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Summary 

 Gram-negative bacteria can be found in various habitats, they 
interact with humans, different animals, plants or other organisms as 
symbionts or parasites, can be used for industrial purpose goods 
production like bioethanol or drugs upon application of genetic 
engineering, for production of food and beverages. Moreover, they can 
be found in unhaltable niches for higher organisms, comprising 
tremendous concentrations of salt, extremely low/high pH or 
temperature, different organic compounds. Nearly all Gram-negative 
bacteria possess an outer membrane (OM) whose outer leaflet is 
predominantly composed of lipopolysaccharides (LPS). These amphiphilic 
glycoconjugates are built of three chemically, biologically and genetically 
distinct domains including: the lipid A, inner glycolipid moiety anchoring 
the LPS to the OM; - the hydrophilic moiety comprising a core 

Figure 1. Structure of Acetobacter pasteurianus CIP103108 LOS and OPSs  
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oligosaccharide and the O-polysaccharide, whose presence defy the 
smooth LPS form, whereas molecules devoid the last domain are 
characterized as rough LPS (or Lipooligosaccharide, LOS). LPSs are crucial 
for bacterial survival, contributing significantly to the integrity and 
stability of the OM and protecting the bacterium from the external milieu 
stress factors. More interestingly, the LPS (or more precisely the lipid A) is 
classified as a PAMP (Pathogen Associated Molecular Pattern), recognized 
by the immune system upon binding to a receptorial complex formed by 
a transmembrane protein belonging to the Toll-like receptors family 
(TLRs) and by a small secreted protein, the MD-2. The event activates the 
defence systems and stimulates production of cytokines, being generally 
beneficial for the host, as it helps to combat invading microorganisms. 
Unfortunately, overstimulation of the immune system may lead to fatal 
effects as life-threading septic shock.  Nonetheless modifications in the 
lipid A region influence significantly the immunostimulant properties of 
the whole molecule, diminishing or even deactivating the immunological 
potential, and therefore can even lead to inhibition of signaling triggered 
by the “agonist” LPS. Thus, the search of LPS exhibiting inhibitory activity 
is a high important and interesting topic and is the main aim of the 
presented work.  

Figure 2 Structure of Endozoicomonas sp. HEX311 lipid A  
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The LPS here characterized were isolated from non- human 
pathogen bacteria derived from different environments. The work 
includes structural elucidation of the LPS domains of different Gram-
negative bacteria, basing on a combination of extensive chemical 
composition analysis, NMR spectroscopy, and MALDI-TOF MS and MS2. 
The structural assays showed particular features of the lipid As derived 
from an acetic acid bacterium, Acetobacter pasteurianus CIP103108 
(Figure 1), a sponge symbiont Endozoicomonas sp. HEX311 (Figure 2) and 
a marine bacterium, Phaeobacter gallaeciensis BS107 (Figure 3). 
Moreover, interesting immunostimulatory features were shown for lipid 
As from A. pasteurianus and P. gallaeciensis upon assays performed with 
HEK298 cells and Monocytes-derived Macrophages (MoMs).  

A Gram-negative bacterium, the ethanologenic  Zymomonas 
mobilis was shown to lack LPS in the outer membrane. Interestingly, by 
means of DOSY-NMR and DLS analyses it was proven that Zymomonas 
mobilis exopolysaccharide (Figure 4) played a role in the high ethanolic 
environment tolerance mechanism. A part of this work is focused on 
interaction studies of two different lipopolysaccharides with the MD-2, a 
lipid binding protein, pivotal in the innate LPS recognition system and part 
of the receptorial complex responsible for the recognition of the LPS, 

Figure 3 Structure of Phaeobacter gallaeciensis BS107 lipid A  
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namely the TLR4/MD2 complex. The study was performed applying 
number of DOSY-NMR studies and Cryo-EM.  
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Figure 4 Structure of Zymomonas mobilis EPS  
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1.1. The prokaryotes  

The prokaryotes are a group of simple, unicellular organisms, 
divided into two distinct domains, namely Archea and Bacteria. The term 
Prokaryota originates from two Greek words, πρό (pro) “before" and 
κάρυον (karyon) "nut or kernel", as they were the first organisms found 
on Earth, present billions of years prior any organism of the third, 
Eucaryota domain (Campbell, 2000). This fact leads to the logical 
conclusion that the Prokaryotes are rather simple organisms, with cells 
organised in a different fashion in comparison to Eucarya (Figure 1.1). The 
first noticeable difference is lack of a membrane enclosed nucleus in case 
of Prokaryotes. Therefore, unlike Eucarya, the genetic material is kept 
inside a nucleoid. Moreover, they lack numerous membrane-locked 
organelles. Therefore, Prokaryotes are known to form cells of a small size 
in range 1 -10 μm, around ten-fold smaller than Eukaryotes (10-100 μm).  
 

 
Figure 1.1 Prokaryotic cell scheme 

 
Despite the simplicity, the Prokaryotes create a highly diverse 

group of microorganisms, widespread on Earth and present in all types of 
environment, including rivers, oceans, soils, also in conditions considered 
as “extreme” like hydrothermal vents, hypersaline, highly acidic or basic 
environments. Furthermore, those organisms are being found interacting 
with all kinds of organisms, including plants and animals, involved in both, 
symbiotic and pathogenic interactions and are important decomposers, 
being crucial element of different elements cycle (Whitman, 1998; Di 
Lorenzo, 2017a).  
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Bacteria are a group of prokaryotic unicellular microorganisms that 
differ from Eukaryotes for their simple cellular organization. The bacteria 
domain includes a heterogenious group of organisms, diverse in terms of 
cell structure, size or shape (Yang, 2016). Most of them are single-celled 
but some are organized in multicellular forms consisting of numerous cells 
that constitute distinctive cell morphologies (coccus, bacillus, spirillum, 
filamentous) and create distinct colonies visible by light microscopy when 
grown on petri plates (Raven & Johnson, 2001). Further division can be 
made basing on the cell wall structure, in particular, Gram-positive 
bacteria, possessing a thick cell wall between which the dye-iodine 
complex is trapped, respond to the crystal-violet forming a purple stain, 
whereas the Gram-negative bacteria possess a thinner, less layered 
envelope and the dye can be washed out easily (Staley, 2007).  

As for the Archea domain, it represents  a group of mostly 
extremophilic and non-human pathogen organism, phylogenetically 
different form Bacteria.  
 

1.2. The cell envelope 

Bacterial cell is covered by a multi-layered and complex structure 
referred to as cell envelope. Unlike many higher organisms, in order to 
survive, bacteria had to evolve this type of structures to protect 
themselves from unfavourable conditions of the outer milieu. As stated 
previously, basing on fundamental differences in the cell wall structure, 
two main groups can be distinguished- Gram-positive bacteria and Gram-
negative bacteria (Figure 1.2).  
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Figure 1.2 Structure of Gram-positive and  Gram-negative cell envelope 

 
Despite numerous differences in the envelope architecture, 

common features are evident (Figure 1.2),  as the presence of an inner 
cytoplasmatic membrane, possessing integral proteins and surrounded by 
the cell envelope. Thus, a layer of peptidoglycan (or so-called murein)  is 
present, whose main function is providing the structural strength to the 
cell wall. The murein is built of repeating units of β-(1→4) N-
acetylglucosamine (GlcNAc) and N-acetylmuramic acid cross linked at 
position 3 by short peptide chains containing three to five amino acids 
with alternating L and D-amino acids. The peptide chain contributes to the 
formation of a 3D mesh-like structure of the polymer (Tytgat & Lebeer, 
2014). Although peptidoglycan is present in both, Gram-positive and 
negative bacteria, it possesses several structural differences among both 
groups (Figure 1.3). Firstly, the third position of the oligopeptide in case 
of Gram-positive is occupied by lysine while in case of Gram-negative 
species by meso-diaminopimelic acid is present. Furthermore, the 
peptidoglycan layer in Gram positive bacteria is significantly thicker  
(30-100 nm) than the one found in Gram-negative (couple nanometres). 
Gram-positive bacterial murein layer possess specific immersed 
glycolipids, namely lipoteichoic acid (LTA) and wall teichoic acid (WTA) 
(Vollmer, 2008, Tytgat & Lebeer, 2014).  
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In addition to the PGN layer, the Gram-negative cell wall also 
contains an asymmetric bilayer called the outer membrane (OM) which 
“coats “ the bacterium and faces into the external environment. The OM 
is constituted from the inner part mainly of phospholipids, whereas the 
external leaflet is covered up to 75% by a glycolipid known as the 
lipopolysaccharide (LPS) (Alexander & Rietschel, 2001).  

Figure 1.3 Structure of Gram-negative and Gram-positive peptidoglycan (Staley, 2007). 

 
As the LPS are highly-charged, the Gram-negative cell wall has an 

overall negative charge. The chemical structure of these macromolecules 
is unique to specific bacterial strain (e.g. sub-species) and is responsible 
for many of their biological properties. Bacteria can be further covered by 
glycans, namely capsular polysaccharides (CPS) or exopolysaccharides 
(EPS).The complexity of all these macromolecules leads to infinite 
possibilities of structural and functional diversity (Tytgat & Lebeer, 2014). 
  

1.3. The Lipopolysaccharides (LPS) 

The lipopolysaccharides (Figure 1.4) are glycoconjugates found on 
the external leaflet of the outer membrane of Gram-negative bacteria, 
covering around 75% of the cell surface and greatly contributing to the 
structural integrity and to the protection of the bacterial cell envelope. 
These amphiphilic macromolecules play significant role in bacterial 
survival. They contribute to the membrane integrity, fluidity and 
permeability upon electrostatic interactions of negatively charged groups 
with divalent metal ions (Ca2+ or Mg2+). They help to resist hydrophobic 
and hydrophilic antibiotics, and as the most exposed bacterial 
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components, play a key role in mediating host-bacterium interactions like 
recognition, colonization or adhesion, virulence, but also tolerance for 
commensal bacteria and symbiosis (Raetz, 1990; Silipo, 2010, Molinaro, 
2015).  
 

Figure 1.4 Scheme of the structure of LPS 

All known lipopolysaccharides possess highly conserved 
architecture, characterized by presence of three chemically, biologically, 
biosynthetically and genetically distinct domains including the lipid A, core 
oligosaccharide and O-polysaccharide. The glycolipid portion, named the 
lipid A is covalently linked to a hydrophilic portion formed by the core 
oligosaccharide (core OS) and a hydrophilic hetero-polysaccharide called 
O-polysaccharide chain or O-chain (Holst, 1996; Alexander & Rietschel, 
2001). The presence of a complete LPS, the smooth-type LPS (S-LPS) 
provides a smooth aspect to the bacterial colonies; bacteria can also 
synthesize lipooligosaccharide (LOS) if the O-chain is absent and are also 
termed rough type-LPS (R-LPS) because of a rough morphology of the 
bacterial colonies. The LPSs structures present a significant variability, 
where composition of all domains may change among species or even 
bacterial strains. The LPS by itself is not present as single conserved 
compound, but as a mixture of molecules varying in terms of molecular 
mass (e.g. presence of different number of repeating units of O-antigen) 
and slight compositional variations (e.g. different acylation pattern of the 
lipid A) (Raetz, 1990; Raetz & Whitfield, 2002). 

The LPSs were discovered in the late nineteenth century, by 
demonstrating that heat killed cholera (Vibrio cholerae) bacteria were still 
toxic, therefore the molecule was named endotoxin (Holst, 1996). During 
years the LPS was widely studied and its functions and impact on the 
human body well defined. Nowadays it is well known that the 
lipopolysaccharides, with their most potent immunologically active site, 

O-antigen 
Core 

oligosaccharide 
Lipid A 

R-LPS 

S-LPS 
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the lipid A, are considered as pathogen associated molecular patterns 
(PAMPs), recognized by specific pathogen recognition receptor (PRR), the 
toll-like receptor 4 (TLR4) upon binding the LPS with the key protein, 
myeloid differentiation 2 (MD-2) (Park & Lee, 2013). This binding event is 
crucial to activate the innate immune response and will be widely 
discussed in further part of the work (see 1.3.7).  
 

1.3.1. Lipid A, structure and functions 

The lipid A is the most inner portion of the LPS, represents the most 
conserved part of the lipopolysaccharide and anchors the whole molecule 
to the external leaflet of the OM through hydrophobic and electrostatic 
interactions with the phospholipid layer.  Its general structure consists of 
a disaccharide backbone formed by a β-(1→6) D-glucosamine backbone, 
phosphorylated at position 1 of the proximal α-D-GlcN (GlcN I) and 
position 4 of distal β-D-GlcN (GlcN II) and acylated at position 2 and 3 by 
so called “primary” fatty acids, in turn further acylated at hydroxyl 
position with “secondary” fatty acids, usually not hydroxylated and with 
different length (Molinaro, 2015).  

The first complete chemical structure of the lipid A derived from E. 
coli and S. enterica were elucidated in 1983. The lipid A from E. coli is 

Figure 1.5. General structure of the lipid A  
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composed by a disaccharide backbone [P→4-β-D-GlcpN-(1→6)-β-D-GlcpN-
1→P] acylated at position 2 and 3 of both GlcpNs and carrying at position 
2 and 3 of both GlcpNs as primary fatty acids four 14:0 (3-OH) (Figure 1.5). 
The primary fatty acids located on the distal GlcpN (GlcNII) were both 
esterified at their hydroxy group by two secondary fatty acids; the amine 
linked 14:0 (3-OH) was esterified by a 12:0; the ester linked 14:0 (3-OH) 
by a 14:0 (Figure 1.5). This hexa-acylated lipid A possesses a symmetric 
(4+2) distribution of the acyl chains. 

Even though the lipid A remains the most conserved domain of the 
LPS, different modifications can be present among different bacterial 
species, possibly in every region (Figure 1.6) (Silipo & Molinaro, 2011). The 
saccharidic skeleton of the lipid A is the less variable part of the moiety. 
The most common modification is the presence of 2,3-dideoxy-2,3-
diamino-glucose (GlcN3N or DAG) in place of glucosamine residues. This 
particularity is found among a number of strains including members of 
Rhizobiaceae and Bradyrhizobiaceae, Rhodopseudomonas (Di Lorenzo, 
2017b) or Bradyrhizobium strains (Komaniecka, 2010; Silipo, 2014). 
Interestingly, the lipid A isolated from Camphylobacter jejuni is found to 
possess both, GlcN and DAG in the backbone (van Mourik, 2010). 
Furthermore, some of bacteria are found to carry an “extended” sugar 
backbone, comprising of more than two sugar residues. The lipid As 
among Rhizobiaceae and Bradyrhizobiaceae families are reported to 
possess a skeleton composed of GlcN or DAG with decoration of mannose 
and uronic acids like glucosamine (GlcA) or galactosamine (GalA). A 
GlcpN3N disaccharide backbone has been also identified in Pseudomonas 
diminuta, Aquifex pyrophilus, Leptospira interrogans (Plötz, 2000; Silipo & 
Molinaro, 2011). A unique and exceptional lipid A structure identified so 
far is that of Rizhobium leguminosarum and Rizhobium etli, characterised 
by an unusual trisaccharide backbone containing a distal galacturonic acid 
in β-1,4 linkage to GlcNII which is 1,6 linked to a proximal 2-aminogluconic 
acid residue. 

Further modifications are found in the polar decorations. Despite 
most of known lipid As are bis-phosphorylated, different substitutions are 
found, as pyrophosphate (PP), phospho- or pyrophospho-etanolamine (P-
EtN and PP-EtN), phospho-4-amino-4-deoxy-L-arabinopyranose (P-L-
Ara4N, as in Burkholderia (De Soyza, 2008) or Pseudomonas aeruginosa.) 
Moreover, phospho-glucosamine methyl phosphate, phospho-L,D-
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glycero-D-manno-heptose has been found linked to both glycoside and 
non-glycoside phosphates isolated from several species of lipid A.  

The acyl chains constitute, together with the polar heads, the most 
variable component. The heterogeneity is found in terms of fatty acid 
composition and substitution. Lipid A is often constituted by a mixture of 
species whose carbohydrate backbone is frequently differently acylated. 
The acyl chains are generally saturated and usually possess an even 
number of carbon atoms between 10 and 28, nevertheless also 2-deoxy 
or oxo-fatty acids were reported. Some bacteria, including 
Bradyrhizobium, Sinorhizobium or Rodopseudomonas are found to 
possess Very Long Chain Fatty Acids (VLCFA) of number of carbon atoms 
up to 32. Secondary fatty acids rarely possess functional groups , while 
odd numbered secondary acyl chains can be present (Haag, 2011; Silipo, 
2014; Di Lorenzo, 2017b). Moreover, a fascinating example of variability 
is given by the lipid A isolated from Bradyrhizobium strains which is found 
to possess a sterol-like hopanoid domain linked to the VLCFA (Silipo, 
2014). Thus, the term lipid A defines more correctly not one molecule but 
a family of species structurally related but expressing differences in the 
acylation and in the phoshorylation pattern. Bacteria can dynamically 
modulate their acylation pattern in response to environmental changes. 
An example is given by Yersinia pestis, which synthetizes hexa- or tetra-
acylated lipid A dependently from the bacterial growth temperature. 
(Montminy, 2006; Telepnev, 2009). 

The acyl chain composition and distribution are strictly connected 
with the 3D shape of the lipid A (Figure 1.7.). Asymmetric hexaacylated 
lipid A species are known to adopt a cone-like structure with a tilt up to 
50°. In contrast, hypo-acylated and/or symmetric  molecules tend to 
adopt a cylindrical shape with a tilt up to 15° (Seydel, 1993, 2000). 
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Figure 1.6 Variability of lipid A structures 

 
The lipid A is highly functionalized domain and plays a key role in 

bacterial survival. The polar anionic substituents are significantly involved 
in the stabilization of the membrane, by forming electrostatic interactions 
with divalent cations (Ca2+ and Mg2+) which connect the LPS molecules, 
reducing the membrane permeability and forming an efficient protective 
barrier (Silipo & Molinaro, 2011). Moreover, many structural variations 
strongly contribute to bacterial resistance and protection. As an example, 
the presence of Ara4N in the lipid A increases significantly the resistance 
to cationic antimicrobial peptides by shielding the negatively charged 
residues (Hamad, 2012). Other examples may be found in the fascinating 
world of extremophiles, where structure of lipid A is strictly connected to 
harsh conditions of external milieu (Di Lorenzo, 2017a).  

Finally, the lipid A plays a pivotal role in inflammation provoked by 
Gram-negative bacteria. The domain is recognized by the human innate 
immune system by binding to a specific TLR4/MD-2 receptorial complex. 
Immunostimulant activities of the lipid A are described widely further in 
Chapter 1.7. and 1.8. 
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Figure 1.7 Intrinsic conformations of asymmetric hexa acylated lipid A (A), less active 
monophosporyl lipid A ® (B), and showing low activity, inactive or antagonistic penta- 
(C) and tetra acylated lipid A (D) and symmetric hexa-acylated lipid A (E) (Seydel, 2000). 

