

at the Department of Bioengineering and ChEM-H at Stanford University, as 

described in detail in Pither et al., (2022)2 with a final mass of 4.3 g lyophilised 

bacterial cell material. The two Veillonella parvula isolates (Chapter 6) were provided 

by Prof. P. Salvatore of the Department of Molecular Medicine and Medical 

Biotechnologies, Hospital University of Naples Federico II. The DSM 2008 strain 

(intestinal isolate) was purchased from the DSMZ/German Collection of 

Microorganisms and Cell Cultures GmnH (https://www.dsmz.de). The V. parvula 

clinical oral isolate was taken from a throat swab of a healthy subject, at the Policlinico 

Hospital of Naples, Federico II, Italy.  Both these strains were grown and treated under 

the same conditions, using Brain Heart Infusion Broth (BHI) + 0.6% Sodium Lactate 

for 48 hours in anaerobic conditions.  For Chapter 7, the B. uniformis dried cellular 

pellet was kindly provided by Prof. Salonen and Dr. Matharu of the University of 

Helsinki, in the Faculty of Biology and Environmental Sciences. The bacterium was 

isolated and grown in anaerobic conditions using a protocol set up within their group 

using anaerobic growth bags, in Bacteroides Bile Esculin (BBE) media (Anaerobe 

systems Inc). In Chapter 8, P. pulmonicola was purchased from the LMG bacterial 

collection of Ghent University and grown by Dr. S. McClean at the Centre of 

Microbial Host Interactions, Institute of Technology Tallaght, as described in Pither 
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et al. (2021).3  E. pacifica type strain KMM 6172T and E. vietnamensis type strain 

KMM 6221T were both from the Collection of Marine Microorganisms (KMM) of the 

G.B. Elykov Pacific Institute of Bioorganic Chemistry, Far Eastern Branch of Russian 

Academy of Sciences. The strains were cultivated and kindly provided by Dr. M. 

Kokoulin.4  

9.2 Extraction and purification of LPS  

9.2.1 Preliminary manipulations and checks 

Prior to starting any LPS extraction protocol, preliminary manipulations are 

undertaken. These were in the form of cell washing or ultracentrifugation of the cells. 

Bacterial cell washes involved a first wash with distilled water and the centrifuged 

(10,000 × g, 10 °C, 20 mins), supernatant collected and checked through 1H NMR 

experimentation. This step was  repeated with ethanol, acetone, and light petroleum. 

Ultracentrifugation was achieved through suspension of dried bacterial cells in water, 

divided evenly in ultracentrifuge tubes using mechanical pipettes, and centrifuged in 

a Beckman Coulter’s ultracentrifuge (Brea, CA, USA) at 100,000 - 500,000 × g at 4 

°C for 6 hours. 

A preliminary check was also performed through the preparation and run of an 

electrophoresis gel (13.5 % SDS-PAGE) of the LPS upon its selective extraction from 

a little aliquot of bacterial cells. Briefly, the cells were lysed by enzymatic digestion 

with proteinase K [5mg/mL] at 56 °C for 10 minutes in sample buffer [0.5 M Tris-HC 

(pH 6.8), glycerol (20% v/v), mercaptoethanol (4% v/v), SDS (4% w/v), and 

bromophenol blue (0.2% w/v)]. The LPS was then visualised using 13.5 % SDS-

PAGE followed by silver nitrate staining.Error! Bookmark not defined.  
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9.3 Extraction of the R-LPS and S-LPS  

Two methods for LPS extraction were employed during this PhD thesis work. The 

PCP extraction method, that involved the preparation of a solution of 

Phenol/Chloroform/Light Petroleum (2:5:8 v/v/v).  The cells were dissolved at room 

temperature in this solution and stirred for 90 minutes. The mixture was then centrifuged for 

30 minutes at 8,000 × g. The supernatant was collected in a round bottom flask and the 

extraction was repeated two more times. The solution was concentrated under vacuum, 

removing the chloroform and the petroleum, until only the phenol remains.  The solution was 

then transferred in a falcon and few drops of cold water were added.  A centrifugation was 

performed (8,000 × g, 1 h, RT) to pellet any precipitate containing the LPS.5 The other 

extraction method used was the hot phenol/water procedure; warm water was added 

to the cells following the PCP extraction or directly to a freeze-dried bacterial pellet, 

followed by equal volume of warm phenol. The suspended cells were stirred for 120 

minutes at 70 °C and then centrifuged (8,000 × g, 30 mins, 4 °C).  The water phase 

(supernatant) was collected, and the extraction was repeated two more times. Both the 

collected water phase and the phenol phases are dialysed against water (12-14 kDa).  

Phases were collected and freeze-dried.6 To remove cell contaminations, a treatment 

with RNase (Roth), DNase (Roth), and Proteinase K (Roth) at 37 and 56 °C followed 

by dialysis against distilled water was executed.7   

Following the extraction, the LPS was checked by preparing a 13,5% SDS-PAGE gel 

followed by Alcian blue8 and silver nitrate stainings.7,9 Protein contamination was 

evaluated using staining with Coomassie Blue Solution (0.5% w/v Coomassie 

Brilliant Blue G-250 w/v in 40% methanol, 5% acetic acid).10   

Further purification methods of the LPS material were also carried out. The methods 

for each project are summarised below.  
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9.4 Purification and isolation of saccharide moieties of the LPS  

9.4.1 Chapter 3: Purification of the S-LPS and isolation of the core OS and O-
antigen from B. vulgatus mpk  

S-LPS extracted from B. vulgatus was further purified by several ultracentrifugation 

steps (4 °C, 100,000 × g, 24 h) and a gel-filtration chromatography Sephacryl S-300 

(GE Healthcare, 1.5 × 90 cm, eluent 50 mM NH4HCO3). An aliquot of the pure S-

LPS was treated with anhydrous hydrazine (2 mL, stirred at 37 °C, 90 min), cooled, 

poured into ice-cold acetone, and allowed to precipitate. The precipitate was 

centrifuged (4000 × g, 30 min), washed with ice-cold acetone, dried, dissolved in 

water, and lyophilised. The O-deacylated product was then N-deacylated with 4 M 

KOH (120 °C, 16 h). The removal of salts was executed by gel-filtration 

chromatography on a Sephadex G-10 column (Pharmacia, 50 × 1.5 cm, eluent distilled 

water). The fully deacylated product was further purified on a Toyopearl TSK HW-

50 instrument (Tosoh Bioscience, 1.5 × 90 cm, eluent 50 mM NH4HCO3).  
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9.4.2 Chapter 4: Purification of the R-LPS and S-LPS of A. faecalis and the 
isolation of the core OS and the O-antigen fractions 

The R-LPS was isolated from A. faecalis through the PCP method and purified by 

means of size-exclusion chromatography on a Sephacryl HR-S300 and the S-LPS 

from the hot phenol/water extraction on a Sephacryl HR-S400 columns (GE 

Healthcare Life Sciences, 1.5 × 90 cm, 50 mM NH4HCO3). 

The R-LPS from A. faecalis was treated with anhydrous hydrazine (1.5 mL), stirred 

at 37 °C for 90 min, cooled, poured into ice-cold acetone and allowed to precipitate. 

The precipitate was then centrifuged (4,500 ×g, 30 min), washed with ice-cold 

acetone, dried, dissolved in water and lyophilized. The O-deacylated product was then 

N-deacylated with 4 M KOH (120 °C, 16 h). Salts were removed by gel-filtration 

chromatography on a Sephadex G-10 column (Pharmacia, 50 x 1.5 cm, 

eluent  distilled water). The fully deacylated product was then further purified on a 

Toyopearl TSK HW-40S column (Tosoh Bioscience, 1.5 × 90 cm, eluent 50 mM 

NH4HCO3).   An aliquot of R-LPS fraction also underwent a mild acid hydrolysis with 

acetate buffer (pH 4.4, 2 h, 100 °C) followed by a centrifugation step (8,000 × g, 30 

min, 4 °C) that allowed the separation of the saccharide component in the supernatant 

which was then further purified by means of a gel filtration chromatography 

Toyopearl TSK HW-40S column (Tosoh Bioscience, 1.5 × 90 cm, eluent 50 mM 

NH4HCO3).  The above acetate buffer treatment was also performed on the S-LPS 

fraction (10 mg) derived from the hot phenol/water extraction, to isolate the O-antigen 

moiety.  The O-antigen fraction was then purified through gel-filtration 

chromatography on a Sephacryl HR-S100 column (GE Healthcare Life Sciences, 1.5 

× 90 cm, eluent 50 mM NH4HCO3).  
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9.4.3 Chapter 5: Purification of the R-LPS and isolation of core oligosaccharide 
from B. thetaiotaomicron 

The R-LPS from B. thetaiotaomicron was purified after extraction with the hot 

phenol/water method, using several ultracentrifugation steps (4 °C, 208,000 × g, 24 h) 

and followed by a gel-filtration chromatography on a Sephacryl S-300 (GE 

Healthcare, 1.5 × 90 cm, eluent 50 mM NH4HCO3).  