 

1.3.2.  Core oligosaccharide structure and functions 

The lipid A is covalently connected to the core oligosaccharide. This 
part is composed by different monosaccharide units, up to 15, in either 
linear or branched architecture, frequently possessing non-carbohydrate 
components, which can be present in a non-stoichiometric fashion (Holst, 
2011). The core can be further divided into two regions, namely inner core 
and outer core (Figure 1.8).  

The inner core, which is proximal to the lipid A, is structurally less 
variable and contains peculiar monosaccharides like heptose (L-glycero-D-
manno-heptose and D-glycero-D-manno-heptose) and 3-deoxy-D-manno-
oct-2-ulopyranosonic acid (Kdo), a monose marker for all Gram-negative 
bacteria that connects the core oligosaccharide to lipid A backbone 
trhough the non-reducing GlcNII  (Silipo & Molinaro, 2010). Furthermore, 
other ulosonic acids can be also found, like like D-glycero-D-talo-oct-2-
ulopyranosonic acid (Ko) in Burkholderia, Acinetobacter, Yersinia or 
Serratia species (Isshiki, 2003; Holst, 2011) or 8-amino-3,8-dideoxy-α-D-
manno-oct-2-ulopyranosonic acid (Kdo8N) like in case of Shewanella 
strains (Vinogradov, 2003, 2004). Negatively charged substituents are 
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often present, as they are involved in the formation of electrostatic 
interactions with divalent cations, significantly reducing the permeability 
of the membrane, enhancing the stability and providing resistance to 
antibiotic compounds and antimicrobial peptides. The most common 
negative substituents include phosphate (P), pyrophosphate (PP), 
pyrophosphoryl-2-amino-ethanol (PPEtN), phospho-arabinosamine 
(PAra4N), uronic acids (often GalpA). On the other side, positively charged 
groups also might be present, including 2-amino-ethanol (EtN), Ara4N, 
GlcN, which can substitute cations and interact with the phosphate groups 
bringing the LPS molecules together and blocking the entrance of 
positively charged molecules. The outer core, that in case of R-LPS is the 
most exposed part of the molecule, is characterized by higher structural 
variability then the inner core, and is mainly composed of common 
hexoses including Glcp, GlcpN, Galp and GalpN (Silipo & Molinaro, 2010). 
However, some particularities in this region can be also found, as 
Shewanella oneidensis MR-1 with a novel type of glycosidic linkage 
involving an open chain acetal linkage of a GlcN present as non-cyclic 
carbonyl form (Figure 1.9) (Vinogradov, 2003). 

 

 
Figure 1.8. Structure of the core OS of E. coli. Indicated inner and outer core, Kdo and 
heptoses (Hep). On the top right α-Kdop residue. 
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Figure 1.9. 2-acetamido-2-deoxy-D-galactose (N-acetylgalactosamine, GalNAco) in an 
open-chain form, linked as cyclic acetal to O-4 and O-6 of D-galactopyranose in 
Shewanella oneidensis MR-1 core OS. 

 

1.3.3. O-antigen structure and functions 

The O-antigen (also called O-polysaccharide, OPS) is the outermost 
domain of lipopolysaccharides. The OPS is characterized by high structural 
diversity, which may occur not only between species, but also between 
bacterial strains (Raetz & Whitfield, 2002). The domain is made of number 
of repeating oligosaccharide units containing two to eight 
monosaccharide residues, the repeating unit can be homopolymeric or 
heteropolymeric, linear or branched. The addition of non-carbohydrate 
substituents like phosphate, amino acids, acetyl or formamide groups, 
often present in non-stoichiometric amount, can be also present. (Knirel, 
2011).  

Therefore, the O-antigen structure characterizes the serological 
specificity of the organism. The number of the serogroup are various, 
while e.g. E. coli produces ~170 serotypes (Stenutz, 2006), S. enterica is 
known to form only 46  serogroups (Popoff, 2003).  

 

1.4 Exopolysaccharides 

The cell wall polysaccharides or exopolysaccharides are a big group 
of glycans, present at the surface of bacterial cell wall forming kind of a 
“coat” around the bacterium. They can either form a biofilm or a capsule 
covering the cell surface. Predominantly the exopolysaccharides are 
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represented by large polymers with average molecular weight 1 × 105 to 
3 × 105 Da, composed of different number of monosaccharide residues in 
the repeating unit (commonly up to 10), often carrying negative charge at 
physiological pH, nonetheless neutral macromolecules are also present. 
Not infrequently substituents of non-saccharidic nature are present, like 
ketal-linked pyruvate, acetate groups, succinic acid or inorganic residues 
such as phosphate or sulphate (Poli, 2010). The arrangement of 
monosaccharides strongly influences the physical properties of the 
molecule. Furthermore, the structures of EPS vary significantly and a vast 
number of different structures was reported. A mixture of polysaccharides 
(Ates, 2015; Kwon, 1994) can be also produced.  

The EPSs play a pivotal role in the biofilm development, making up 
a matrix for this type of formation. Biofilms represent a living micro-
environment for microbes, trapping water, ions and soluble products and 
enabling biochemical contacts between bacteria and surrounding cells. 
The exopolysaccharides can be attached either physically to the cell wall 
or remain associated with it, forming a capsule. Therefore, secreted 
polysaccharide remains loosely bound to the cellular surface. The EPS play 
highly important biological roles, are known to carry a significant 
protective task, shielding the bacterium against unfavourable 
environmental conditions as high or low temperatures, extreme acidity, 
UV radiation, heavy metals. In case of high salinity or variations of the pH, 
the polysaccharide viscosity does not change significantly, and the high 
stability of the polymer assures protection to the bacterial cell. The EPS 
can also play a key role in reduction of water loss and subsequently assist 
in rehydration enhancing the water uptake. 

Moreover, the EPSs also are highly involved in host-microbe 
interaction, includin both, symbiotic and pathogenic interactions with 
animals and including adhesion or immunomodulation. Finally, some of 
the EPSs found their industrial applications. The examples can be given by 
xanthan, dextran, gellan and curdlan produced by Xanthomonas 
campestris, lactic acid bacteria, Pseudomonas elodea and Alcaligenes 
faecalis, respectively (Mollakhalili & Mohammadifar, 2015; Nwodo, 2012). 

 



 

16 
 

1.5. Other glycolipids 

The lipopolysaccharides are strictly connected with Gram-negative 
bacteria, being a preserved component of their cell wall. Nonetheless it 
was reported that some organisms are devoid of the LPS on the outer 
leaflet of the cell wall.  An interesting example is given by bacteria from 
the genus Sphingomonas,  known to possess other type of glycoconjugate 
on their outer membrane, the Glycosphingolipids (GSL). Similarly to the 
LPS, GSLs possess an amphiphilic nature as they can be divided into a polar 

head containing a few monosaccharide units and a hydrophobic tail 
(Figure 1.10.). The lipophilic part is made up of a ceramide, specific type 
of lipid, composed of sphingosine and amide - linked fatty acid, whose 
nature may vary inside and throughout different microbes. A common 
characteristic is the presence of a negatively charged monosaccharide, 
glucosamine or neuraminic acid, substituted with the ceramide. In 
Sphingomonas paucimobilis and Sphingomonas capsulatus the GSL varies 
not only in terms of ceramide fatty acids, but also the saccharidic part, 
therefore two molecules are clearly distinguished, the GSL-1 possessing 
ceramide linked to GlcpA and the GSL-4A possessing a tetrasaccharide 
domain linked to the ceramide (Figure 1.11.) (Kawahara, 2000; Kawasaki, 
1994). Interestingly, significant conformational similarities can be noticed 
comparing E. coli Re-LPS and GSL-1 if three molecules are packed 
together. While in the LPS two Kdo units, two phosphate groups and six 
fatty acid chains are present, three GSL-1 comprise of three uronic acids 
and six fatty acid chains. Furthermore, it was shown that in the system of 
asymmetric lipid bilayers the GSL-1 behaves similarly to LPS for what 
concerns the channel function of porin, activation of complement and 

Figure 1.10 General scheme of glycosphingolipids (on the example of GSL-1) 
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interaction with polymyxin B. Furthermore, due to the lack of a 
complicated carbohydrate domain, the GSLs possess small variation of 
antigenicity (Kawasaki, 1994).  

 

Figure 1.11. Structure of GSL-1 and GSL-4A. 
 

1.6. Innate immunity and adaptive immunity 

The immunity is the ability of highly developed organisms to resist 
infections. Mammals respond to microbe invasion with innate and 
adaptative immune responses. Specific or adaptative immunity is the 
acquired capacity to recognize and destroy pathogens or their metabolic 
compounds. The adaptive immune system is capable to “remember” 
previously encountered microbes and destroy them just when they attack 
again. Therefore, using this strategy, the human body can avoid most of 
infections. Unfortunately, sufficient amount of time is needed to give 
effective response against invading microbes (Janeway, 2001). Given this, 
a first line of defence had to be developed and this important role is 
played by the innate immune system.  

Innate immunity relies on recognition of microbial patterns, 
conserved molecules commonly found in the pathogens, but not found in 
host organism. Those molecules are known as pathogen associated 
molecular patterns (PAMPs), and are recognized by specific pattern 
recognition reseptors, expressed by some of immune system cells. The 
can be further divided into distinct families (Brubaker, 2015), including 
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predominantly toll-like receptors (TLRs) or lectins. Skin and any epithelial 
surface separating the inside of the body with external environment is 
considered as a part of innate defence and therefore constitute the first 
barrier protecting human and in general animal body from invading 
microorganisms. When this is overcame (e.g. orally or by skin damage), 
innate immunity relies on its specific cells. These includes several types 
like monocytes and macrophages, neutrophils, eosinophils, basophils, 
mast cells, NK cells, NKT cells, γδ T cells and dendritic cells. Among all cell 
players, it is possible to distinguish phagocytes, constituted by 
macrophages and neutrophils, which are known to express significant 
variety of cell surface receptors and recognize invading microorganisms. 
Their phagocytic capabilities rely on ability to induction of actin 
polymerization upon recognition by the ligand by surface receptors, which 
lets the membrane to surround the microbe and incorporate it forming a 
phagosome. The germ gets finally degraded in oxygen-dependent 
manner, basing on reactive oxygen species or oxygen-independent 
manner, utilizing lysosomes, specific organelle containing enzymes 
capable of braking the cell wall of invader. The monocytes and mast cells 
are afterwards able to release cytokines inducing further immunological 
responses. 

Macrophages also contribute to the adaptive immune system. The 
adaptive immune system (or also so-called specific immune system) can 
be further spited into two other groups, namely humoral immunity and 
cell-mediated immunity. The main cellular players in adaptive immunity 
are two groups of lymphocytes, namely the T lymphocytes involved in 
expression of cell-mediated immunity and B-lymphocytes which express 
humoral immunity. The first step of immune response is antigen-
processing by macrophages and dendritic cells followed by presentation 
to B and T lymphocytes which are recognized by specific receptors 
expressed on their membrane. Therefore, the binding of the antigens to 
the receptors provokes activation, proliferation and differentiation into 
effector cells by a process of clonal selection.  

In case of cell mediated immunity, the process involves activation 
of phagocytes, and T-lymphocytes followed by release of different 
cytokines. In detail, the cytotoxic T-cells are able to attack the leukocytes 
presenting the antigenic determinants bounded to proteins of major 
histocompability complex of class I (MHCI) and combat them. 
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Furthermore, also T-helper cells play an important role by recognition of 
the complex formed by the antigen complexed with MHC class II, effecting 
in release of cytokines which later promotes the activity of macrophages. 
In contrast, the humoral response involves substances found in the humor 
(body fluids) and is mediated by molecules such as antibodies, 
complement proteins and antimicrobial peptides. The process consists of 
activation of B-cells or plasma cells which later secret antibodies 
circulating in the bloodstream and all fluids in general, bind to the foreign 
antigen causing its destruction. Therefore, some the cells undergo a phase 
differentiation into memory cells, which in future can encounter the new 
antigen, making the response fester and more effective. 
 

1.7.  Basis of TLR4/MD-2 recognition of LPS 

One of the key molecules recognized by the innate immune system 
in case of Gram-negative infection are the lipopolysaccharides. LPS are 
recognized as Pathogen associated molecular patterns (PAMPs), 
structurally conserved molecules able to trigger innate immune response 
by binding to specific Pathogen Recognition Receptors (PRRs) (Medzhitov, 
2001; Akira & Kiyoshi, 2004; Molinaro, 2015). In case of LPS, the innate 
immune response is triggered by binding of the lipid A to a receptorial 
complex formed by a small secreted protein, MD2 and a specific 
transmembrane receptor, member of the Toll-Like family, the TLR4 (Lu, 
2008). Several proteins are involved in the endotoxin induced signalling 
pathway. Once in the body, the LPS is extracted and de-aggregated by a 
serum protein, the LPS binding protein (LBP) and later transferred to a 
lymphocyte extrinsic membrane glycoprotein, the cluster differentiation 
antigen 14 (CD14), whose main role is to enhance the sensitivity towards 
the lipid A, reducing the binging affinity even to picomolar concentrations 
(Wright, 1990; Tobias, 1995). It is however important to point out that too 
high concentrations of the LBP and CD14 (soluble and membrane CD14) 
were demonstrated to inhibit the immune response (Zweigner, 2001; 
Kitchens, 2001). The myeloid differentiation protein-2 (MD-2) is a small 
(17kDa) lipid binding protein which plays a pivotal role in the activation 
process, complexing the N-terminal segment of TLR4 ectodomain. The 
MD-2 protein possesses two anti-parallel β-sheets which form a 
hydrophobic pocket accommodating the lipid A (Shimazu, 1999; Kim, 
2007; Park, 2009), or more precisely, the acyl chains of the domain. 
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Thereafter, the appropriate acylation pattern inducing conformational 
change in the protein is a requirement for the dimerization of the 
TLR4/MD-2 receptorial complex (Park, 2009; Ohto, 2012). The MD-2 itself 
is able to bind the LPS and discriminate different lipid As, therefore TLR4, 
in absence of MD-2, does not recognise the ligand (Shimazu, 1999; Kim, 
2007; Park, 2009). The heterodimer formation further induces 
dimerization of intracellular TIR domains initiating the signaling (Fig 1.8) 
(Jin & Lee, 2008). TLR4 is the only TLR that is able to transduct the signal 
through two pathways, namely, utilizing either MyD88 or TRIF adapter. 
This finally leads to activation of transcription factors like NF-kB or AP-1 
from MyD88 and the IFN-β (Figure 1.12.). 

 
Figure 1.12. Model of LPS signalling 
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1.8. Modulation of TLR4/MD-2 signalling 

The hexa-acylated, asymmetric (4+2) lipid A of E. coli LPS is 
considered as the most potent TLR4/MD-2 agonist. The capacity of various 
endotoxin to induce or antagonise the synthesis of cytokine and of other 

effector molecules is strictly correlated to the primary structure. 
Structural variations can strongly affect the lipid A potential to induce the 
TLR4/MD-2 mediated immunological response (Figure 1.13.).  

Many structural features including predominantly the number and 
nature of the acyl chains are considered to modulate the effect upon 
binding. Lipid A possessing a bis-phosphorylated disaccharide backbone 
with an asymmetric (4+2) distribution of six acyl residues, of which four 
saturated primary 3-hydroxylated and two secondary non-hydroxylated 
acyl residues generally of 12-14 carbon atoms in length (as in the case of 
E. coli lipid A, Figure 1.13), represents the most stimulatory agonist 

Figure 1.13. Lipid A structure-activity relationship. Indicated chemical changes of the E. 
coli lipid A and factor by which the structure is less active. Blue indications refer to 
modifications in the polar region, whereas indicated in red – hydrophobic region.  
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structure for innate immunity in human. Structural variations respect to 
E. coli hexa-acylated lipid A can correspond to less or not agonist active 
species. Hypo-acylated lipid As or symmetrical (3+3) hexa-acylated lipid A, 
adopting a cylindrical shape (Chapter 1.3.1) are known to act as 
anatagonists or weak agonists. Furthermore, the activity depends also on 
the number of phosphate groups, the presence of other decorations or 
variation in  the acylation pattern (Rietschel, 1994; Fox, 2010; Molinaro, 
2015).  

These strong structure-activity correlation results in the fine tuning 
of the “agonist properties” of the Lipid A, and results in creation of 
molecules possessing low immunostimulant properties. A fascinating 
example is given by Monophosphoryl lipid A® (MPL ®) (Figure 1.14.), which 
consists of Salmonella minnesota lipid A lacking (R)-3-
hydroxytetradecanoyl group and the 1-phosphate which possesses low 
immunostimulatory activities and therefore is used as an anticancer 
vaccine adjuvant (Cluff, 2010) (see Chapter 1.9). Further modifications in 
the structure can lead to complete disappearance of the toxic properties 
and even inhibition of the TLR4/MD-2 activation.  

 
A well-known TLR4/MD-2 antagonist is a tetra-acylated E. coli bio-

synthetic precursor, the lipid IVa (Figure 1.15). It was shown that the lipid 
IVa is able to compete with the toxic LPS for the interaction with the 

Figure 1.14 The MPL® structure 
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human TLR4/MD-2, can operate as “antagonist” reducing or, in a dose-
dependent manner, completely inhibiting the inflammatory cascade 
induced by strongly endotoxic lipid A species. Importantly, the molecule 
acts as a weak agonist in murine TLR4/MD-2 (Saitoh, 2004). Other 
interesting examples of antagonist lipid A were found in Rhodobacter 
capsulatus (Loppnow, 1990) or Rhodobacter sphaeroides (Anwar, 2015) 
whose structure was an inspiration in antiseptic drug designment (Kim, 
2007). 
 

 
Figure 1.15. Structure of the lipid IVa 
 

1.9 LPS in sepsis and as vaccine adjuvant 

The LPS induced activation of innate immune system through the 
TLR4/MD-2 complex is a beneficial event for the host, which provides a 
successful first line of defence. However, overstimulation of the system 
leads to serious, life-threatening effects.  

Sepsis is a condition, based on the overwhelmed response of the 
innate immune system. It is considered as the primary death cause 
sourcing from infection, especially when not properly treated or 
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recognized (Singer, 2016). Agonist LPS/lipid A species are able to trigger 
powerful immune response through TLR4/MD-2 receptor complex, 
therefore inflammation takes place. When the concentration of the LPS in 
the body reached high values, systemic inflammatory response syndrome 
(SIRS) arises. Moreover, as a response to inflammation a contradictory 
reaction effecting in production of anti-inflammatory cytokines, named 
Compensatory Anti-Inflammatory Response Syndrome (CARS) occurs. This 
leads to severe organ dysfunction and finally life-threatening septic shock. 
Sepsis remains one of the main death reasons among developed 
countries, furthermore, in the beginning of the century, 45% - 60% of 
sepsis cases were caused by Gram-negative bacteria (Bone, 1996; 
McCormick, 2001). Therefore, high demand on new treatment strategies 
leaded to development of different approaches towards combating the 
septic cascade. An inspiring example is given by Eritoran (Figure 1.16), 
antispectic molecule based on a non-toxic lipid A isolated from 
Rhodobacter capsulatus. The drug has shown a significant decrease of 
TNF-α and IL-6 levels in a randomized controlled trial on individuals 
challenged with endotoxin. Finally, Eritoran reached phase III of clinical 
trials (Peri, 2011). 