An aliquot of pure R-LPS (~15 mg) treated as described above to obtain a full 

deacylated product. The fully deacylated product (OS1) was then further purified on 

a Toyopearl TSK HW-50S (Tosoh Bioscience, 1.5 × 90 cm, eluent 50 mM 

NH4HCO3). In parallel, an aliquot of R-LPS (~10 mg) was dissolved in 1 % acetic 

acid and hydrolysed at 100 °C for 2 h, the reaction was centrifuged (4 °C, 8,800 × g, 

60 min) to allow for the supernatant containing the saccharide portion (OS2) to be 

collected. The OS2 fraction was then purified by gel-filtration chromatography on a 

Bio-Gel P4 column (Bio-Rad, 1.5 × 90 cm, eluent distilled water).11 
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9.4.4 Chapter 6: Isolation of core OS and O-antigen from V. parvula intestinal and 
oral isolate 

Both S-LPS and R-LPS were subject to extensive purification techniques: enzymatic 

digestions, as previously explained, and ultracentrifugation (4 °C, 208,000 ×g, 24 h). 

An aliquot of the S-LPS (~10 mg) was dissolved in 1 % acetic acid and hydrolysed at 

100 °C for 4 h. The lipid A precipitate was pelleted using centrifugation (4 °C, 8,800 

× g, 60 min) and then the supernatant containing the saccharide mixture of the LPS 

was loaded on Toyopearl TSK HW40S (Tosoh Bioscience, 1.5 × 90 cm, 

eluent 50 mM NH4HCO3). Fractions containing the O-antigen and the core OS were 

pooled and freeze-dried. This acid hydrolysis treatment was repeated on an aliquot of 

R-LPS from the oral isolate (~10 mg). Followed by SEC chromatography on a  

Toyopearl TSK HW4-0S (Tosoh Bioscience, 1.5 × 90 cm, eluent 50 mM NH4HCO3). 

Fractions containing the core OS were collected and freeze dried. Ann aliquot of both 

pure R-LPS (~8 mg) and S-LPS (5 mg) was fully deacylated and purified as described 

above.7,11  
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9.4.5 Chapter 7: Purification of LPS and isolation of core OS from B. uniformis 

After the S-LPS was extracted, additional purification of the extracted LPS was 

performed using enzymatic digestions using pullulanase and amylase (56 °C, 16 

hours) followed by dialysis against milli-Q water (1 kDa, Sigma-Aldrich Co.).  An 

aliquot of S-LPS (~3 mg) was dissolved in 1 % acetic acid and hydrolysed at 100 °C 

for 4 h. The lipid A precipitate was pelleted using centrifugation (4 °C, 8,800 × g, 60 

min) and then the supernatant containing the saccharide mixture of the LPS was 

dialysed using a Pur-A-Lyzer™ Midi Dialysis Kit (1 kDa, Merck) against water. The 

extracted OS was then loaded onto a HyperSep™ Hypercarb™ (Thermo 

Scientific™).  

 

9.4.6 Chapter 8: Isolation of LPS from the two strains of Echinicola 

Following the extraction of the LPS from bacterial cells of E. pacifica KMM 6172T 

and E. vietnamensis KMM 6221T, both the LPS were subject to ultracentrifugation 

step (200,000 × g, 4 °C, 16 h) and a size-exclusion chromatography on a Sephacryl 

high-resolution S-500 column (GE Healthcare, 1.5 × 90 cm, eluent 50 mM 

NH4HCO3).  

9.4.7 Chapter 8: Isolation of LPS from the Pandoraea pulmonicola 

For the characterisation of the lipid A from P. pulmonicola, the S-LPS was extracted  

using the hot phenol/water method and purified using ultracentrifugation 

(200,000 × g, 16 h, 4 °C) and then loaded onto gel-filtration chromatography 

(Sephacryl High Resolution S-400, GE-Healthcare, 1.5 × 90 cm, eluent 50 mM 

NH4HCO3). 
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9.5 Chemical Analyses 

9.5.1 Acetylated O-methyl glycosides (AMG) 

An aliquot (~ 0.5 mg) of the sample to be investigated (purified LPS, OS, O-antigen) 

was treated with 300 µL of 1.25 M HCl/CH3OH (80 °C, 16 h). The mixture was then 

neutralised using methanol washes and then acetylated with acetic anhydride (25 µL) 

in pyridine (25 µl) (80 °C, 30 min). The acetylated sugars were extracted using 

chloroform and water washes. The final extraction was then dried and diluted in 100 

µl of acetone and analyzed by GC-MS.12,13 

9.5.2 Acetylated Alditols (AA) 

An aliquot of freeze-dried sample to be analysed (~ 0.5 mg) was treated with 2 M 

TFA for 2 hours 120 °C and then dried under airflow. The monosaccharides were 

reduced with NaBH4 in ethanol to produce alditols and acetylated with acetic 

anhydride (25 µL) in pyridine (25 µL) (80 °C, 30 minutes). The acetylated alditols 

were dried under airflow and diluted in 100 µL of acetone and analysed by GC-MS. 

9.5.3 Partially Methylated Alditol Acetates (PMAA) 

An aliquot of freeze-dried sample (~1  mg) suspended in DMSO, and powdered NaOH 

added, this mixture was then treated with 300 µL CH3I (stirred, 16h, RT). The sample 

was placed under airflow for one hour. Washes were performed with chloroform and 

water, then the chloroform was extracted and dried under airflow. The sample was 

hydrolysed with trifluoroacetic acid (TFA) (4 M, 100 °C, 4 h) and dried under airflow, 

and neutralised with methanol washes. The carbonyl functions were then reduced 

using NaBD4 in ethanol (stirring, 16 h, RT). The reaction was stopped by adding a few 

drops of HCl (2 M) and then neutralised by means of methanol washes. The free 

hydroxyl groups were acetylated using acetic anhydride in pyridine (80 °C, 30 

minutes) followed by GC-MS study.   
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9.5.4 Octyl-glycosides 

Enantiopure 2-(+ or -)-octanol (100 µL) was added to aliquot of the freeze-dried 

sample (~1 mg). Racemic 2-(±)-octanol racemic alcohol (100 µl) was added to another 

aliquot in a separate tube. Acetyl chloride (15 µL) was added and heated at 60 °C 

overnight. The samples were dried under airflow and then acetylated with acetic 

anhydride in pyridine (80 °C, 30 minutes). Injection into GC-MS for comparison with 

known standards.12,13 

9.5.5 Gas Chromatography Mass Spectrometry 

The analyses were all performed on an Agilent Technologies Gas Chromatograph 

7820A equipped with a mass selective detector 5977B and an HP-5 capillary column 

(Agilent, Milan, Italy 30 m × 0.25 mm, flow rate 1 mL/min, He as carrier gas). The 

temperature program used to analyse AMG and OGA was: 140 °C for 3 min, then 140 

→ 240 °C at 3 °C/min. The temperature program for PMAA was: 90 °C for 1 min, 

then 90 → 140 °C at 25 °C/min, then 140 → 200 °C at 5 °C/min, then 200 → 280 °C 

at 10 °C/min, and finally 280 °C for 10 min. Finally, to analyse fatty acids content the 

following temperature program was used: 150 °C for 5 min, 150 to 280 °C at 3 °C/min, 

and 280 °C for 5 min.2,13   
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9.6 Isolation of lipid A 

An aliquot of extracted and purified LPS was dissolved in 1 % acetic acid and 

hydrolysed at 100 °C for 4 h. Centrifugation (8,800 × g, 60 min, 4 °C,) allowed to 

separate in the precipitate the lipid A and in the supernatant the oligo-/polysaccharide 

(as previously explained). The lipid A precipitate was collected and washed with 

freshly prepared Bligh/Dyer mixture (CHCl3/CH3OH/H2O, 2:2:1.8 (v/v/v) ratio).7,14  

This mixture was then shaken and centrifuged (8,800 × g, 20 min, 4 °C). The 

chloroform phase, containing the lipid A fraction was pooled, dried, and analysed by 

MALD-TOF MS and MS2 to define the chemical structure of the lipid A.  