A further lipid A analogue possessing notable applications is the 
MPL®. The MPL® is a dephosphorylated lipid A obtained from Salmonalla 
minnesota R595, which due to removal of the phosphate groups presents 
significantly lower toxicity in comparison to the native Salmonalla 
minnesota lipid A (Figure 1.14). This made the compound a promising 
vaccine adjuvant, administered to various subjects in clinical trials, 
including allergen immunotherapy.  

Allergy is a pathology of the immune system, characterized by a 
hypersensivity to a substance termed as an allergen which in normal 
condition is harmless. When the person is sensitized the T helper type 2 
cells (Th2) type response, characterized by production of IgE antibodies by 
B-cells is obtained, which further leads to allergy reaction. The treatment 
includes allergy immunotherapy (AI) which is based on building 
immunological tolerance by the patient. After the treatment, 
immunological system of the patient is modified, therefore instead of IgE 
release, IgG antibodies which are unable to cause allergic reaction are 
produced by Th1 pathway. The immunotherapy includes use of pro-Th1 



 

25 
 

adjuvants, which tend to act as pro-inflammatory agents, being able to 
trigger immune response.  

The agents being possible to use are TLR4/MD-2 ligands, 
represented by the monophosphoryl lipid A®. Interestingly the tests of 
MPL® as adjuvant in murine model was successful promoting Th-1 
directed responses (Wheeler, 2001; Larsen, 2016). The MPL® is nowadays 
used in a therapeutic pollen-allergy vaccine, Polinex Quatro®.  It is 
important to point out, that the primary clinical development of the MPL® 
was concentrated on the potential use of the agent in cancer therapy. For 
instance, the MPL® is used as an adjuvant in a licensed anticancer vaccine, 
Melacine® (Fox, 2010). Furthermore, the monophosphoryl lipid A® is also 
found as a constituent of prophylactic vaccines, including 
GlaxoSmithKline’s (GSK) Fendrix® Cervarix® against hepatitis B and human 
papilloma virus (HPV) respectively (Fox, 2010).  Finally, the MPL® was also 
combined with other immunostimulants in various adjuvant systems 
which are in clinical development. For instance, the MPL® in a 
combination with the saponin QS21 in a liposomal formulation is used as 
a component of a malaria vaccine which reached phase 3 clinical trials 
(Lell, 2009). Following the success of the monophosphoryl lipid A® several 
lipid A based agents are being evaluated for clinical use, like the 
glucopyranosyl lipid A (GLA), synthetic MPL® derivatives or other E. coli 
lipid A derivatives (Fox, 2010).  

 
 Figure 1.16 Chemical structure of Eritoran. 
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Aims 

The TLR4/MD-2 receptorial complex is a target correlated with 
broad spectrum of modern-day disorders which still lack specific 
pharmacological treatment. These include autoimmune disorders, chronic 
inflammations, asthma, allergies, infectious and central nervous system 
diseases, and cancer. Thus, throughout last years many efforts were made 
to find novel, natural or synthetic TLR4/MD-2modulators. 

An inspiring example is given by Eritoran, synthetic and well 
tolerated by humans lipid A mimetic, which acts as TLR4/MD-2 inhibitor. 
Successfully, the drug reached phase III clinical trials as an antisepsis 
agent. An inspiration to create such molecule were two natural lipid As 
isolated from Rhodobacter sphaeroides and R. capsulatus, phototrophic 
bacteria found in freshwater or marine environments, which showed 
agonist activity towards the TLR4/MD-2. On the other hand, compounds 
able to trigger low immunological response, like the lipid A analogue, 
MPL® found their role as used nowadays vaccine adjuvants in allergy and 
cancer therapy or disease prevention. In this context, structural and 
immunological characterization of the LPS isolated from human non-
pathogenic or symbiotic bacteria became an inspiring source of novel, 
potential TLR4/MD-2 agonists and antagonists. The LPS derived from such 
bacteria are expected to not induce significant activation of human innate 
immune system or, even inhibit the signalling caused by agonist LPS. Thus, 
the main aim of presented work is structural and immunological 
characterization of new TLR4/MD-2 modulators. An additional goal is to 
characterize structures and functions of other cell wall glycoconjugates or 
glycans of these bacteria. 
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2.1. Isolation and purification 

The first step towards of LPS/LOS structural elucidation is the 
isolation of components from intact bacterial cells. This goal is achieved 
using two complementary extraction techniques, which lead to selective 
isolation of the R-LPS and S-LPS, obviously basing on differences in 
hydrophobic/hydrophilic character of molecule. Although all of the LPSs 
possess amphiphilic nature, the presence of the O-antigen significantly 
increases hydrophilic character of the molecule, therefore S-LPS tends to 
be extracted rather by aqueous solutions, whereas the LOS lacking the 
OPS is known to possess higher lipophilic character, hence is more likely 
isolated with low-polar mixtures.  

The isolation process often starts with a pre-extraction step, 
undertaken in order to remove all cell contaminant. This includes washing 
the intact cell pellet with solvents as water, ethanol and acetone.  Then, 
the sample undergoes R-LPS specific extraction with petroleum-
chloroform-phenol (PCP) (Galanos, 1969). The protocol includes 
treatment of the lyophilised cells with solution of 
petroleum/chloroform/phenol (8:5:2), removal of volatile solvents and 
precipitation of the LOS with water. Remaining cells undergo hot phenol-
water extraction to extract S-LPS. This includes treatment of the pellet 
with phenol water (1:1) solution at 68°C (Westphal & Jann, 1965). The 
procedure results in the presence of two separate phases which undergo 
extensive steps of dialysis. Due to its hydrophilic character, the S-LPS is 
typically present in the water phase, nonetheless several factors including 
the length of the O-chain, presence of nonpolar groups and charged 
monosaccharides can significantly affect the solubility of the LPS in water, 
hence it can be also found in the phenol phase.  

The purification steps include use of enzymes, which hydrolyse 
coextracted proteins and nucleic acids, followed by extensive dialysis. The 
LPS is detected by performing the sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS-PAGE) or sodium deoxycholate-
polyacrylamide gel electrophoresis (DOC-PAGE) electrophoresis followed 
by silver nitrate staining (Kittelberger & Hilbink, 1993). The presence of S-
LPS is unveiled by occurrence of a typical ladder-like pattern in the higher 
part of the migration lane, observed due to size heterogenicity of the O-
antigen, characterized by presence of different number of repeating units; 



 

35 
 

the LOS shows instead a single band at the lower part of the gel, arising 
from its low molecular weight. The extracted LPS and LOS undergo further 
purification steps, like size exclusion chromatography. 

 

2.2 Degradation and derivatization techniques  

Once a pure  LPS/LOS is obtained, the amphiphilic character of the 
LPS leading to micelle formation is a main difficulty in terms of the 
structural investigations. Therefore, several degradation techniques were 
developed in order to overcome this obstacle.  
 
2.2.1 Degradation techniques 

The most commonly used degradation technique relies on highly 
acid-labile ketosidic linkage between the Kdo and non-reducing GlcN of 
the lipid A. This is due to the lack of any electron withdrawing group, 
adjacent to anomeric position of Kdo (it’s C-3, as C-2 in case of Kdo) which 
favours the formation of the reaction intermediate carbocation. 
Furthermore, during the formation of oxonium ion, a passage from chair 
into half-chair conformation occurs, which is fastened by presence of non-
substituted carbons, and finally the presence of a hydroxyl group in axial 
position of C-5 causes a steric energy release in the formation of 
carbocation intermediate.  

The hydrolysis is performed in mild acidic conditions, namely 
acetate buffer at pH 4.4 or 1% acetic acid solution, which is sufficient to 
selectively cleave the ketosidic linkage. The usage of this technique leads 
to separation of highly hydrophobic lipid A fraction from the water-soluble 
saccharide moiety which can be further recovered using liquid-liquid 
extraction (Blight & Dyer, 1956) or simple centrifugation. The main 
advantage of this technique is isolation of lipid A and the core OS-O-
polysaccharide fractions and high simplicity of the protocol. On the other 
hand, the main disadvantage of the method is formation of 
microheterogenicity of the reducing Kdo residue (formation of α and β, 
furanose and pyranose forms) hindering the NMR analysis of the core OS 
and removal of other highly acid-labile substituents or hydrolysis of other 
ketosidic linkages if present.  
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Therefore, alkaline treatment is also widely used. The method 
comprises of two steps leading to the full de-acylation of LPS/LOS. First, a 
mild hydrazinolysis in anhydrous conditions is performed in order to 
remove the ester linked fatty-acids. The reaction is followed with strong 
alkaline hydrolysis (4M KOH) that leads to deletion of the amide-linked 
fatty acids. It is worth to point out that both, mild acidic hydrolysis and 
full-deacylation techniques can be used complementary, thereby the 
possible presence and position of acid- and base-labile constituents can 
be easily determined.  

 

2.2.2. Derivatization techniques 

Chemical analyses are necessary to obtain important preliminary 
information about primary structure of poly/oligosaccharides in terms of  
chemical composition of the molecule (sugar residues and fatty acids), 
including the absolute configuration of the monosaccharides and their 
linkage. Volatile, non-polar derivatives are produced which undergo 
analysis with gas chromatography coupled with mass spectrometry (GC-
MS). The main derivatization used in LPS, glycolipid, carbohydrate and 
lipid analysis are described below. 

Acetylated methyl glycosides 

One of the most important method providing significant 
preliminary information is conversion of polysaccharides into acetylated 
O-methyl glycosides (MGA). The molecule undergoes solvolysis 
(methanolysis) with anhydrous HCl/MeOH solution, leading to formation 
of O-methyl glycoside of each monosaccharide present in the molecule. 
The second step includes acetylation with anhydrous acetic anhydride 
(Ac2O) in pyridine (Pyr) which leads to formation of per-acetylated methyl 
glycosides, analysable using GC-MS (Figure 2.1). The products are 
identified on the basis of retention time from the GC analysis and 
fragmentation pattern from electron impact MS (EI-MS).  

The method provides a fast and reliable method for preliminary 
LPS composition analysis. It is important to point out that the acidic 
methanolysis leads to formation of a mixture glycosides which can differ 
in the terms of ring size and configuration at the anomeric centre (α and 
β; pyranose and furanose form), nonetheless it does not significantly 
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influence the analysis. The acetylated O-methyl glycosides are then 
injected to GC and identified by comparison with standard or to GC-MS 
and identified by the fragmentation pattern and the retention time. 

 

 
 
Figure 2.1 Scheme of the reactions taking place during derivatization of a glycan into the 
corresponding Acetylated Methyl Glycosides (MGA) 
 

Acetylated alditols 

Another technique widely used to characterize the sugar 
composition includes derivation of sugar residues into acetylated alditols 
(AA).  In this protocol the poly/oligosaccharide is hydrolyzed with 
trifluoroacetic acid followed by reduction of monosaccharides with NaBH4 
and acetylationforming an alditol corresponding to every 
monosaccharide. Finally, the products are acetylated with Ac2O and Pyr 
and injected to GC (Figure 2.2). The identification of each monosaccharide 
undergoes by comparison with standards. Derivatization to acetylated 
alditols provides a single peak of each monosaccharide, hence the 
technique can be effectively used to quantify all residues using an internal 
standard.  
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Figure 2.2 Scheme of the reactions taking place during derivatization of a glycan into the 
corresponding Acetylated Alditol (AA) 
 

Octyl/buthyl glycosides 

Derivatization with enantiomerically pure 2-(+)-octanol or  
2-(-)-butanol is used to identify the absolute configuration of 
monosaccharides. They are derivatized as peracetylated 2-(+)-octyl-
glycosides and injected to GC-MS and compared with standards of known 
absolute configuration. The comparison of retention time  of the 
“unknown” acetyl 2-(+)-octyl glycoside (or acetyl 2-(-)-octyl/buthyl 
glycoside) with one of corresponding racemically pure standard of either 
D or L 2-(+)-octyl glycoside (or acetyl 2-(-)-octyl/buthyl glycoside if used) 
and 2-(±)-octyl glycoside (Leontein & Lönngren, 1978) allow the 
identification of the absolute configuration of the unknown 
monosaccharide. 
 
Partially methylated alditol acetates 

Derivatization of the polysaccharide into partially methylated 
alditol acetates (PMAA) yields in information on substitution of every 
monosaccharide and the ring size. This procedure consists in a complete 
methylation of polysaccharide and successive hydrolysis, reduction with 
NaBD4, and acetylation (Figure 2.3). The products are separated on a GC 
column, whereas the analysis of EI-MS spectra provides all information 
needed to assign the structure of derivatization products. The 
fragmentation patterns are highly specific to all acetyl and methoxy 
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groups (Figure 2.3). This is due to selective cleavage of the bond where 
methyloxy group is engaged, maintaining the positive charge because of 
resonance effects (Ciucanu & Kerek, 1984). The position of the acetyl 
groups in the fragments accounts for the attachment point or for the 
position of ciclyzation of the pyranose or furanose ring. The methyl groups 
correspond to free positions, not involved in linkages. The reduction of the 
carbonilic function with sodium borodeuteride discriminates the 
fragments originated from the reduced position (even masses) form those 
originated from the last position (odd masses). 

Figure 2.3 Scheme of the reactions taking place during derivatization of a glycan into the 
corresponding Partially Methylated Alditol Acetates (PMAA). At the bottom an example 
of primary ions obtained with EI-MS fragmentation. 

 
Fatty acid analysis 

The fatty acids composition can be determined by producing fatty 
acid methyl esters. The sample is treated with HCl, therefore neutralised 
with NaOH and further treated in highly alkaline conditions. Liberated 
fatty acids are extracted with chloroform from the solution driven into 
acidic (pH = 3) environment. Further step is methylation with use of 
diazomethane and analysis of the products with GC-MS. The 
quantification is possible using internal standard method. Selectively O-
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linked fatty acid can be liberated using alkaline treatment, permitting 
calculation of the quantity of N-linked and O-linked acyl chains. Moreover, 
absolute configuration of fatty acids can be further elucidated using 
method developed by Rietschel (1976). 

2.3 Spectral techniques in LPS structural elucidation 

The final structural assignments of all LPS components, EPS and 
any type of glycolipids is performed using a combination of other spectral 
methods including Nuclear Magnetic Resonance Spectroscopy (NMR) and 
mass spectrometry, namely Matrix Associated Laser Desorption Ionisation 
– Time Of Flight (MALDI-TOF), electrospray (ESI-MS) and tandem mass 
spectrometry (MS2). Application of these techniques is key in determining 
the structure of a polysaccharide and the lipid A (and other glycolipids). 

 
2.3.1 Nuclear magnetic resonance  

The liquid state NMR is a powerful tool in the field of structural 
elucidation of carbohydrates, providing information on native samples, 
not reachable with use of other techniques. This includes type, 
configuration and ring size of the monosaccharides, their sequence 
including the branching points and substitutions of other, non-
carbohydrate substituents. The NMR study of carbohydrate includes 
observation of different nuclei, including 1H; 13C and 31P. The analysis 
includes characterization of mono-dimensional so as bi-dimensional, 
homo- and heteronuclear spectra.  

A typical monodimensional 1H NMR spectrum consists of three 
distinguishable regions, including: 

• Anomeric proton signal region 5.5 – 4.5 ppm 

• Ring proton signals 4.5 – 3.0 ppm 

• Deoxy and acetyl proton signals 2.5 – 1.0 ppm  

Therefore, also 13C NMR spectrum consists of different regions, including: 

• Anomeric carbon signals – 110 – 90 ppm 

• Ring carbon signals – 90 – 60 ppm 

• Nitrogen linked carbon signals 60 – 45 ppm 
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• Aliphatic methylene carbon signals - ~ 30 ppm 

• Methylene carbon of 6-deoxy sugars – 20 – 15 ppm 

Full structural characterization comprises use of bi-dimensional 
techniques. The key step is assignment of all 1H and 13C chemical shifts; 
characterization of spin systems and assignation of all proton signal 
among them is done on the basis of Total Correlation Spectroscopy 
(TOCSY) and Correlation Spectroscopy (COSY). Furthermore, assignment 
of 13C resonances is done using Heteronuclear Single Quantum Coherence 
(HSQC spectra). As for the anomeric configuration, α-configured  pyranose 
sugar residues resonate  up-field at 5.6 – 4.9 ppm, whereas those involved 
in β-glycosidic linkage at 4.7 – 4.3 ppm. On the other hand, carbon 
resonances possess high chemical shifts in case of β anomers (105 – 103 
ppm) and low chemical shift in case of α-anomers (101 – 95 ppm). 
Furthermore, key is the use of 3JH,H couplings following the Karpulus law. 
The coupling constants between vicinal protons is correlated to the 
dihedral angle, hence high 3JH,H (8 – 10 Hz) are diagnostic for trans-diaxial 
orientation of the protons whereas low 3JH,H (<4 Hz) is characteristic for 
equatorial/axial orientation. Heteronuclear coupling constants between 
anomeric proton and carbon 1JC1,H1 are also fundamental in the definition 
of the anomeric configuration. In pyranose rings,  1JC1,H1 above 170 Hz 
corresponds to α-anomers, whereas 1JC1,H1 below  170 Hz is characteristic 
for β-anomers.  

Other meaningful parameter in designation of the configuration are 
intra-residual NOE contacts, assigned on the basis of Nuclear Overhauser 
Enhancement Spectroscopy (NOESY) and Rotating Frame Overhauser 
Enhancement Spectroscopy (ROESY), experiments that correlate spacially 
close protons. Strong NOE correlations between H1, H3 and H5 are 
diagnostic for β-gluco-configuration, whereas for α-gluco-configuration 
the only NOE contact is between H1 and H2. Observation of NOE is also a 
very useful tool in designation of monosaccharide sequence. Presence of 
inter-residual correlations of the anomeric position with neighborhood 
protons are indicative for presence of glycosidic bond. 

The positions of glycosidations are characterized by strong downfield 
shift in carbon resonance up to 10 ppm for involved nuclei and 1 – 2 ppm 
upfield for adjacent carbon nuclei. Finally, long range inter-residual 
correlations found on the Heteronuclear Multiple Bond Correlation 
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spectra (1H13C HMBC) are used to undeniably characterize the nuclei 
involved in binding. It is also worth to mention that strong HMBC 
correlations of H1/C1 with C5/H5 are diagnostic for pyranose ring, 
whereas strong contacts between H1/C1 and C4/H4 for furanose residues. 
If present, the phosphorylation site is determined by 1H31P HSQC spectra. 

 

 
Figure 2.4. Schematic representation of nuclei involved in the main NMR techniques used 
in carbodydrate analysis. Arrows indicate observed correlations 
 

2.3.2. Mass spectrometry 

Mass spectrometry has become a powerful complementary 
method for structural analysis of lipopolysaccharides and 
lipooligosaccharides especially with the development of soft ionization 
techniques like MALDI (Matrix Assisted Laser Desorption Ionisation), ESI 
(ElectroSpray Ionisation), and the fragment analysis in MS2 experiments. 
The MALDI and ESI techniques show high sensitivity also at relatively high 
molecular mass and provides good spectra of intact molecular ions of 
lipopolysaccharides. 
 
Oligo/polysaccharide analysis 

The use of mild MS techniques brings an invaluable, additional 
information, to the analysis of 1D and 2D NMR spectra. Usually, for 
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carbohydrates, MALDI- and ESI MS spectra are performed in negative ion 
mode, due to the presence of the hydroxyl groups that can lose a proton 
and acquire a negative charge; nevertheless, spectra in positive ion mode 
are also performed. The use of MALDI-TOF spectrometry gives a clear view 
on the presence of various glycoforms and their composition along with 
presence of non-saccharidic substituents. Furthermore, the use of MS2 
experiments permits us to obtain further important information on 
residue sequence and positions of non-carbohydrate substituents. 
General scheme of fragments obtained applying MS2 on saccharides is 
presented on figure 2.5 (Domon & Costello, 1988; Mechref, 2003; Bauer, 
2012).  

 
Figure 2.5. Main fragment ions formed applying MS2 (Bauer, 2012) 

 

MALDI-TOF and MS2 may be used on any type of 
oligo/polysaccharide. This makes the technique significantly valuable in 
core region analysis. Furthermore, also techniques on intact LPS/LOS 
MALDI-TOF analysis were developed. Treating LOS with MALDI ionization 
leads to cleavage of labile Kdo linkage, and as a result formation of three 
groups of peaks on the mass spectrum including lipid A peaks, core OS 
peaks and intact LOS signals (Sturiale, 2005). The method is of great 
significance, as it provides a picture of the intact molecule, thus no 
information is lost by during chemical treatment of the molecule. 
Moreover, application of this technique to S-LPS analysis can bring 
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information about molecular weight of the repeating unit due to the 
molecular weight dispersion characteristic for this type of 
lipopolysaccharide. 
 
 
Lipid A analysis 

A key approach in structural elucidation is MALDI-TOF and/or ESI-
MS along with MS2 analysis. Analysis of the data gives insights on the lipid 
A constitution, the number of species and compositional differences 
between them, and therefore also the distribution of the acyl chains on 
lipid A skeleton and position of other substituents. Classically the analysis 
is performed on the lipid A obtained from the mild acid hydrolysis, 
nonetheless new techniques were developed permitting structural 
investigations on lipid A microextracted directly from the cell pellet 
(Larrouy-Maumus, 2016). This gives an opportunity to screen the native 
molecule features, without applying any chemical modifications. The 
initial information obtained by MS is composition and distribution of lipid 
A species, also based on chemical analysis of fatty acid methyl esters 
(Chapter 2.2.2.).  

Further use of tandem mass spectrometry allows us to obtain 
further structural information based on the fragmentation pattern of the 
molecule. Positive ion MALDI MS induce cleavage of GlcN backbone, 
resulting in selective formation of the oxonium ion relative to the non-
reducing GlcN unit (Domon & Costello, 1988). Thus, positive ion MALDI 
carry information significantly helping to elucidate the asymmetric 
distribution of the acyl chains. The application of mild O-deacylation 
modifications including hydrazinolysis (Holst, 2000) or NH4OH treatment 
can be also used for further structural investigation (Silipo, 2002). The 
ammonium treatment selectively hydrolyse ester linked acyloxyacyl 
grups, while the amide linked acyloxyacyl groups remain untouched. The 
spectra are typically recorded in the negative mode, nonetheless also 
information may be obtained using positive mode.  

 

  



 

45 
 

References: 

Bauer S. (2012) Mass Spectrometry for Characterizing Plant Cell Wall 
Polysaccharides. Front. Plant. Sci. 3, 45. 

Bligh E.G., Dyer W.J. (1959) A rapid method for total lipid extraction and 
purification. Can. J. Biochem. Physiol. 37, 911-917. 

Ciucanu, I., Kerek, F. (1984) A simple and rapid method for the permethylation 
of carbohydrates. Carbohydr. Res. 131, 209–217. 

Domon B., Costello C.E. (1988) Structure elucidation of glycosphingolipids and 
gangliosides using high-performance tandem mass spectrometry. Biochemistry. 
27(5), 1534-1543. 

Galanos C., Luderitz O., Westphal O. (1969) A new method for the extraction of 
R lipopolysaccharides. Eur. J. Biochem. 9, 245-249. 

Holst O. (2000) Deacylation of lipopolysaccharides and isolation of 
oligosaccharide phosphates. Methods Mol. Biol. 145, 345 -353. 

Kittelberger R., Hilbink F. (1993) Sensitive silver-staining detection of bacterial 
lipopolysaccharides in polyacrylamide gels. J. Biochem. Biophys. Methods. 26(1), 
81-86. 

Larrouy-Maumus G., Clements A., Filloux A., McCarthy R.R., Mostowy S. (2016) 
Direct detection of lipid A on intact Gram-negative bacteria by MALDI-TOF mass 
spectrometry. J. Microbiol. Methods. 120, 68-71. 

Leontein K., Lönngren J. (1978) Determination of the absolute configuration of 
sugars by Gas-Liquid Chromatography of their acetylated 2-octyl glycosides. 
Methods Carbohydr. Chem. 62, 359-362. 

Mechref Y., Novotny M.V., Krishnan C. (2003) Structural Characterization of 
Oligosaccharides Using Maldi-TOF/TOF Tandem Mass Spectrometry, Anal. Chem. 
75(18), 4895–4903. 

Rietschel E. T. (1976) Absolute configuration of 3-Hydroxy fatty acid present in 
lipopolysaccharides from various bacterial groups. Eur. J. Biochem. 64, 423-428. 

Silipo A., Lanzetta R., Amoresano A., Parrilli M., Molinaro A. (2002) Ammonium 
hydroxide hydrolysis: a valuable support in the MALDI-TOF mass spectrometry 
analysis of Lipid A fatty acid distribution. J. Lipid Res. 43, 2188-2195. 

Sturiale L., Garozzo D., Silipo A., Lanzetta R., Parrilli M., Molinaro A. (2005) New 
conditions for matrix-assisted laser desorption/ionization mass spectrometry of 



 

46 
 

native bacterial R-type lipopolysaccharides. Rapid Commun. Mass Spectrom. 19, 
1829-1834. 

Westphal O., Jann K. (1965) Bacterial lipopolysaccharides: extraction with 
phenol-water and further applications of the procedure. Methods Carbohydr. 
Chem. 5, 83-91. 

  



 

47 
 

SECTION II 
 

Structural, immunological 

and functional 

characterization of 

bacterial cell wall 

components



 

48 
 

 
Chapter III 

 

Acetobacter pasteurianus 

CIP103108 
  



 

49 
 

 

Premise 

Gram-negative bacteria can be found used within human activities 
as production and processing of traditional foods and beverages, in 
biotechnology and genetic engineering, in the production of 
pharmaceuticals (Doyle, 2013). An interesting example is given by a 
member of Alphaproteobacteria, an acetic acid-producing bacterium 
commonly found associated with plants and plant products and present 
on sugar-rich substrates such as fruits, flowers and vegetables. The 
microbe is also commonly involved in the process of wine spoilage during 
the ageing. The most notable feature of A. pasteurianus is its capability to 
oxidize any alcohol or sugar into the corresponding organic acid, including 
mostly demanded conversion of ethanol into acetic acid. Moreover, the 
microbe shows significant resistance to ethanolic environment (Sengun & 
Karabiyikli, 2011; Yamada & Yukphan, 2008).  

Acetobacter pasteurianus is used in the production of fermented 
foods including kefir or vinegar (Nanda, 2001), but essentially of the 
Japanese black rice vinegar, kurozu, manufactured using a range of 
microorganisms, including Aspergillus oryzae, responsible for 
saccharification of rice, the sugar fermenting Saccharomyces cerevisiae , 
lactic acid bacteria (Hashimoto, 2017). The consumption of kurozu is 
known to carry significant health benefits including radical scavenging 
activity (Shimoji, 2002), inhibition of cancer cell proliferation (Nanda, 
2004) or the development of colonic aberrant crypt foci (Shimoji, 2003) 
and it is believed to relieve hypertension (Hashimoto, 2013). Moreover, 
Hashimoto et al. (2013) reported that freeze-dried kurozu is able to 
stimulate the innate immune system via TLR2 and TLR4 activation, 
therefore it is hypothesized that some health benefits may derive from 
bacterial cell components, remaining in the vinegar after the production 
process. Thus, structural and biological characterization of potential 
immunoactive bacterial cell envelope compounds such as LPS from 
Acetobacter pasteurianus may shat a light on the health beneficial 
properties of the vinegar. 
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3.1 Isolation of the cell wall components 

The cell wall components of Acetobacter pasteurianus CIP 103108 
were isolated applying the hot phenol-water method (Westphal, 1965), 
preceded by extensive steps of purification with water, ethanol and 
acetone. The isolated fraction was further purified applying a step of 
enzymatic digestion followed by extensive dialysis and 
ultracentrifugation. DOC-PAGE analysis revealed the presence of a 
mixture of R-type and S-type LPS in the extract. Purification steps, 
including enzymatic digestion followed by size exclusion chromatography 
in denaturing conditions, (0,25% DOC) monitored by SDS-PAGE 
electrophoresis (Figure 3.1.) and 1H NMR (Figure 3.2) allowed to isolate S-
type LPS and R-type LPS (Figure 3.2). The lanes corresponding to the 
eluted fractions showed a clear staining at the higher part of the gel (F2, 
LPS) whereas the lane corresponding to the last eluted fraction showed 
exclusive staining at the lower part (F3, LOS). The result was confirmed by 

Figure 3.1 Silver-stained SDS-PAGE gel of fraction obtained applying Sephacryl S-200 column under 

denaturating conditions. 1) Native water phase 2) Fraction “F2” containing S-LPS 3) Fraction “3” 

containing R-LPS 
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1H NMR, as they suggested presence of the S-LPS and LOS (R-LPS) 
separately. Both fractions underwent further structural analyses.  

 

3.2. Chemical characterization of Acetobacter pasteurianus cell wall 
components 

The fraction containing the S-type LPS underwent extensive steps 
of qualitative and quantitative analysis. The monosaccharide content was 
determined on the basis of acetylated O-methyl glycoside method and 
acetylated alditols. The quantity of each neutral sugar and uronic acid was 
calculated deriving all residues to acetylated alditols and using Xyl as the 
internal standard. The aminosugars were identified applying strong  
hydrolysis conditions while the ulosonic acids were identified upon 
derivatization to acetylated O-methyl glycosides and GC-MS analysis. 
Finally, the absolute configuration was determined with the octyl-
glycoside method. The results of full chemical analysis of A. pasteurianus 

Figure 3.2 1H NMR spectra of fractions obtained by applying S-200 column in denaturating 

conditions a) Fraction “2” containing the S-LPS b) Fraction “3” containing R-LPS 
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sugar residues is summarized in the Table 3.1. The linkage analysis 
(Ciucanu & Kerek, 1984) revealed presence of 2,4-disubstituted Rhap, 2-
substituted Rhap, 2-substituted Manp, 6-substituted Glcp, terminal Glcp, 
3-substituted Galf, 2,6-disubstituted Galf. 

The fatty acids were quantified using 17:0 as a standard and 
derivatized to fatty acid methyl esters. Selective hydrolysis of O-linked acyl 
chains revealed that only 18:0(3-OH) was attached to the lipid A via amide 
linkage, whereas 14:0 (3-OH) and 16:0 were linked through ester bound 
(De Castro, 2010). The detailed composition of the fatty acids is 
summarized in Table 3.1. 
 
Table 3.1 Composition of the S-LPS fraction 

Monosaccharides Concentration [nmol/mg] 

L‐rhamnose (Rha) 800 
D‐mannose (Man) 103 
D‐Glucose (Glc) 1479 
D‐Galactose (Gal) 1685 
3‐deoxy‐D‐manno‐oct‐2‐
ulosonic acid (Kdo) 

NQ 

D‐glycero‐D‐talo‐oct‐2‐
ulosonic acid (Ko) 

NQ 

D-glucuronic acid (GlcA) 91 

D-glucosamine (GlcN) NQ 
2,3-diamino-2-3-dideoxy-
D-glucose (DAG) 

NQ 

Total fatty acids Total 
[nmol/mg] 

Ester [nmol/mg] 

3OH‐14:0 65 11 
16:0 89 31 
18:0 54 0 
3OH‐18:0 52 0 

NQ – not quantified; tr – trace quantities 
 

The sugar compositional analysis performed on the R-LPS 
containing fraction revealed presence of Rha, GlcA, Glc, GlcN, DAG, Kdo 
and Ko. Moreover, the linkage analysis performed with Ciucanu-Kereks 
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(1984) method unveiled 3-substituted-Rhap, terminal-Glcp, 5,7,8-
substituted Kdop and 8-substituted Kop (Figure 1.3). 

 

Figure 3.3. The EI-MS fragmentation pattern of 8-substituted-Kop PMAA derivative 

3.3 Isolation and purification of the OPS and lipid A. 

In order to isolate the O-polysaccharide (OPS) and the lipid A, an 
aliquot of pure S-LPS underwent mild acidic hydrolysis. The recovery of 
both fractions was performed using the Blight Dyer extraction (Bligh & 
Dyer, 1959). The OPS was purified by  size exclusion chromatography as 
the obtained product was heterogenous. As a result, two separate 

236

396

352

117

233

277
-30 

-60 

247

173

156

292
189

-30 -60 

-60 

-60 129

148

-60 
88

Figure 3.4 1H NMR spectra of a)PS1 and b)PS2 
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fractions were obtained whose 1H NMR (Figure 3.4) and compositional 
analysis clearly indicated presence of two different polysaccharides, 
abbreviated as PS1 and PS2. Both fractions and the lipid A were 
characterized as described below. 
 

3.4 Structural characterization of Acetobacter pasteurianus 
CIP103108 OPS 
 

3.4.1. Structural characterization of PS1 

The spin systems and monosaccharide sequence were 
characterized using a combination of 1D and 2D NMR spectra. The 
anomeric configuration of the monosaccharides was assigned on the basis 
of the 3JH1,H2 and 1JC1,H1 coupling constants and confirmed by the intra-
residual NOE contacts; the vicinal 3JH,H coupling constants and intra 

Figure 3.5 Superposed sections of 1H 13C HSQC (red and green) and 1H 13C HMBC (blue) and 
1H NMR spectra of PS1. The anomeric signals and key inter-residual long-range correlations 

involving sugar residues of PS1 are indicated. Letters are as found in Table 3.2. 
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residual NOE contacts revealed the relative configuration of the sugar 
residues. 

The anomeric region of PS1 revealed the presence of four different 
anomeric signals (Figure 3.5, Table 3.2). Spin systems A, B and D at 5.21, 
5.07 and 4.97 ppm were identified as β-D-Galf units. The downfield shift 
of all carbon signals, the strong downfield shift of carbon C-4 and the intra-
residual long-range correlation between positions 1 and 4 found in the 
HMBC spectrum (Figure 3.5) were diagnostic of a furanose ring (Di 
Lorenzo, 2014). The β-anomeric configuration was assessed on the basis 
of 13C chemical shift (Molinaro, 2002). Spin system C was identified as an 
α-D-Glcp; its anomeric configuration was assigned on the basis of 1JC1,H1 
(Table 3.2) and the 3JH1,H2 (< 4 Hz) whereas high 3JH3,H4 (9.1 Hz) and intra-
residual NOE connectivity of H-3 and H-5 confirmed the gluco 
configuration.  
 
Table 3.2. Proton (1H) and carbon (13C) (italic) chemical shifts of A. pasteurianus PS1 

Residue 1 2 3 4 5 6 

A  
2,6-β-D-Galf 

5.21 4.08 4.15 3.86 3.91 3.53/3.78 
105.2 86.6 75.0 82.3 69.0 69.3 

 1JC1,H1 172.3 
Hz 

3JH1,H2 3.4 
Hz 

3JH2,H3 9.5 
Hz 

3JH3,H4 9.4 
Hz 

3JH4,H5 9.4 
Hz 

 

B 
6-β-D-Galf 

5.07 4.02 3.97 3.84 3.86 3.77/3.50 
106.8 81.2 76.6 82.9 69.2 69.3 

C 
t-α-D-Glcp 

4.98 3.47 3.61 3.34 3.67 3.77/3.67 
98.1 71.1 72.7 69.4 72.3 60.4 

D 
3-β-D-Galf 

4.97 4.21 4.09 4.00 3.80 3.62/3.57 
108.1 79.2 82.6 82.0 70.7 62.7 
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The downfield shift of carbon resonances suggested glycosylated 
positions at O-2 and O-6 of A, O-6 of B and O-3 of D. Spin system C was 
characterized as a terminal Glc residue. The inter-residual NOE 
connectivity (Figure 3.6.) along with long-range correlations found on the 
HMBC spectrum (Figure 3.5) of A1/D3, B1/D3, D1/A6 and C1/A2 allowed 
to define the saccharide sequence. Residue C was found to be not 
stoichiometrically linked at position O-2 of the galactofuranose residue A, 
substituted for about 75 %. 
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Figure 3.6 Superposed sections of TOCSY (blue) and ROESY (red) and 1H NMR spectra 

of PS1. The key inter-residual correlations involving sugar residues of PS1 are 

indicated. Letters are as found in Table 3.2. 

 

              A/B                          D 

→6)-β-D-Galf-(1→3)- β-D-Galf-(1→  

            2 

            ↑           C 

            1-α-D-Glcp*   *non-stoichiometric substitution 
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3.4.2. Structural characterization of OPS2 

The NMR spectrum of PS2 unveiled the presence of five anomeric 
signals (Figure 3.7, Table 3.3). Spin systems A and B, H-1 at 5.10 and 5.03 
ppm respectively (Table 3.3), were characterized as α-rhamnopyranose 
residues. In both cases, correlations of the ring protons with methyl 
signals were visible from the TOCSY spectrum. The manno configuration 
of both spin systems was assigned on the basis of 3JH1,H2 and 3JH2,H3 
coupling constants, the α-configuration from intra-residual NOE contact 
of H-1 with H-2 and the chemical shift value of C-5. Analogously, spin 
systems C and D were assigned as α-glucopyranose units while spin 
system E was identified as α-mannopyranose.  
 