9.6.1 Dephosphorylation of lipid A and derivatization to alditol acetates 

This method was utilised in Chapter 8, to establish the nature of the additional 

hexosamine(s) decorating the P. pulmonicola RL8228 lipid A. An small aliquot (0.6 

mg) of the mild acid hydrolysis product, i.e. the isolated lipid A fraction, was treated 

with 100 µL of 48% aqueous hydrofluoric acid (HF) (Sigma Aldrich®, St. Louis, MO, 

USA) at 4° C for 16 h to remove the phosphate groups. The sample was placed in an 

ice bath and the HF was then evaporated util dry. The HF-treated sample was then 

dissolved in distilled water and lyophilized 
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9.7 Nuclear Magnetic Resonance (NMR) 

All structural assignments of the core OS and the O-antigen from B. vulgatus LPS 

(Chapter 3), the core and O-antigen of A. faecalis LPS (Chapter 4), OS1 and OS2 

fractions of B. thetaiotaomicron LPS (Chapter 5), core OS and O-antigen of V. 

parvula LPS (Chapter 6), core OS from B. uniformis LPS (Chapter 7) were carried 

out as followed.  

1D and 2D NMR spectra were recorded in D2O at 298 K at pD = 7 with a Bruker 600 

DRX spectrometer equipped with a cryoprobe. The spectra were calibrated with 

internal acetone (δH = 2.225 ppm; δC = 31.45 ppm). 31P NMR experiments were carried 

out with a Bruker DRX-400 spectrometer; aqueous 85 % phosphoric acid was used as 

external reference (δ = 0.00 ppm). Total correlation spectroscopy (TOCSY) 

experiments were recorded with spinlock times of 100 ms by using data sets (t1 × t2) 

of 4096 × 256 points. Rotating frame Overhauser enhancement spectroscopy 

(ROESY) and Nuclear Overhauser enhancement spectroscopy (NOESY) experiments 

were performed by using data sets (t1 × t2) of 4096 × 256 points and by using mixing 

times between 100 and 300 ms, acquiring 16 scans. Double-quantum-filtered phase 

sensitive correlation spectroscopy (DQF- COSY) experiments were carried out by 

using data sets of 4096 × 512 points. The data matrix in all  the homonuclear 

experiments was zero-filled in both dimensions to give a matrix of 4K × 2K points 

and was resolution-enhanced in both dimensions by a cosine-bell function before S5 

Fourier transformation. Coupling constants were determined by 2D phase-sensitive 

DQF-COSY.15,16 Heteronuclear single quantum coherence (1H,13C HSQC) and 

heteronuclear multiple bond correlation (1H,13C HMBC) experiments were executed 

in 1H-detection mode by  single-quantum coherence with proton decoupling in the 13C 

domain using data sets of 2048 × 256 points. 1H,13C HSQC was performed using 

sensitivity improvement and in the phase-sensitive mode using Echo/Antiecho 

gradient selection, with multiplicity editing during selection step. 1H,13C HMBC was 

optimised on long range coupling constants, with lowpass J-filter to suppress one-
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bond correlations, using gradient pulses for selection. .Moreover, a 60 ms relay was 

used for the evolution of long-range correlations. 1H,13C HMBC was optimised for a 

6 Hz coupling constant, and 1H,31P HSQC was optimized for an8 Hz coupling 

constant. The data matrix in all the heteronuclear experiments was extended to 2048 

× 1024 points by using forward linear prediction extrapolation. 
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9.8 MALDI-TOF Mass Spectrometry and MS2 

The MS investigation was performed on ABSCIEX TOF/ TOF™ 5800 Applied 

Biosystems mass spectrometer equipped with an Nd:YAG laser (λ = 349 nm), with a 

3 ns pulse width and a repetition rate of up to 1000 Hz.. Each spectrum was the result 

of the accumulation of 1500 laser shots, whereas 6000–7000 shots were summed for 

the MS2 data acquisitions. All reported experiments were acquired in both negative 

and positive polarity, reflectron mode. For MS spectra accumulation of 2000 laser 

shots was used, whereas 5000–7000 shots were summed for the MS/MS spectra. Each 

experiment was performed in replication 

Lipid A preparation: for all cases reported in this PhD thesis, lipid A samples were 

solved in CHCl3/CH3OH (50:50, v/v).  2,4,6-trihydroxyacetophenone (THAP) in 

CH3OH/0.1% trifluoroacetic acid/CH3CN (7:2:1, v/v) at a concentration of 75 mg/mL 

was typically the matrix solution used. A 1:1, v/v sample/matrix solution mixture 