Table 3.3 Proton (1H) and carbon (13C) (italic) chemical shifts of A. pasteurianus PS2 

Chemical Shift δ (1H/13C) 

Unit 1 2 3 4 5 6 

A 

2,4-α-L-Rhap 

5.10 4.11 3.97 3.49 3.82 1.32 

100.5 78.9 68.6 81.2 68.3 16.9 

 
1JC1,H1 

173.4 Hz 

3JH1,H2  1 Hz 3JH2,H3 2.4 Hz 3JH3,H4 9.02 Hz   

B 

2-α-L-Rhap 

5.03 4.07 3.84 3.45 3.71 1.22 

99.9 77.3 69.6 72.0 69.6 16.6 

 
1JC1,H1 

172.0 Hz 

3JH1,H2  1 Hz 3JH2,H3 3.0 Hz 3JH3,H4 9.5 Hz   

C 

t-α-D-Glcp 

5.00 3.49 3.63 3.39 3.94 3.75 

99.6 71.5 72.8 69.5 71.9 60.2 

 
1JC1,H1 

174.4 Hz 

3JH1,H2 3.5 Hz 3JH2,H3 9.4 Hz 3JH3,H4 9.5 Hz   

D 

6-α-D-Glcp 

4.95 3.50 3.69 3.43 4.10 3.65/3.88 

98.3 71.5 72.8 69.5 70.8 66.4 

 
1JC1,H1 

174.2 Hz 

3JH1,H2 2.9 Hz 3JH2,H3 9.5 Hz 3JH3,H4 9.6 Hz   

E 

2-α-D-Manp 

4.80 3.95 3.84 3.38 3.63 3.76 

98.7 78.6 67.9 69.4 69.2 60.2 

 
1JC1,H1 

173.2 Hz 

3JH1,H2  1 Hz 3JH2,H3 3.5 Hz 3JH3,H4 9.5 Hz   
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The downfield shift of carbon resonances identified the 
glycosylated positions: O-2 and O-4 of A, O-2 of B, O-6 of D and O-2 of E. 
Unit C was identified as a terminal residue. The inter-residual NOE 
contacts observed from the ROESY spectrum (Figure3.8) together with the 
long-range correlations, derived from the HMBC spectrum (Figure 3.7.), 
between A1 with E2; E1 with D6, D1 with B2; B1 with A2 so as C1 with A4 
confirmed the following repeating unit for the polysaccharide PS2:  

Figure 3.7 Superposed sections of 1H 13C HSQC (red and green) and 1H 13C HMBC (blue) and 
1H NMR spectra of PS2. The anomeric signals and key inter-residual long range correlations 

involving sugar residues of PS2 are indicated. Letters are as found in Table 3.3. 

 

                                                                                       C 

                                                                            1-α-D-Glcp 

                                                                           ↓ 

                 D                            B                          4   A                         E 

→6)-α-D-Glcp-(1→2)-α-L-Rhap-(1→2)-α-L-Rhap-(1→2)-α-D-Manp-(1→ 
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Figure 3.8 Superposed sections of TOCSY (black) and ROESY (red) and 1H NMR spectra of PS2. 
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3.5. Structural characterization of the lipid A 

A. pasteurianus CIP103108 lipid A structure was investigated by 
MALDI-MS and MS2. The negative-ion MALDI MS spectrum (Figure 3.9) 
revealed the presence of several cluster of peaks in the mass range m/z 
1543.9 – 2434.7, indicative of lipid A species with a different acylation 
degree. Each cluster was characterized by the presence of mass 
differences of 14 amu (-CH2- unit), attributable to lipid A species differing 
by the length of their acyl chains (Figure 3.9).  

In detail and based on the compositional analysis, cluster of peaks 
at around m/z 2406.7 matched with hexa-acylated lipid A species with a 
pentasaccharide sugar backbone containing one hexose (identified as 
Man), one DAG, one GlcN, one acid (identified as GlcA) and one Ko unit 
and acylated by two 14:0 (3-OH), two 18:0 (3-OH) and two 16:0, in 
accordance with previously reported structure on A. pasteurianus NBRC 
3283 lipid A (Hashimoto, 2016). The cluster at m/z 2168.4 was assigned to 
penta-acylated lipid A species made up of two 14:0 (3-OH), two 18:0 (3-
OH) and one 16:0, thereafter, tetra-acylated lipid A species at m/z 1942.2, 
devoid of one 14:0 (3-OH) with respect to the species at m/z 2168.4, was 
also identified. Furthermore, tetra-acylated species lacking one hexose 
and/or Ko units and minor tri-acylated species were also present in the 

MALDI spectrum (Figure 3.9). 

Figure 3.9 Negative ion reflectron MALDI mass spectrum, A. pasteurianus CIP103108 

lipid A. Various lipid A species are outlined. In the inset, the proposed structural 

composition of the peak at m/z 2406.7 is listed 
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MS2 experiments were performed in order to characterize the 
location of the lipid A acyl chains with respect to the saccharide backbone 
(Sturiale, 2005). The negative-ion MS2 spectrum of precursor ion m/z 
1942.2 (Figure 3.10), consistent with a tetra-acylated pentasaccharidic 
species, showed an intense peak at m/z 1706.1 attributed to an ion 
originated from the loss of Ko residue. Peaks at m/z 1766.1 and 1780.1 
were assigned to fragments lacking the GlcA and the hexose unit 
respectively. A lipid A fragment devoid of the 16:0 moiety was attributed 
to the peak at m/z 1686.1. More importantly, peaks originating from the 
sugar ring fragmentations 1,3A3 (m/z 1582.5), 1,4A3 (m/z 1552.5), 0,3A3 (m/z 
1393.3) and 0,4A3 (m/z 1362.4) were very informative as they clearly 
demonstrated that the proximal GlcN was decorated by a GlcA and an 
amide-bound 18:0 (3-OH) moiety whereas the distal DAG was substituted 
by Ko, hexose and acylated by one 18:0 (3-OH), one 14:0 (3-OH) and one 
secondary 16:0 fatty acid. Finally, the peak at m/z 1450.0 was ascribed to 
a fragment ion where both Ko and 16:0 were absent.  
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Figure 3.10 Negative-ion MALDI MS2 spectrum of the tetra-acylated lipid A species at 

m/z 1942.2 from A. pasteurianus CIP103108. In the inset, the proposed structure for the 

tetra-acylated lipid A species matching with the precursor ion at m/z 1942.2 is reported 

showing some of the observed sugar ring fragmentations. 
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MS/MS experiments conducted on precursor ion at m/z 2168.4 (Figure 
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Figure 3.11 Negative-ion MALDI MS2 spectrum of the penta-acylated lipid A species at 

m/z 2168.4 from A. pasteurianus CIP103108. Fragments assignment is reported in the 

spectrum. In the inset, the proposed structure for the penta-acylated lipid A species 

assignable to the precursor ion at m/z 2168.4. 

Figure 3.12 Negative-ion MALDI MS2 spectrum of the hexa-acylated lipid A species at m/z 

2406.7 from A. pasteurianus CIP103108. Fragments assignment is reported in the spectrum. 

In the inset, the proposed structure for the hexa-acylated lipid A species attributed to the 

precursor ion at m/z 2406.7. 
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MS2 experiments conducted on precursor ion at m/z 2168.4 (Figure 3.11.) 
showed an ion peak at m/z 1932.3 originating from the loss of Ko unit, as 
well as from the loss of the hexose at m/z 2006.3. Lipid A fragments lacking 
the Ko and one 14:0 (3-OH) (m/z 1688.2) and one 16:0 (m/z 1432.3) were 
also identified. Moreover, ions originated from the loss of the hexose unit 
and 16:0 (m/z 1750.3) and from the loss of the hexose and one 14:0 (3-
OH) (m/z 1762.3) were also detected. The absence of an ion originating 
from the loss of a whole hydroxylated 18:0 or 14:0 bearing a 16:0 
suggested that the secondary fatty acid was linked to the acyloxyacyl 
amides, thus excluding its presence on the proximal GlcN as a substituent 
of the primary ester-bound 14:0 (3-OH). Furthermore, in support of this 
hypothesis, a peak was found at m/z 1984.4 resulting from the loss of 184 
amu arising from the primary O-linked 14:0 (3-OH) and promoted by its 
free 3-OH group. Unfortunately, no ions originating from sugar ring 
fragmentations were detected. In addition, MS2 spectrum of precursor ion 
at m/z 2406.7 (Figure 3.12.), relative to a hexa-acylated lipid A species, 
presented the ion peak derived from the sugar ring fragmentation 1,4A3 at 
m/z 1791.5 that was fundamental to further corroborate the location of 
the 16:0 residues as secondary acyl substituents of the DAG unit.  
Therefore, the lipid A and O-chain structure from A. pasterianus 
CIP103108 were as reported in Figure 3.13. 
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3.6. Structure of the core region 

The partial structure of the core region was identified upon 
applying NMR on the intact A. pasteurianus CIP 103108 LOS. The 
configuration of each monosaccharide was determined on the basis of 
3JH,H coupling constants and intra residual NOE contacts, whereas the 
anomeric configuration was assessed with the 3JH1,H2 and 1JC1,H1 coupling 
constants along with intra-residual NOE connectivity. All sugar residues 
were present as pyranose rings, according with the 13C chemical shift 
values and long-range correlations found on the HMBC spectrum between 
C1/H1 with C5/H5 (C2 with H6 in case of Kdo). 

Lipid A OPS1

OPS2

Figure 3.13. Hexa-acylated lipid A and two O-polysaccharides of Acetobacter 

pasteurianus CIP 103108  
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Anomeric region of the intact LOS clearly showed four signals 
(Table 3.4, Figure 3.14). Spin system K was attributed to the Kdo residue 
on the basis of the diastereotopic methylene proton signals resonating in 
the high-field region of the 1H NMR spectrum at δ 1.88 (H-3ax) and 2.01 
(H-3eq) ppm (Table 3.4); on the basis of the H-3 proton chemical shift it 
was possible to assign its α-anomeric configuration. Spin system A with  
H-1 at 5.40 ppm was identified as α-Glcp. The 3JH1,H2 value and 1JC1,H1 = 172 
Hz were diagnostic for α anomeric configuration, whereas, high 3JH,H of the 
ring signals were diagnostic for gluco-configuration.  Spin system B (H-1 
5.39 ppm) was identified as α-GlcpA, the α-gluco configuration was 
assigned basing on low 3JH1,H2 and 1JC1,H1 = 172 Hz. Moreover, the long-
range correlation between H4 and H5 with C6 at 175.5 ppm on the 1H13C 
HMBC spectrum was indicative of the uronic acid residue. Spin system C 
with H1 at 5.19 ppm was determined as an α-rhamnopyranose due to the 
3JH1,H2 and 3JH2,H3 below 3 Hz and the intra-residual NOE contact of H-1 only 
with H-2, whereas the α-anomeric configuration was assigned from on 
1JC1,H1 coupling constant and chemical shift of C5. Moreover, clear 
correlation of the ring protons with a methyl group observed on the 
TOCSY spectrum clearly suggested it was a 6-deoxy residue. Spin system 
D (H1 at 4.96 ppm) was identified as β-Glcp on behalf of NOE contacts 
between H-1/H-3 and H-1/H-5, along with 1JC1,H1  and 3JH,H values.  
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Table 3.4 Proton (1H) and carbon (13C) (italic)  and phosphorus (31P) chemical shifts of A. pasteurianus core OS 
 

Residue 
1H, 13C and 31P chemical shift values (ppm) of core OS 

1 2 3 3’ 4 5 6 6’ 7 8 

A 
t-α-Glcp 
1JC1,H1 = 174 Hz 

5.40 3.38 3.56 3.34 3.73 3.29 3.73 - - 

98.4 71.6 73.6 69.3 69.9 61.4 - - 

B 
4-α-GlcpA1P 
1JC1,H1 = 176 Hz 

5.39 3.54 3.88 3.67 4.08 - - - - 
94.8 71.2 73.16 76.2 73.0 175.5 - - 
-2.07 - - - - - - - 

C 
3- α-Rhap 
1JC1,H1 = 171 Hz 

5.19 4.11 3.77 3.40 3.72 1.16 - - 

100.32 66.9 75.4 70.1 69.1 16.8 - - 

D 
t-β-Glcp 
1JC1,H1 = 167 Hz 

4.96 3.45 3.67 3.34 3.90 3.67 3.77 - - 

95.4 71.3 72.8 69.3 71.7 60.3 - - 

K 
5-α-Kdop7P8P 
 

- - 2.09 1.88 4.28 4.34 4.07 4.50 4,08 
175.0 - 33.6 66.7 74.1 67.3 75.3 67.3 

- - - - - - -0.56 -2.07 
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(Figure 3.14.). Low-field shifted carbon signals were pivotal to identify 
substitution at:  O4 of B, O3 of C and O5 of K. Spin systems A and D were 
assigned as terminal sugar residues. The primary sequence of the OS was 
inferred by using NOE connectivity attained by the ROESY spectra and by 
the long-range correlations in the HMBC spectrum. The NOE contact of 
BH4 with  AH1 along with long range correlation of AH1 with BC4 were crucial 

Figure 3.14. Superposed sections of 1H 13C HSQC (blue and red) and 1H 13C HMBC (black) 

spectra of the core OS. The anomeric signals and key inter-residual long-range 

correlations involving sugar residues of core OS are indicated. Letters are as found in 

Table 3.4. 
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to identify the linkage between two residues. Furthermore, The NOE 
contact of DH1 with CH3 and long-range correlation of DH1 with CC3 revealed 
presence of 1-3 linkage between C and D spin systems. Residue K was 
found substituted at its O-5 position by CH1 as evident from the HMBC 
spectrum and supported by the NOE contact between CH1 with KH5. The 
detection of phosphate groups was done using 1H31P HSQC (Figure 3.15.), 
supported by the low-field shift proton signals at the positions of 
phosphorylation. Thus,  a phosphorus  at -2.07 ppm correlated with H-1 of 
spin system B and H-8 of spin system K,  revealed a presence of 
phosphodiester bond connecting position 8  of  α-Kdo (spin system K) and 
spin system B (α-GlcpA). A second phosphate group was located at 
position 7 of Kdo: 

Figure 3.15. Section of 1H 31P HSQC spectrum of the core OS. The key correlations 

involving sugar residues and phosphorus nuclei of the core OS are indicated. Letters 

are as found in Table 3.3. 
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Thereafter, the methylation analysis (Chapter 3.2) unveiled 

presence of 8-substituted-Kop, strongly suggesting the linkage with the 
Kdop (K). Thus, according to compositional analysis, NMR and MS data the 
LOS from A. pasteurianus CIP103108  (Figure 3.16) possessed the 
following structure: 

 

                          A                       B      

                   α-Glcp-(1→4)-α-GlcpA1 

                                                          ↓ 

                                                           P 

                                                          ↓ 

        D                       C                       8  K 

β-Glcp-(1→3)-α-Rhap-(1→5)- α-Kdop (2→ 8)-Kop-(2→ 6)-Lipid A 

                                                           7 

                                                          ↑ 

                                                           P 
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Figure 3.16. The structure of Acetobacter pasteurianus CIP 103108 LOS 
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3.7. Immunological assays 

Studies on immunological properties of A. pasterianus CIP103108 

LPS were performed using HEK-Blue hTLR4 cells. These cells are designed 

for studying the activation of human TLR4 by monitoring the activation of 

NF-κB and AP-1 transcription factors. HEK-Blue hTLR4 cells are HEK cells 

transfected in order to stably express hTLR4, hMD-2 and hCD14 receptor 

genes and a secreted embryonic alkaline phosphatase (SEAP) reporter 

gene placed under the control of NF-κB and AP-1. Stimulation with a TLR4 

ligand activates NF-κB and AP-1 inducing the production and secretion of 

SEAP in cells culture medium. Levels of SEAP can be easily determined 

incubating the enzyme with para-nitrophenylphosphate (pNPP). In order 

to evaluate the capacity of A. pasteurianus CIP 103108 LPS to trigger TLR4-

[A. pasteurianus LPS] 

Figure 3.17. Effect of A. pasteurianus CIP103108 LPS on TLR4 pathway activation. A) 

HEK-Blue hTLR4 cells were stimulated with the indicated concentration of A. 

pasteurianus and E. coli LPS and incubated for 16 hours. Supernatants were collected 

and SEAP levels were quantified by pNPP assay as indicator of TLR4 activation. B) Cells 

were pre-incubated for 30 minutes with the indicated concentrations of A. pasteurianus 

CIP103108 LPS and then stimulated with 1 ng/mL of E. coli O55:B5 LPS for 16 hours. 

Supernatants were collected and SEAP levels quantified as above. For competition 

assay, data were normalized compared to stimulation with E. coli LPS alone and 

indicated as fold decrease. Results represent the mean percentage ± SEM of at least 

three independent experiments (NS: not significant, *P<0.05; **P<0.01; ***P<0.001).  
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mediated signalling (activation assay) cells were exposed to different 

concentrations (0.1, 1, 10, 100 ng/mL) of this LPS variant for 16 hours. As 

a positive control E. coli O55:B5 LPS was used. As expected, E. coli O55:B5 

LPS strongly activated TLR4-mediated pathway in a dose-dependent 

manner. On the contrary, the results obtained revealed that A. 

pasteurianus CIP103108 LPS was incapable to trigger the activation of the 

same pathway (Figure 3.17.A). Furthermore, the capability of A. 

pasteurianus CIP103108 LPS to interfere with E. coli LPS–triggered TLR4-

mediated signalling was also evaluated (competition assay). To investigate 

this aspect, cells were pre-incubated with different concentration of A. 

pasteurianus CIP103108 LPS (0.1, 1, 10, 100 ng/mL) for 30 minutes and 

then exposed to E. coli O55:B5 LPS (1 ng/mL) for 16 hours. Results showed 

that the pre-incubation with A. pasteurianus CIP103108 LPS slightly 

reduced the capacity of cells to respond to E. coli O55:B5 LPS, as 

demonstrated by the minor activation of the TLR4-mediated pathway 

(Figure 3.17.B).  
 
3.8. Discussion 

The structural and biological investigation performed on Acetobacter 
pasteurianus CIP 103108 LPS has shown many interesting and peculiar 
features of the biomolecule.  
Two novel LPS O-chains were found, PS1 and PS2, both possessing 
structural analogies with those isolated from other Acetobacter strains. 
The presence of two different O-chains is not considered as a common 
feature of LPSs, nevertheless this phenomenon was reported among 
Burkholderia species (Vinion-Dubiel, 2003). PS1 possessed a Galf 
disaccharide repeating unit carrying a non-stoichiometric Glc substitution; 
it showed subtle compositional similarities with the O-chains isolated 
from two Acetobacter methanolicus strains, MB58/4 (Grimmecke, 1991) 
and MB70 (Grimmecke, 1994). Moreover, it was also found that a similar 
exopolysaccharide was produced by another acidophilic bacterium, 
Zymomonas mobilis, which was proven to have relevance with the outer 
milieu of bacterium (see Chapter 6.3). The second polysaccharide PS2 
contained a pentasaccharide repeating unit constituted by a 
tetrasaccharide skeleton containing glucose, mannose and two rhamnose 
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residues, one of which carrying a terminal glucose as an appendage. A 
similar O-antigen was reported for Acetobacter tropicalis SKU1100 (Ali, 
2011), whose backbone also contained two rhamnose residues, although 
in an α-(1-3) linkage, instead of the α-(1-2) here reported, with one 
rhamnose further substituted by a glucose residue. Furthermore, other O-
polysaccharides possessing structural similarities were also found in 
Acetobacter diazotrophicus PAL5 (Previato, 1997). None of the above 
structures possessed mannose residues, though for A. diazotrophicus 
PAL5 contained a manno-configured sugar. 
 

Recently, Hashimoto et al. (2016) reported about the capability of 
A. pasteurianus NBRC 3283 LPS to remain stable in acidic conditions for 
long periods and correlated this capability to its unique lipid A structure 
(see Chapter 1.3.1). Indeed, the authors demonstrated that the LPS was 
characterized by the occurrence of a D-glycero-D-talo-oct-2-ulosonic acid 
(Ko), in place of Kdo, as the first sugar of the core OS, directly linked to the 
lipid A domain. This was explained with the acid-lability of Kdo that would 
be degraded in the acid environmental conditions of bacterium life. Thus, 
the substitution of Kdo with the acid-stable Ko is considered as an 
adaptation phenomenon necessary for bacterial survival. The presence of 
Ko has been so far described in the core oligosaccharides from 
Burkholderia, Acinetobacter, Yersinia, and Serratia species (Holst, 2011), 
although a direct linkage of Ko to the lipid A has so far reported only for 
Acinetobacter haemolyticus (Vinogradov, 1997), in which the Kdo is 
almost completely replaced by Ko residues. Furthermore, A. pasteurianus 
LPS is devoid of phosphate groups and the lipid A is characterized by 
tetrasaccharide backbone composed of Man-DAG-GlcN-GlcA. 
Interestingly, lipid A devoid of phosphate groups and with a similar sugar 
skeleton were already reported for other plant associated bacteria 
belonging to the Alphaproteobacteria family, as Rhizobiaceae and 
Bradyrhizobiaceae. The lipid A isolated from Rhodopseudomonas palustris 
(Di Lorenzo, 2017) possessed nearly the same tetrasaccharide skeleton 
but with a complete DAG skeleton. Bradyrhizobium strains possess 
instead an α-(1 → 6)-disaccharide linked to the non-reducing DAG 
(Komaniecka, 2010; Silipo, 2014). Moreover, a DAG-GlcN disaccharide 
skeleton was previously reported for Campylobacter jejuni (van Mourik, 
2010) while a DAG backbone has been found in the lipid A of other strains 
like Azorhizobium caulinodans (Choma, 2012), Phyllobacterium trifolii 
(Zamłyńska, 2017), Leptospira interrogans (Que-Gewirth, 2004), 
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Acidithiobacillus ferrooxidans (Sweet, 2004), Thiobacillus (Yokota, 1987), 
Bartonella (Malgorzata-Miller, 2016) and Brucella (Casabuono, 2017). The 
occurrence of this phenomenon is explained by the presence of two 
enzymes, GnnA and GnnB in the lipid A biosynthesis process which are 
pivotal for synthesis of UDP-D-GlcpN3N from UDP-D-GlcpNAc (Sweet, 
2004). 

 

Moreover, the structure of the core region was studied applying 
NMR techniques on the intact LOS sample. The oligosaccharide was 
composed by one Kdo residue and, interestingly, was phosphorylated at 
both positions 7 and 8. In detail, a phosphodiester bridge at position 8 
connected the Kdo to an α-Glcp-(1→4)-α-GlcpA disaccharide, reported in 
the past  in the core region of Arenibacter certesii KMM 3941T  (Silipo, 
2005). Acetobacter pasteurianus CIP103108 core is devoid of heptose 
residues, previously reported in other Alphaproteobacteria, as 
Agrobacterium and Rizhoium strains (Molinaro, 2003; De Castro, 2006a; 
De Castro, 2006b; Forsberg, 1998) or Gammaproteobacteria, as 
Acinetobacter strains (Vinogradov, 2002; Leone, 2006).  Furthermore, the 
methylation analysis performed on the LOS permitted to observe a 
derivative corresponding to 8-substituted-Kop disaccharide, 
corroborating the hypothesis that the Ko residue was linked in the `8 with 
the Kdo residue.  
 

The lipid A is considered as the centre of toxicity of the LPS. It is 
well known that this part of the molecule is recognized by the TLR4/MD-2 
receptor complex resulting in immunostimulation activity (see Chapter 
1.7. and 1.8.). A widely known fact is that hexa-acylated bis-
phosphorylated lipid A produced by E. coli possesses high affinity to 
TLR4/MD-2 receptor complex, triggering powerful innate immune 
response. Overstimulation by agonist LPS can deregulate innate immune 
system signalling, finally effecting in uncontrolled, massive 
proinflammatory cytokine release. Nevertheless, it was shown that 
modifications of the lipid A structure can tune and modulate the innate 
immune response. Within this frame, research and investigation of 
natural LPS able to inhibit the TLR4/MD-2 dependent signalling is an 
important and interesting topic (see Chapter 1.8 and 1.9). 

 

The results obtained on TLR4/MD-2 mediated NF-kB activation on 
A. pasteurianus CIP103108 LPS have shown significantly lower response 
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than E. coli O55:B5 LPS. A weak effect of inhibition of the TLR4/MD-2 
mediated activation of NF-kB induced by E. coli O55:B5 LPS was also 
observed. The very weak agonist activity may be explained by lipid A 
structural features as i) the absence of phosphate groups (Rietschel, 1994, 
Fox, 2010; Molinaro, 2015), ii) the presence of penta-, tetra- and tri-
acylated species, besides the hexa-acylated form, iii) the occurrence of a 
DAG unit (see Chapter 1.8.).  

  

3.9. Interaction studies with MD-2 

The lipopolysaccharides are amphiphilic molecules composed of 
hydrophobic domain, the lipid A and hydrophilic portion, the core 
oligosaccharide and O-polysaccharide in the S-form. Therefore, this type 
of molecules is expected to form aggregates in aqueous environment, 
after reaching the critical micelle concentration (CMC) (Santos, 2003). 
Moreover, at higher concentrations, the lipopolysaccharides show 
tendency to aggregate in almost spherical, multi-Lamellar or non-Lamellar 
supramolecular forms depending on the environment (García-Verdugo, 
2005). The issue concerning the aggregation of the LPS and whether the 
large or small aggregates are the biologically active units was still not 
clarified and is debated in the literature (Schromm, 2007; Mueller, 2004; 
Gutsmann, 2007). 

The behaviour of two lipopolysaccharides, isolated from 
Acetobacter pasteurianus CIP103108 and  Bradyrhizobium BTAi-1 Δshc 
(Silipo, 2014) was studied in presence and absence of MD-2. Both LPSs are 
known to present different affinity to the TLR4/MD-2 receptorial complex. 
Bradyrhizobium LPS is a potent antagonist of the receptorial complex 
(Lembo-Fazio, 2018), whereas Acetobacter pasteurianus LPS shows low 
activation of the TLR4/MD-2 receptorial complex. MD-2 belongs to the 
group of lipid binding proteins, and is able to disaggregate the LPS 
micelles. The behaviour of the LPS aggregates in presence of MD-2 not yet 
extensively studied, has been here examined.  

The NMR became not only a powerful tool in the structural 
characterization of organic compounds, but also in the detection and 
characterization of binding events. The ligands-based techniques are 
centered on the observation of ligand behaviour in the free state and 
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upon addition of the receptor, the bound sate. In comparison to the 
receptor-based techniques, they exhibit a range of useful properties, 
including no limitation of the protein size, they do not require presence of 
labelled protein, as the resonances of ligand are observed and finally they 
require small amounts of receptor. Moreover, the techniques are easily 
applicable in medium low affinity range (Marchetti, 2016).  

One of the most used ligand-based methods is the Diffusion 
Spectroscopy (DOSY). The method relies on changes in ligand diffusion 
coefficient in absence and presence of the protein. The translational 
motion of the molecules in solution is known as the self-diffusion, which 
strictly depends on different physical parameters, including size and shape 
of the molecule, viscosity and temperature. The diffusion coefficient is 
described by the Stokes-Einstein equation. 

𝐷𝑥 =
𝑘B𝑇

6πη𝑅h
 

The diffusion can be further measured applying pulse field gradient 
NMR spectroscopy (Lucas, 2004; Marchetti, 2016). The protein and 
receptor in the free state, obviously, present different diffusion 
coefficient, as both vary in terms of shape and molecular weight and 
change upon binding  As a result, the small ligand adopts the features of 
larger receptor, increasing the hydrodynamic radius, changing shape and 
consequently the transitional diffusion. In case of strong protein-ligand 
association both possess the same diffusion coefficient, however if fast 
exchange is present, the diffusion is characterized as an average of free 
and bound ligand.   
 

3.9.1. Isolation of ligands 

The isolation process of A. pasteurianus LPS (Figure 3.18) was 
previously described in Chapter 3.1. In order to isolate the LPS from 
Bradyrhizobium BTAi-1 Δshc (Figure 3.18) the LPS was isolated applying 
the hot-phenol water method (Westphal & Jann, 1965) and purified as 
described . 
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Figure 3.18 Structure of Acetobacter pasteurianus CIP103108 and  

Bradyrhizobium BTAi-1 Δshc (Silipo, 2014) LPSs  

 

3.9.2. Preparation and purification of recombinant hMD-2  

The hMD-2 used in the experiments was expressed by Pichia 
pastoris with the N-terminal S. cerevisiae α-MF prepro leader sequence 
and the C-terminal 6xHis tag as reported (Facchini, 2018).  
 

Acetobacter pasteurianus CIP109108 Bradyrhizobium sp. BTAi-1 Δshc

OPS

Lipid A
LOS OPS1

OPS2
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3.9.3. Effect of MD-2 on Acetobacter pasteurianus CIP103108 LPS 
aggregation 

The 1H-NMR spectrum of Acetobacter pasteurianus in presence of 
60 µM hMD-2 has shown significant decay of signals in the anomeric 
region (Figure 3.19.) It was not possible to observe any perturbation in the 
lipid A fatty acid region of the spectrum, as the signals overlaid with those 
from the hMD-2. 

 

Free

Presence of hMD-2

Figure 3.19. 1H-NMR spectra. Green: 1H-NMR of 60uM of hMD-2, Blue: 1H-NMR of 0.9 
mg/mL of LPS from Acetobacter pasteurianus; Red: 1H-NMR of 0.9 mg/mL of LPS from 
Acetobacter pasteurianus in presence of 60μM of hMD-2; The spectra were acquired in 
deuterated phosphate buffer at pH 7.5, 298 K, 64 scans. 
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DOSY experiments were performed on free A. pasteurianus 
CIP103108 LPS and upon addition of hMD-2 (Figure 3.20.). Interestingly, a 
clear decrease of diffusion (Table 3.5) was observed, which can be 
associated with increased aggregate size or shape change. 
 

Table 3.5. Diffusion coefficient values of Acetobacter pasteurianus CIP103108 LPS free 
and in presence of hMD-2 

Sample D/m2s-1 

0.9 mg/mL LPS from Acetobacter 
pasteurianus LPS 

1.06x10-11 

0.9 mg/mL LPS from Acetobacter 
pasteurianus + hMD-2 60 μM 

5.16x10-12 

Difference  5.47x10-12 
 

 
The DOSY data were compared with results from the Cryo-TEM.  

As expected, A. pasteurianus LPS formed rather homogeneous 
aggregates, with circular shape and conserved size distribution near 60 
nm. Significant differences were observed upon addition of hMD-2. As 
presented on Figure 3.21, some of micelles lost their circular form and, 
moreover, a rather heterogeneous size distribution was clearly observed.  
 

Figure 3.20. DOSY spectrum  Black: DOSY of 0.9 mg/mL of LPS from Acetobacter 
pasteurianus in presence of 60 μM of hMD-2 Green : DOSY of 0.9 mg/mL of Acetobacter 
pasteurianus; The spectra were acquired in deuterated phosphate buffer at pH 7.5, 298 
K, 64 scans, 32 points, Δ (d20) = 300 ms and δ (p30) = 4 ms 
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3.9.4. Effect of MD-2 on Bradyrhizobium BTAi-1 Δshc LPS aggregation  

Obtained data were further confronted with studies performed on 
Bradyrhizobium BTAi-1 Δshc LPS. The 1H-NMR spectrum registered on the 
lipopolysaccharide in presence of 60 µM hMD-2 (Figure 3.22) showed clear 
perturbation of the signals at 2.04 and 1.41 ppm, whose  reduction of the 
intensity and line broadening  derived from the changes in the transverse 
relaxation times, indicative of a binding event. Thereafter, DOSY NMR 
experiments were performed on Bradyrhizobium BTAi-1 Δshc LPS with and 
without  hMD-2 (Figure 3.23.). 
 

LPS from Acetobacterpasteurianus (0.9mg/mL)

60nm 62nm

LPS from Acetobacterpasteurianus (0.9mg/mL)  +  hMD-2 (60µM)

112nm104nm

105nm

72nm

62nm

58nm

Figure 3.21. Cryogenic Transmission Electron Microscopy (Cryo-TEM) of LPS from 

Acetobacter pasteurianus (0.9mg/mL) nominal magnification of 40,000 X (0.26 

nm/pixel). 
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Figure 3.22. 1H-NMR spectra. Green: 1H-NMR of 60μM of hMD-2, Blue: 1H-NMR of 0.9 
mg/mL of LPS from Bradyrhizobium BTAi-1 Δshc; Red: 1H-NMR of 0.9 mg/mL of LPS from 
Bradyrhizobium BTAi-1 Δshc in presence of 60μM of hMD-2; The spectra were acquired in 
deuterated phosphate buffer at pH 7.5, 298 K, 64 scans. 

 

Figure 3.23. DOSY spectrum  Black: DOSY of 0.9 mg/mL of LPS from Bradyrhizobium BTAi-1 
Δshc Green : DOSY of 0.9 mg/mL of LPS from Bradyrhizobium BTAi-1 Δshc in presence of 60 
μM of hMD-2; The spectra were acquired in deuterated phosphate buffer at pH 7.5, 298 K, 
64 scans, 32 points and Δ (d20) = 500 ms and δ (p30) = 5 ms. 
 

 

Free

Presence of hMD-2
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Contrairly to LPS from A. pasteurianus CIP103108, a significant 
increase of diffusion coefficient (Table 3.6.) was clearly observed in 
presence of hMD-2, what suggested disruption of existing aggregates and 
reorganization of free forms into smaller aggregates after the binding. 
Similar behaviour was reported in case of a lipid A mimetic, FP7 (Cighetti, 
2014). The Cryo-TEM analysis will be performed in order to corroborate 
the data obtained by DOSY-NMR measurements. 
 
Table 3.6. Diffusion coefficient values of Bradyrhizobium BTAi-1 Δshc free and in presence of  
hMD-2 
 

Sample D/m2s-1 

0.9 mg/mL LPS from Bradyrhizobium BTAi-1 Δshc 5.781x10-12 

0.9 mg/mL LPS from Bradyrhizobium BTAi-1 Δshc + 
hMD-2 60 μM 

2.09x10-11 

Difference  -1.5x10-11 

 
 

3.9.5 Discussion 

MD-2 is a lipid binding protein, which plays a key role in activation 
of innate immune system upon recognition of the Lipid A portion of the 
lipopolysaccharide (see Chapter 1.7). The binding of LPS lipid A to hMD-2  
was studied by means of DOSY NMR and Cryo-TEM. The 
lipopolysaccharides from Acetobacter pasteurianus and Bradyrhizobium 
BTAi-1 Δshc clearly interacted with MD2, as evident changes in the 
intensity of some 1H signals upon addition of the protein were observed, 
which probably arised from the changes in the transverse properties of 
the ligand. Interestingly, the DOSY experiments showed opposite 
behaviour of both lipopolysaccharides. The diffusion coefficient of 
Bradyrhizobium BTAi-1 Δshc LPS in presence of the MD-2 significantly 
decreased. This suggests a reorganization of the aggregates which finally 
resulted in the formation of smaller aggregates, than the LPS by itself. This 
behavior was previously reported for a lipid A analogue, FP7 (Cighetti, 
2014). The result is also in agreement with studies on Salmonella 
minnesota Re595 with LPS-binding Protein (LBP) and 
bactericidal/permeability-increasing protein (BPI), in which the authors 
reported strong disaggregation of micelles upon addition of the protein. 
It is worth to add that the LBP is also involved in the recognition pathway 
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of LPS by innate immune system, which was proven to amplify the 
signaling at a certain concentration (Tobias, 1997).  

Contrarily, the LPS from A. pasteurianus possessed lower diffusion 
coefficient upond addition of MD-2, which arises from reduction of 
mobility, likey due to changes in the particle shape or increase of its size. 
Indeed, this hypothesis was supported by the data obtained from Cryo-
TEM, where changes of the shape and  increase of particle size was 
observed.  

Finally, it was also possible to compare the aggregation of both LPS in 
aqueous solution using DOSY experiments. The diffusion coefficient of 
Acetobacter pasteurianus was shown to have nearly 40% lower value than 
Bradyrhizobium.  
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Premise 

Marine sponges (phylum Porifera) are home for complex and 
diverse microbial communities, which can make up to 35 % of the sponge 
biomass (Taylor, 2007; Schmitt, 2012; Hentschel, 2012). Among the 47 
phyla found in such marine organisms, some are specifically associated 
with sponges, creating a phylum known as Poribacteria (Fieseler, 2004; 
Reveillaud, 2014). The latter can be involved in sponge feeding but also 
virulence and symbiotism (Böhm, 2001; Lee, 2001; Hadas, 2009). This 
implies that a mechanism able to recognize and discriminate between 
pathogens and beneficial bacterial partners is likely present in marine 
sponges. However, the mechanisms underlying such a fine detection are 
still obscure. Within this frame, it has been shown that sponges possess 
an efficient innate immune system resembling the mammalian one, which 
is able to recognize Gram-positives, through binding to the proteoglycan, 
and Gram-negatives through recognition of the outer membrane 
lipopolysaccharide (Wiens, 2005).  

Moreover, Wiens et al. (2005) demonstrated that the marine 
demosponge Suberites domuncula recognizes LPS through a 
transmembrane receptor, named S. domuncula LPS Interacting Protein 
(SLIP), that upon LPS binding and similarly to what happens in mammals, 
it dimerizes leading to the recruitment of the immune system adaptive 
protein of the Myeloid Differentiation factor 88 (MyD88). This leads to the 
activation of specific MAP kinases pathways, resulting in over-expression 
of the perforin-like protein termed MPEG (macrophage-expressed 
protein) which has a toxic effect on Gram-negative bacteria. This 
represents a further confirmation that sponges own the molecular 
instruments to combat pathogenic microbes.  