(<1μl) was deposited onto a stainless-steel MALDI sample plate and left to dry at 

room temperature.17 

R-LPS preparation: As in the case of R-LPS of B. thetaiotaomicron (Chapter 5). An 

aliquot of intact R-LPS was suspended in 5 mM ethylenediaminetetraacetic acid 

(EDTA), shaken and left a few seconds in an ultrasonic bath. Then, R-LPS was 

desalted with cation exchange beads (Dowex 50×, NH4
+) and then added to an equal 

volume of 2,5-dihydroxybenzoic acid (DHB) in 0.1 % citric acid. 1 μL of R-LPS/DHB 

mixture per well was transferred to the stainless-steel MALDI plate. MS spectrum of 

intact R-LPS was recorded in linear mode and negative ion polarity. As for the 

analysis of OS2 fraction, sample was dissolved in water (1 mg/mL) and DHB (10 

mg/mL in CH3CN/0.2 M citric acid, 1:1) was used as the matrix. 0.5 μL of sample 

and 0.5 μL of matrix solution were spotted on the plate and left to dry at room 

temperature. The spectra were recorded in both negative and positive polarity, but 

only in the positive-ion polarity it was possible to analyze the OS2 product. 
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9.9 HEK-Blue™ hTLR4/CD14/MD-2 cell culture, transfection, and 
stimulation 

HEK-Blue™ Null2, hTLR4 and hTLR2Stimulation Assays were performed as 

previously described.2,4,18  Briefly, HEK-Blue™ hTLR4, HEK-Blue™ hTLR2, and 

HEK-Blue™ Null2TM cells (InvivoGen, San Diego, CA, USA) were cultured at 37 °C 

in 5% CO2 using Dulbecco’s minimal essential media (DMEM) supplemented with 

10% heat-inactivated fetal bovine serum (FBS) (Microgem, Naples, Italy), 1% 

glutamine (Himedia, Einhausen, Germany), 1% penicillin/streptomycin (Himedia, 

Einhausen, Germany), and 100 μg/mL Normocin (InvivoGen). To select the plasmids 

in HEK-BlueTM hTLR4 and hTLR2 cells, a mixture of selective antibiotics (HEK-

BlueTM Selection) (InvivoGen) was used, whereas for HEK-Blue Null2TM cells 100 

μg/mL Zeocin (InvivoGen) was employed.  

HEK-Blue™ hTLR4 cells were seeded into 96-well plates (3 × 105 cells per well) and 

incubated with different concentrations of the extracted and purified LPS (S-LPS) and 

isolated lipid A from B. vulgatus (Chapter 3), R-LPS from B. thetaiotaomicron and 

the LPS from E. pacifica, E. vietnamensis (Chapter 8) and positive control (S. 

typhimurium SH 2201 LPS or E. coli (0127:B8)) (1, 10, 100 ng/mL). After 18 h 

incubation, the Nuclear Factor kappa B (NF-κB) activation was analysed by 

evaluating NF-κB-dependent secreted alkaline phosphatase (SEAP) using QUANTI-

BlueTM (InvivoGen). Likewise in Chapters 3, 5, 6 and 8, the LPS were tested also 

on HEK-Blue™ hTLR2 and HEK-Blue™ Null2TM cell lines were exposed to the pure 

LPS or S. typhimurium SH 2201 LPS (1, 10, 100 ng/mL) for 18 h. For this experiment, 

also Pam3CSK4 (500 ng/mL) (InvivoGen) was analysed as above.  
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9.10 Multiple Reaction monitoring (MRM) analysis of HEK-Blue™ 
hTLR4/CD1/MD-2 cell experiment 19  

9.10.1 In solution digestion of HEK-Blue™ cellular extracts following R-LPS 
stimulation 

Cell growth media for every sample (four replicate each) were subjected to the in-

solution digestion protocol. 200 μL of each cell growth medium (supernatant) were 

added to 800 μL of cold acetone (1:4, v/v) to precipitate proteins. The reduction 

reaction was performed by adding 20 μL of 100 mM 1,4-dithiothreitol (DTT) 

dissolved in 50 mM NH4HCO3 to each sample and conducted at 60°C for one hour. 