It is important to underline that S. domuncula harbours a large 
microbioma, including not only opportunistic and pathogenic bacteria, but 
also commensals such as Endozoicomonas sp. HEX311. As a Gram-
negative, Endozoicomonas sp. HEX311 exhibits LPS on its surface thus it 
can be recognized by SLIP and consequently can elicit an inflammatory 
process (Gardères, 2015). On the contrary, Endozoicomonas sp. HEX311 is 
tolerated by the sponge acting as a beneficial symbiont required for 
healthy host (Neave, 2016). In this context, it was previously reported 
about structural differences in the lipid A moiety observed between the  
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S. domuncula commensal Pseudoalteromonas sp. 2A and its pathogenic 
counterpart Pseudoalteromonas sp. 1A1 (Di Lorenzo, 2017a). The slightly 
different structures might be responsible for the diverse biological activity 
exerted by the two Pseudoalteromonas species and further studies are 
ongoing in order to shed light on this fundamental aspect. Meanwhile, the 
structural characterization of other sponge-associated commensal LPS 
may furnish more details on how structural features of LPSs may affect 
the activation/modulation of the sponge immune system as well as on its 
role in the establishment of a symbiotic or a pathogenic relationship with 
the host sponge. 

Furthermore, as a potent stimulator of mammalian immune 
response, noticeable efforts have been made so far to identify natural or 
ad hoc synthesized lipid A able to interfere or modulate 
immune/inflammatory responses mediated by toxic lipid A, such as 
Eritoran (Christ, 1995; Fox, 2010). The latter is a well-tolerated, synthetic 
lipid A mimetic, acting as a TLR4/MD-2 inhibitor, which reached phase III 
clinical trials as an antisepsis agent; the model of inspiration for synthesis 
of such a TLR4/MD-2 antagonist was the lipid A from Rhodobacter 
sphaeroides and R. capsulatus, two phototrophic bacteria found in 
freshwater or marine environments (Christ, 1995) (see Chapter 1.9). In 
this context, the not human pathogen/human associated nature of 
Endozoicomonas strains, in addition to the still unresolved mechanisms at 
the basis of sponge-associated LPS immunopotency, render the 
Endozoicomonas sp. HEX311 LPS an intriguing molecule to be investigated 
both under the structural and immunological point of view.  

In this scenario, here is reported the characterization of 
Endozoicomonas sp. HEX311 lipid A structure achieved by merging data 
that were attained from the fatty acid and sugar compositional analyses 
performed on pure LPS with information derived from a matrix-assisted 
laser desorption ionization (MALDI) mass spectrometry (MS) and MS2 
study executed on both the isolated lipid A fraction and on the intact 
bacterial pellet.  
 
4.1 Isolation 

The lipopolysaccharide was extracted from dried cell pellet 
applying the hot phenol-water protocol (Westphal & Jann, 1965). The 
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isolated material was purified by means of enzymatic digestion followed 
by extensive dialysis and ultracentrifugation. The purity and nature of the 
LPS was determined on the basis of DOC-PAGE electrophoresis followed 
by silver staining, revealing presence of S-LPS  
 
4.2 Compositional analysis 

An aliquot of pure S-LPS underwent monosaccharide and fatty acid 
compositional study. In details, sugar content investigation (De Castro, 
2010) unveiled the presence of L-arabinose (Ara), D-mannose (Man),  
D-glucose (Glc), D-galactose (Gal), 2-amino-2-deoxy-D-glucose (GlcN), 2-
amino-2-deoxy-D-galactose (GalN) and 3-deoxy-D-manno-oct-2-ulosonic 
acid (Kdo). Linkage analysis (Ciucanu & Kerek, 1984) on intact S-LPS 
revealed the presence of terminal Ara, terminal, 4-substituted and 6-
substituted Man, terminal Gal, terminal and 3-substituted Glc, 6-
substituted GlcN, 3-substituted GalN and 5-substituted Kdo. The fatty acid 
compositional analysis revealed that Endozoicomonas sp. HEX311 lipid A 
was mainly composed of iso-2-hydroxyundecanoic acid (iso-11:0 (2-OH)), 
iso-(R)-3-hydroxyundecanoic acid (iso-11:0 (3-OH)), (R)-3-
hydroxydodecanoic acid (12:0 (3-OH)), (R)-3-hydroxytetradecanonic acid 
(14:0 (3-OH)) and iso-nonanoic acid (iso-9:0). As minor species, iso-2-
hydroxynonanoic acid (iso-9:0 (2-OH)), iso-undecanoic acid (iso-11:0) and 
dodecanoic acid (12:0) were also identified. The absolute configuration of 
the two 2-OH fatty acids remains to be defined. The calculated percentage 
of the fatty acids composing the Endozoicomonas sp. HEX311 lipid A is 
reported in Table 4.1. 

Table 4.1. Semi-quantitative compositional analysis of Endozoicomonas sp. HEX311 fatty 
acids. The percentage of each residue, attained from integrated areas of the peaks eluted 
from the GC-MS, is also reported 

Component % of total fatty acids 

9:0 16.4 
9:0(2-OH) 1.2 
11:0 1.8 
11:0(2-OH) 14.8 
11:0(3-OH) 15.2 
12:0 2.0 
12:0(3-OH) 32.2 



 

95 
 

14:0(3-OH) 16.4 

 

4.3 MALDI-TOF and MS2 

The complete structural characterization of Endozoicomonas sp. 
HEX311 lipid A was performed applying extensive MALFI-TOF and MS2 
analysis. In order to cleave the acid-labile α-ketosidic linkage between the 
Kdo and the lipid A, an aliquot of Endozoicomonas sp. HEX311 S-LPS 
underwent mild acid hydrolysis. The glycolipid fraction was recovered 
using the Bligh-Dyer extraction (Bligh & Dyer, 1959) and underwent 
detailed analysis by MALDI and MS2. Parallel MALDI investigation was 
executed on the bacterial pellet, following Larrouy-Maumus technique 
order to obtain structural information on the native, not-treated lipid A 
(Larrouy-Maumus, 2016).  

The reflectron MALDI mass spectrum, recorded in negative 
polarity, executed on the mild acid hydrolysis product is reported in Figure 
4.1. The spectrum highlighted, in the range m/z 956.6–1726.9, a 
heterogeneous pattern of peaks relative to deprotonated [M - H]- lipid A 
species differing in the nature and number of fatty acid chains and in 
phosphate content. Three distinct family of peaks around m/z 1036.6, 
1262.7 and 1710.9 were clearly apparent and matched with tri-, tetra-, 
and hexa-acylated lipid A species (Figure 4.1). A 16 amu difference (Δm/z 
= ± 16) found for signals within each cluster was attributed to the loss or 
the additional presence of an oxygen atom, suggesting the absence or the 
substitution of hydroxylated fatty acids in both tri-, tetra- and hexa-
acylated lipid A forms. Furthermore, differences of 80 amu (Δm/z = 80), 

Figure 4.1. Negative ion reflectron MALDI mass spectrum, Endozoicomonas sp. HEX311 lipid A. 

Tri-, tetra and hexa-acylated lipid A species are outlined.  
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diagnostic for the occurrence of a further phosphate unit were also 
detected, likely suggesting the presence of a pyrophosphate group 
decorating the lipid A sugar backbone. In detail and on the basis of fatty 
acid compositional analysis, the ion at m/z 1262.7 was attributed to a bis-
phosphorylated tetra-acylated lipid A species carrying two units of 12:0 
(3-OH), one 14:0 (3-OH) and one iso-9:0. The relative lipid A form carrying 
an additional phosphate group was also assignable to the species at m/z 
1342.7 (Figure 4.1). A bis-phosphorylated tri-acylated lipid A species 
lacking the 14:0 (3-OH) unit with the respect to species at m/z 1262.7 was 
assigned to the peak at m/z 1036.6, whose mono-phosphorylated form 
could be also attributed to the peak at m/z 956.6. Finally, the mass range 
m/z 1614.9 - 1726.9 showed a less intense cluster of peaks compatible 
with bis-hexa-acylated lipid A species carrying two 12:0 (3-OH), one 14:0 
(3-OH), one iso-9:0 and two hydroxylated iso-11:0 fatty acid chains (Figure 
4.1). Hexa-acylated species decorated by pyrophosphate and phosphate 
groups were also detected in the above mass range (Figure 4.1). Notably, 
the negative-ion MALDI mass spectrum, measured on the intact bacterial 
pellet confirmed the structural characterization attained from the isolated 
lipid A fraction.  

To delineate the detailed structure of Endozoicomonas sp. HEX311 
lipid A, disclosing the location of the acyl chains and of the phosphate 
decorations with respect to the glucosamine disaccharide backbone, a 

Figure 4.2. Negative-ion MALDI MS2 spectrum of the tetra-acylated lipid A species at m/z 

1262.7 from Endozoicomonas sp. HEX311. Fragments assignment is reported in the spectrum. 

In the inset, the proposed structure for the hexa-acylated lipid A species assignable to the 

precursor ion at m/z 1262.7. 
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negative-ion MS2 analysis on several peaks was executed. In detail, the 
MS2 spectrum of the precursor ion at m/z 1262.7 (Figure 4.2), 
corresponding to a bis-phosphorylated tetra-acylated lipid A species, 
showed two intense peaks at m/z 1104.5 and 1018.5 attributed to ions 
that were derived from the loss of the secondary iso-9:0 and the primary 
14:0 (3-OH) fatty acids respectively. The observation of both these 
fragmentations was crucial in terms of the structural characterization. 
Indeed, the absence of fragments matching with the loss of a whole unit 
of a hydroxylated fatty acid bearing a secondary acyl substituent in 
addition to the presence of a fragment originated from a sequential loss 
of 14:0 (3-OH) and iso-9:0 (m/z 860.8) from the precursor ion concurred 
to indicate that the secondary iso-9:0 was bound to an N-linked primary 
acyl moiety. Moreover, the observation of several ions originating from 
sugar ring fragmentations (0,3A2, 0,2A2 and 1,4A2) (Domon & Costello, 1988), 
was fundamental to define the nature of the primary fatty acids 
decorating the non-reducing glucosamine unit (namely, one 14:0 (3-OH) 
and one 12:0 (3-OH)), and thus to locate the secondary acyl chain iso-9:0 
only at the non-reducing glucosamine residue. Moreover, the occurrence 
of the 1,3A2 cross-ring fragmentation (m/z 1004.9) which takes place only 
when the hydroxyl group at position 3 of the reducing glucosamine is not 
substituted, further corroborated the structural hypothesis that the 14:0 
(3-OH) was placed at position 3 of the non-reducing glucosamine, and thus 

Figure 4.3. Negative-ion MALDI MS2 spectrum of the hexa-acylated lipid A species at m/z 

1036.6 from Endozoicomonas sp. HEX311. Fragments assignment is reported in the spectrum. 

In the inset, the proposed structure for the hexa-acylated lipid A species assignable to the 

precursor ion at m/z 1036.6. 
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that 12:0 (3-OH) and iso-9:0 were located at position 2 of the same 
glucosamine residue as the primary and secondary fatty acids, 
respectively. Finally, the occurrence of a further important peak 
originating from the cleavage of the glycosidic linkage (Y1) at m/z 457.2 
further confirmed that in the tetra-acylated lipid A form the reducing 
glucosamine unit only carried one phosphate and one N-linked  
12:0 (3-OH) unit.  

A further confirmation of the structural assessment was obtained 
by analysing data attained from the negative-ion MS2 of precursor ion at 
m/z 1036.6 relative to the tri-acylated lipid A species lacking the primary 
ester-linked 14:0 (3-OH) (Figure 4.3). Indeed, mass spectrum clearly 
showed cross-ring fragmentations (namely 0,3A2 and 1,4A2) crucial to locate 
both the phosphate and the acyl chains.  

The negative-ion MS2 analysis of precursor ion at m/z 1710.9 
(Figure 4.4.), corresponding to the hexa-acylated lipid A species carrying 
the pyrophosphate and the phosphate groups, was fundamental to define 
the location of the phosphate decorations and of the two hydroxylated 
iso-11:0 acyl moieties with the respect to the disaccharide backbone. In 
detail, MS2 spectrum revealed an intense peak at m/z 1552.7 attributed 
to a fragment devoid of the secondary iso-9:0 acyl chain; the relative 
fragments lacking also one and two phosphate units were detected at  

Figure 4.4. Negative-ion MALDI MS2 spectrum of the hexa-acylated lipid A species at m/z 

1710.9 from Endozoicomonas sp. HEX311. Fragments assignment is reported in the spectrum. 

In the inset, the proposed structure for the hexa-acylated lipid A species assignable to the 

precursor ion at m/z 1710.9. 
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m/z 1454.6 and 1356.6. A further intense and important peak, at  
m/z 1038.1, was assigned to a fragment originating from a rearrangement 
following the loss of the secondary acyl chains. Indeed, the observation of 
a loss of 672 mass units, matching with the sequential loss of one iso-9:0 
and one iso-11:0 (2-OH) plus 312 mass units, led to the conclusion that 
after the removal of the secondary fatty acids a rearrangement, promoted 
by the free 3-OH groups on the 12:0, drove the loss of 156 mass units 
(C10H20O) from each primary N-linked acyl chain (Di Lorenzo, 2017c).  

Since such a fragmentation occurred only when the iso-9:0 and  
iso-11:0 (2-OH) units were absent, it was crucial to establish the location 
of the latter as a secondary acyl substituent of the primary N-linked  
12:0 (3-OH) moiety of the reducing glucosamine unit. In support to this 
hypothesis, other cross-ring fragmentations were observed such as that 
visible at m/z 962.2 attributed to a 0,4A2 fragment, whose relatives devoid 
of one phosphate or one 14:0 (3-OH) units were also detected at  
m/z 864.0 and 736.0 respectively. These fragmentations were also helpful 
in locating the pyrophosphate group only at the 4’ position of the non-
reducing glucosamine unit. Finally, at m/z 1612.7 a lipid A fragment devoid 
of one phosphate group was also identified as well as a fragment derived 
from the sequential loss of both the hydroxylated iso-11:0 residues (m/z 
1306.6). Once again, the absence of a fragment derived for the loss of an 
entire hydroxylated fatty acid bearing a secondary acyl substituent 
definitively confirmed the occurrence of the iso-11:0 (2-OH) as a 
secondary fatty acid of the acyloxyamide decorating the reducing 
glucosamine unit. Similarly, negative-ion MS2 analysis of precursor ion at 
m/z 1342.7, relative to the tetra-acylated form lacking the two 
hydroxylated iso-11:0 and carrying one pyrophosphate and one 
phosphate unit, confirmed the above Endozoicomonas sp. HEX311 lipid A 
structural assessment (not shown).  
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Finally, in order to unambiguously determine the nature and 
location of the secondary fatty acids, an aliquot of lipid A was O-
deacylated through ammonium hydroxide hydrolysis (Silipo, 2002). The 
MALDI mass spectrum, recorded in negative polarity, (Figure 4.5.) of the 
ammonium-treated lipid A showed (i) the ion at m/z 1036.3, which was 
assigned to a bis-phosphorylated tri-acyl residue composed of both the 
primary N-linked 12:0 (3-OH) and the secondary iso-9:0 unit, (ii) the ion at 
m/z 896.3, which was explained as the bis-phosphorylated di-acyl residue 
composed only of the N-linked primary acyl moieties 12:0 (3-OH) and (iii) 
a less intense ion at m/z 1220.3 matching with a bis-phosphorylated tetra-
acyl residue built up of the primary amide-bound 12:0 (3-OH) units 
carrying their respective secondary acyl substituents (Figure 4.6). The 
occurrence of these peaks further corroborated the nature of the amide-
bound fatty acids and the occurrence of iso-9:0 and iso-11:0 (2-OH) as 
secondary fatty acids in an acyloxyacyl amide moiety. Thus, combining 
data on intact LPS and cells with those from the mild acid hydrolysis and 
ammonium treated products, it was possible to define the 
Endozoicomonas sp. HEX311 S-LPS as expressing a complex blend of lipid 
A species whose main component with the highest acylation degree is 
shown in Figure 4.6.  

 

 

Figure 4.5. Negative ion reflectron MALDI mass spectrum, Endozoicomonas sp. HEX311 lipid A 

obtained from ammonium hydroxide hydrolysis. The proposed structure of the products is 

reported in the figure. 
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4.4. Discussion 

The observed structural features of the Endozoicomonas sp. HEX311 
lipid A may explain the absence of an immune response by the sponge 
against the bacterium, thus suggesting that the LPS recognition might be 
similar to the mammalian one. Indeed, as previously mentioned, marine 
sponges possess elements resembling the mammalian innate immune 
system and in mammals one of the properties strongly connected with 
activation of TLR4/MD-2-dependent immune response is the number, 
nature and distribution of the acyl chains (Molinaro, 2015). Hypo-acylated 
lipid As (namely lipid A species expressing less than six acyl chains) often 
exhibit low immunostimulatory activity. Moreover, a 4+2 symmetry 
(presenting a “cone” conformation) has been proven to more favourably 
establish agonist interactions with TLR4/MD-2 complex whereas a 3+3 
symmetry (creating a cylindric conformation) showed to reduce the 
agonist effect of the whole LPS molecule (Molinaro, 2015).  

Figure 4.6. The proposed structure of Endozoicomonas sp. HEX311 lipid A. The non-stoichiometric 

substitutions are indicated as dotted lines. 
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As demonstrated, Endozoicomonas sp. HEX 311 lipid A (Figure 4.6) is 
mainly composed of tetra- and tri- acylated species, that is highly hypo-
acylated species that might be poorly recognized by the sponge immune 
system. Moreover, when hexa-acylated forms occur, these present a 3+3 
distribution of the acyl chains, which are also typically correlated to a 
weak immunopotential (Molinaro, 2015; Di Lorenzo, 2017b, 2017c, 
2017d, 2018). Therefore, the expression of a lipid A with structural 
features leading to a weak immunoactivity might be a key requirement to 
establish a successful symbiosis between the microbe and the sponge. 
Finally, the Endozoicomonas sp. HEX 311 lipid A was found to possess 
uncommon features such as the odd-numbered fatty acids reported for 
other marine bacteria including Shewanella pacifica KMM 3772 (Silipo, 
2005), Arenibacter certesii KMM 3941T (Leone, 2007), Pseudoalteromonas 
haloplanktis ATCC 14393T (Krasikova, 2003) or Chryseobacterium 
scophtalmum CIP 104199T (Vorobeva, 2006). The occurrence of both odd-
numbered as well as very short acyl chains (iso-9:0) might also have a role 
in the establishment of the symbiotic process as it was previously 
demonstrated that not only the amount, but also the length of the fatty 
acids is required for a proper TLR4/MD-2 activation with a minimum 
length of eight and an optimal length of ten carbon atoms (Stöver, 2004). 