20 μL of 120 mM iodoacetamide, dissolved in 50 mM NH4HCO3, were added to the 

sample and the reaction was left for 45 min at room temperature, in the dark. 500 μL 

of CH3OH was used to precipitate proteins. The solution was then centrifuged for 15 

min at 10,000 × g. The supernatants were removed, and the pellets dried under 

vacuum. The dried pellets were then suspended in 50 μL of 50 mM NH4HCO3 and 

mixed with 2 μL of trypsin (1 μg/μL). The hydrolysis reaction was performed at 37 

°C for 15 h. Finally, the peptide mixture obtained for these supernatants was 

suspended in 12 μL of 2 % CH3CN, 0.2 % formic acid solution to perform LC-MS/MS 

analysis. 100 μL of protein lysate buffer (7 M urea, 3.5 mM SDS, 0.01 M TRIS, 2 

mM EDTA, 10 mM DTT) and 2 μL of protease inhibitors cocktail were added to each 

cellular pellet to conduce the lysis. Three freeze-thaw cycles of 30 minutes followed 

by a sonication step (30 min) were performed to enhance the cell lysis. Subsequently, 

protein hydrolysis was carried out as reported for the cellular growth media. The 

peptide mixture obtained after hydrolysis was suspended in 20 μL of 2% CH3CN 0.2% 

formic acid solution to perform LC-MS/MS analysis.  

9.10.2 LC–MS/MS analysis by MRM ion mode 

The peptide mixtures were analysed by LC-MS/MS analysis by using a Xevo TQ-S 

(Waters Corporation) equipped with an IonKey UPLC Microflow Source coupled to 

a Waters UPLC Acquity System. For each run, peptide mixture (1 μL) was separated 
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on a iKey BEH C18 130, 1.7 μm, 150 μm x 50 mm (Waters, Milford, MA, USA) at 

45 °C at flow rate of 3 μL/min. Water acidified with 0.1 % formic acid containing 2 

% CH3CN was used as eluent A, while CH3CN with 5 % water and 0.1 % formic acid 

was eluent B. Peptides were eluted (starting 1 min after injection) with a linear 

gradient of eluent B in A from 7 % to 95 % in 20 min. The column was re-equilibrated 

at initial conditions for 4 min. The mass spectrometric analyses were performed in 

positive-ion mode by using a multiple reaction monitoring (MRM) detection; the duty 

cycle and dwell times were automatically set to the MassLynx. Cone voltage was set 

to 35 V. Skyline software (3.7, 64 bit version MacCoss Lab Software, University of 

Washington, USA) was used for setting m/z precursor ion, m/z product ions, and 

relative collision energy for each peptide in order to develop a targeted MRM method. 

The best two to six transitions per peptide were selected from the top ranked Y- and 

B-fragments. The selection of peptides to be monitored and the best transitions were 

carried out by comparing the Skyline output and SRM Atlas platform.  
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9.11 Molecular Modelling 

9.11.1 Structure construction 

The full structure of the human TLR4/MD-2 receptor (hTLR4/MD-2/E.coli)2 was 

taken from the Protein Data Bank, PDB ID: 3FXI and antagonist pose of MD-2 ID: 

2E59. The three-dimensional structures of the lipid A species were constructed by the 

molecular graphic and modelling package PyMOL (www.pymol.org) based on the 

lipid A from E. coli taken from Protein Data Bank (PDB ID 3FXI). The lipid A 

structures then went through restrained minimisation with Maestro. 

9.11.2 Docking 

The docking calculations were performed using Autodock VINA1.1.2 and then the 

best poses were selected for redocking with Autodock 4.2 

(http://autodock.scripps.ed).20,21 The Lamarckian evolutionary algorithm was chosen 

for the Autodock 4.2. The structures of the TLR4/MD-2 were kept rigid but the lipid 

A structures remained partially flexible by providing freedom to some of the 

appropriately selected dihedral angles. The docking boxes were set to 1Å for VINA 

and 0.375Å for Autodock. The size of the box covered the centre mass of residues 

Arg90 (MD-2), Lys122(MD-2) and Arg264(TLR4) in the hTLR4/MD-2 receptor by 

being set to 33.00 Å x-axis, 40.50 Å y-axis, and 35.25 Å z-axis. The determination of 

the best result from each docking was based on the predicted binding energy and mode 

of interaction. All docked poses were then analysed, and images were then created 

using PyMOL.22 
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