 In conclusion, all the above described structural features (the 
occurrence mainly of hypo-acylated species, the 3+3 symmetry of the 
hexa-acylated forms and the presence of both very short and odd-
numbered fatty acids render Endozoicomonas sp. HEX 311 lipid A a 
potential TLR4/MD-2 poor agonist whose immunological properties are 
also worth being investigated, since they can potentially provide 
interesting information useful both in the comprehension of the 
molecular mechanisms underlying the sponge-bacterium interaction 
process but also under the future perspective of the development of 
derivative compounds with an immunomodulatory action on the immune 
system (see Chapter 1.3.1 and 1.8.). 
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Chapter V 

 

Phaeobacter gallaeciensis 
BS107 SA/WT 
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Premise 

Over the years marine bacteria became an interesting source of 
new lipid A structures with interesting immunological properties 
(Vorobeva, 2006; Maaetoft-Udsen, 2013; Anwar, 2014; Molinaro, 2015). 
Phaeobacter gallaeciensis is a Gram-negative marine bacterium, 
belonging to the Roseobacter clade of α-proteobacteria (Wagner-Döbler 
2006), found abundantly in coastal regions of oceans, especially during the 
algal blooms. They are well known colonizers of both, biotic and abiotic 
surfaces and are being found interacting with micro- and macro-algae as 
well as eukaryotes (Buchan, 2005, Slightom, 2009). It was demonstrated 
that P. gallaeciensis is involved in a biphasic interaction with a microscopic 
algae, Emiliania huxleyi. Both, mutualistic and parasitic phases are 
identified by a group of small molecules. In case of the mutualistic phase, 
algae are producing dimethylsulfoniopropionate (DMSP), which is used by 
bacteria as a source of carbon and sulphur. Therefore, the bacteria 
produce phenylacetic acid, which is a growth promoter for the algae, and 
an antibiotic - tropodithietic acid (TDA). Thereafter, with the algal growth, 
E. huxleyi starts to produce p-cumaric acid which induces bacteria to 
synthesise algaecides named roseobacticides A and B, thus the relation 
changes from a mutualistic into opportunistic parasitism 
(Seyedsayamdost, 2011; Wang, 2016). Phaeobacter spp. became potent 
aquatic probiotic thanks to the competitive success of these organisms 
against fish and mollusc pathogens (Thole, 2012; Genard, 2014). 

The characterization of the structure and the immunological 
properties of P. gallaeciensis LPS, as a human non-pathogenic bacterium 
seems promising source of a novel hTLR4/MD-2 modulator. Furthermore, 
with the aim to assess if the ability of P. gallaeciensis to switch from 
mutualistic into opportunistic parasitism was correlated to changes the 
cell wall components, the lipid A fractions in mutualistic (WT strain) and 
pathogenic (SA strain) phase were isolated and characterized. 
 

5.1 Isolation and purification of the LPS 

The lipopolysaccharide from Phaeobacter gallaeciensis BS107 SA 
and WT were isolated with hot-phenol-water method (Westphal & Jann, 
1965), preceded with wash of the cell pellet with water, ethanol and 
acetone. The isolated LPS underwent enzymatic digestion with RNase, 
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DNase and proteinase K, followed by extensive dialysis, proceeded with 
further purification with a Sephacryl S-200 column chromatography. 
Finally, the  DOC-PAGE  analysis unveiled the R-LPS nature of both SA and 
WT LPS.  
 

5.2 Compositional analysis 

The fractions of Phaeobacter gallaeciensis BS107 SA and WT 
underwent monosaccharide and fatty acid analysis with application of 
acetylated methyl glycoside technique (De Castro, 2010). Both 
lipopolysaccharides showed the presence of rhamnose (Rha), ribose (Rib), 
fucose (Fuc), mannose (Man), glucose (Glc), galactose (Gal), heptose 
(Hep), glucosamine (GlcN) and 3-deoxy-D-manno-oct-2-ulosonic acid 
(Kdo). Moreover, the quantification of monosaccharides and fatty acids 
was performed basing on internal standard method and deriving the 
analytes into acetylated alditols and fatty acid methyl esters respectively. 
The results are shown in the Table 5.1.  

Table 5.1. Composition of the P. gallaeciensis BS107 SA. The quantification was 
performed using the internal standard method with xylose 
 

Neutral sugars Concentration [nmol/mg] 

Rhamnose (Rha) 40 
Ribose (Rib) 230 
Fucose (Fuc) 62 
Mannose (Man) 36 
Glucose (Glc) 701 
Galactose (Gal) 203 
Heptose (Hep) 64 
3-Deoxy-D-manno-oct-2-
ulosonic acid (Kdo) 

NQ 

Aminosugars 

Glucosamine (GlcN) NQ 

Total fatty acids Total [nmol/mg] Ester [nmol/mg] 

3OH-10:0 41 23 
3OH-12:0 73 0 
12:0 Tr tr 
12:1 Tr Tr 
10:0 tr Tr 
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NQ - not  quantified; tr – trace quantities 
 

The quantitative analysis of the fatty acid methyl esters performed 
on Phaeobacter gallaeciensis BS 107 SA  revealed the presence of 10:0, 
10:0 (3-OH), 12:0, 12:1, 12:0 (3-OH). The selective hydrolysis of ester 
linked fatty acids unveiled that all 12:0 (3-OH) were amide linked, whereas 
10:0 (3-OH) were partially amide linked. Furthermore, qualitative analysis 
was made using 17:0 as internal standard (Table 5.1.). 
 

5.3 MALDI-TOF and MS2 analysis of the lipid A 

The complete structure of P. gallaeciensis BS107 SA and WT was 
unveiled basing on MALDI-TOF MS and MS2 analysis.  

The lipid A of P. gallaeciensis BS107 SA was obtained applying mild 
acid hydrolysis in order to cleave the linkage between the non-reducing 
GlcN of the lipid A and Kdo of the core oligosaccharide. The lipid A was 
isolated by adding appropriate quantity of methanol and chloroform until 
a 2:2:1,8 (v/v/v) chloroform/methanol/hydrolysate mixture was obtained 
(Bligh & Dyer, 1959). Therefore, the moiety was recovered from the 
organic layer. Subsequently negative ion MALDI-TOF analysis was 
conducted on the bacterial pellet following the Larrouy-Mamus method 
(Larrouy-Maumus, 2016).  
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The negative ion MALDI mass spectrum of P. gallaeciensis BS107 
(Figure 5.1.) revealed the presence of peaks in range of m/z 941.7-1570.3 
relative to deprotonated [M - H]- lipid A species differing in the nature and 
number of fatty acid chains and in phosphate content. Four different 
families of peaks were clearly apparent and matched with tri-, tetra-, 
penta- and hexa-acylated lipid A species.  

On the basis of fatty acid analysis, the highest mass ion at m/z 
1570.3 was assigned as a bis-phosphorylated hexa-acylated lipid A species 
carrying two 12:0(3-OH), two 10:0(3-OH), one 12:1 and one 10:0. The bis-
phosphorylated hexa-acylated species around m/z = 1544.6, possessing a 
mass difference Δm/z = 26, carried one 12:1 fatty acid chain instead of a 
10:0 residue, and thus possessed  two 12:0 (3-OH), two 10:0 (3-OH) and 
two 10:0. Moreover the clear mass difference of 28 amu (Δm/z = 28) was 
correlated with substitution of 10:0 into 12:0. Two main peaks were 
attributed to penta-acylated forms of the lipid A. The first signal at m/z 
1372.3 was attributed to a bis-phosphorylated penta-acylated species 
carrying two 10:0 (3-OH), one 12:0 (3-OH), 12:1, and 10:0, whereas the 
signal at m/z 1292.3, differing of 80 amu (Δ = m/z 80) was assigned as 
mono-phosphorylated form. Also in this case, differences of Δm/z = 26 and 
Δm/z = 28 were clearly distinguishable. Thereafter main mono-
phosphorylated tetra-acylated species, related to previously described 
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Figure 5.2. Negative-ion MALDI MS2 spectrum of the penta-acylated lipid A species 

at m/z 1372.3 from Phaeobacter gallaeciensis BS107. Fragments assignment is 
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penta-acylated lipid A is found at m/z 1122.1. The relative ion with mass 
difference of 80 amu were connected with presence of  bis-
phosphorylated species. Finally, the main tri-acylated, mono-
phosphorylated species lacking one 12:1 with respect to the ion at m/z 
1122.1 were assigned to the ion at m/z 941.7.  

A negative ion MS2 analysis was driven in order to locate the acyl 
moieties and the phosphate groups. The negative ion MS2 spectrum 
executed on the precursor ion at m/z 1372.3  (Figure 5.2.) corresponding 
with a bis-phosphorylated penta-acylated species revealed presence of 
the main ion at m/z 1274.0 which derived from the  loss of one phosphate 
group. The other fragments at m/z 1183.8 and m/z 1173.9, matched with 
the lipid A lacking 10:0 (3-OH) and 12:1 respectively. Key ions were found 
at m/z 988.6 and m/z 582.3. The first one was assigned as 1,3A2 ion (Domon 
& Costello, 1988), formed by the cleavage across the glycosidic ring of the 
reducing GlcN, and was diagnostic for identification of 10:0 and  
10:0 (3-OH) as substituents on the distal GlcN. Therefore, the related ion 
at m/z 890.6 was attributed to a further loss of a phosphate group. The 
ion at m/z 582.3 was identified as Y1 ion formed by the cleavage of the 
glycosidic bond between two glucosamine residues, suggesting presence 
of 12:0 (3-OH); 10:0 (3-OH) and 12:1 residues on the non-reducing GlcN. 
Moreover, the  MS2 spectrum executed on the precursor ion at m/z 1318.6 
relative to mono-phosphorylated penta-acylated lipid A (data not 
presented) showed the main product ion at m/z 1120.2 attributed to a 
loss of one 12:1 residue. Thereafter, other product ions associated with 
sequential loss of a the acyl chains were reported at m/z  924.9 and  
m/z 734.7, associated with elimination of two 12:1 residues, and further 
10:0 (3-OH) respectively.  

In order to unambiguously determine the nature and location of 
the secondary fatty acids, an aliquot of lipid A was O-deacylated through 
ammonium hydroxide hydrolysis (Silipo, 2002). The MALDI mass 
spectrum, recorded in negative polarity  revealed the presence of two 
peaks corresponding to di-acylated species at m/z 761.5 and m/z 896.0 
(Figure 5.3.). The first corresponded to a mono-phosphorylated di-
acylated lipid A carrying two 10:0 (3-OH) chains, the second at m/z 896.0 
was associated with a bis-phosphorylated di-acylated species carrying two 
12:0(3-OH). The ion at m/z 1192.5 was  identified as a bis-phosphorylated 
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tetra-acylated lipid A species carrying two 10:0 (3-OH), one 12:0 (3-OH) 
and one 10:0 residue.  

 

Finally, the negative mode MALDI-TOF experiments were 
performed on Phaeobacter gallaeciensis BS107 SA (Figure 5.4.a) and WT 
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Figure 5.4. Negative ion reflectron MALDI mass spectrum, Phaeobacter 

gallaeciensis BS107 SA (a) and WT (b) lipid A obtained from the native bacterial 

pellet using Larrouy-Maumus method. Tetra-, penta- and hexa-acylated lipid A 

species are outlined. The spectrum confirmes structural assignments performed on 

isolated lipid A.  
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(Figure 5.4.b) cell pellet, showing a comparable distribution of species 
although a lower heterogenicity was evident, expecially in the 
phosphorylation pattern, suggesting removal of some phosphate groups 
during the acidic treatment. Interestingly, the main ion peaks at m/z 
1456.3 and 1478.3 corresponding to penta-acylated species carried a 
pyrophosphate group. The ion at m/z 1456.3 was the predominant signal 
on the spectrum of Phaeobacter gallaeciensis BS107 SA, whereas the 
second, at m/z 1478.3 was the highest in the mutualistic WT strain. 
Moreover, the hexa-acylated forms at m/z 1634.3 and 1608.5 were also 
found to carry three phosphate groups and possess predominantly  
9:0 (3-OH) residue instead of 10:0 (3-OH). Finally, a remarkable lower 
amount of mono-phosphorylated species was found. The structure of a 
hexa-acylated species is showed on Figure 5.5. 
 

 
Figure 5.5. Structure of the hexa-acylated P. gallaeciensis BS107 lipid A species.  
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5.4 Immunological studies on Phaeobacter gallaeciensis BS107 LPS 

The assessment of immunological impact of Phaeobacter 
gallaeciensis BS107 LPS was performed upon exposure of HEK293 cells 
transfected with human TLR4/CD14/MD-2, and the Monocytes-derived 
Macrophages (MoMs) to studied LPS in various concentrations (1 ng/mL, 
10 ng/mL and 100 ng/mL). Subsequently identical concentrations of 
agonist E. coli O111:B4 LPS and the antagonist, synthetic lipid IVA were 
used as controls. Moreover, the untreated cells were considered as the 
negative control. In detail, the stimulation of hTLR4 HEK293 cells was 
conducted for 6 h. Thereafter, the activation of NF-κB, so as Chemokine 
ligand 8 (CXCL-8) release was measured.  

 
Figure 5.6. Immunopotential analysis of P. gallaeciensis BS107 LPS in HEH293 hTLR4/MD-
2/CD14. The activation NF-κB (A) and release of CXCL-8 (B) upon stimulation with 1, 10 
and 100 ng/mL of P. gallaeciensis LPS for 6 hours. Hexa-acylated E. coli LPS and synthetic 
lipid IV at the same concentrations were used as controls. Data expressed as a mean of 
three independent repetitions ±SD. * p<0.05; ** p<0.01; *** p<0.001 after t-Students 
test. 

 
As presented on the Figure 5.6, the LPS derived from Phaeobacter 

gallaeciensis BS107 showed nearly lack of immunostimulant activity. 
Significantly lower activation of the NF-kB and CXCL-8 release was 
observed in respect to E. coli LPS (P. gallaeciensis BS107 LPS vs E. coli LPS 
p>0,001 for all NF-κB and 10 ng/mL, 100 ng/mL CXCL-8, p>0,001, 1 ng/mL 
CXCL-8 p>0,05). Interestingly, the results were comparable to the ones 
obtained on the lipid IVA.  
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The immunostimulant properties were further analysed on 
Monocytes-derived Macrophages (MoMs). The cells expressing TLR4 were 
exposed for 12 hours to P. gallaeciensis BS107 LPS, E. coli LPS and lipid IVA 
in the concentrations as described above; thereafter release of pro-
inflammatory cytokines, including the hTNF-α, IL-10 and IL-6 was 
measured. Obtained results are presented in Figure 5.7. Also in this case 
P. gallaeciensis LPS showed very poor response in comparison to E. coli  
O111:B4 LPS (P. gallaeciensis BS107 LPS vs E. coli TNF-α: 1 ng/mL p< 0,05; 
10 ng/mL, 100 ng/mL p< 0,001; IL-10: 1 ng/mL NS; 10 ng/mL p< 0,001, 100 
ng/mL p< 0,01; IL-6 1 ng/mL NS, 10 ng/mL, 100 ng/mL p< 0,001).  

 

Figure 5.7. Immunopotential analysis of P. gallaeciensis BS107 LPS in MoMs. The release 
of pro-inflammatory cytokines hIL-10 (A), hIL-6 (B) and hTNF-α (C) upon stimulation with 
1, 10 and 100 ng/mL of P. gallaeciensis LPS for 12 hours. Hexa-acylated E. coli LPS and 
synthetic lipid IV at the same concentrations were used as controls. Data expressed as a 
mean of three independent repetitions ±SD. * p<0.05; ** p<0.01; *** p<0.001 after t-
Students test. 

 

5.5. Discussion 

In this study the structural features of Phaeobacter gallaeciensis 
LPS, in particular the lipid A were extensively investigated. The structural 
assignment of lipid A was conducted basing on a combination of  chemical 
methods and Mass Spectrometry; MALDI-MS and MS2 experiments were 
performed on the lipid A isolated by means of mild acidic hydrolysis and 
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in its native form. The lipid A obtained by acid hydrolysis was composed 
mostly of bis- and mono-phosphorylated species, whereas in case of 
untreated lipid A, species carrying two or three phosphate groups were 
identified, suggesting the presence of pyrophosphate groups.  

The lipid As derived from P. gallaeciensis in the symbiotic and 
pathogenic states (WT and SA respectively) were compared. Both 
fractions showed the predominant presence of penta-acylated species 
possessing a disaccharide glucosamine backbone decorated with 
phosphate and pyrophosphate groups (Figure 5.5.). The main penta-
acylated species found in the mutualistic phase carried one 12:0 (3-OH), 
two 10:0 (3-OH) and two 12:1, whereas in the pathogenic phase a 10:0 on 
the reducing GlcN substituted the 12:1 ; however, the lipid A in the two 
mutualistic and parasitic phases did not show significant variations. 
Presented lipid A was found to possess a 3-hydroxylated fatty acid, namely 
10:0 (3-OH), as a secondary residue. This property is rarely observed 
among lipid As, like Bdellovibrio bacteriovorus (Schwudke, 2003), or 
marine bacteria including Halobacteroides lacunaris (Di Lorenzo, 2018) 
and Marinomonas  vaga (Krasikova, 2004).  

The lipopolysaccharide was further subjected to immunological 
assays in order to characterize the activation on the TLR4/MD-2 
receptorial complex upon exposure to the LPS. Interestingly, the results 
showed that the molecule was able to activate significantly lower 
TLR4/MD-2 driven response in comparison to E. coli, likely due to the 
predominant presence of penta-acylated species and the concomitant 
presence of rather short chain fatty acids, including 10:0 and 10:0 (3-OH) 
(Rietschel, 1994; Stöver, 2004; Fox, 2010; Molinaro, 2015) (see Chapter 
1.8.). 
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Chapter VI 

 

Zymomonas mobilis   



 

122 
 

Premise 

  Zymomonas mobilis, the etiological agent of beer, wine and cider 
spoilage, is among the first anaerobic acidophilic bacteria able to 
synthesize ethanol attracting the interest of researchers (Swings & De Ley, 
1977). Z. mobilis is notable due to its extraordinarily ability to tolerate 
ethanolic environment, reaching up to 16% in case of batch culture (Seo, 
2005; Yang, 2013). In comparison to most industrially nowadays used 
ethanologenic organisms as Saccharomyces cerevisiae, Z. mobilis exhibits 
a wide range of advantages such as higher ethanol yields, lower biomass 
production, higher sugar uptake; moreover, it does not require controlled 
oxygen addition during the fermentation process (Lin & Tanaka, 2006; 
Panesar, 2006). These peculiarities make it a promising microorganism for 
a large scale bio-ethanol industrial production  (Panesar, 2007). 

  Bacterial cells use different methods to protect themselves from 
the external environment; two of the main known microorganism 
adaptations to highly ethanolic environment are an increased proportion 
of monounsaturated fatty acids and a high hopanoid content in the 
bacterial membrane, preventing membrane leakage and decrease of 
organization (Belin, 2018; Demel & De Kruyff, 1976; Kannenberg, 1980;). 
Actually Z. mobilis is one of the most potent producers of hopanoids 
(Bringer, 1985; Demel & De Kruyff, 1976; Flesch & Rohmer, 1989) and, 
furthermore, over 70% of the acyl lipid chains present in the membrane 
phospholipids were 18:1 (Δ11) (Hermans, 1991; Ingram, 1986). 
Nevertheless, microorganisms have developed also other strategies 
letting them survive in harsh conditions, such as the synthesis of 
polysaccharides and glycoconjugates (Hidalgo-Cantabran, 2014; Nichols, 
2005).  

  Of particular importance are the exopolysaccharides (EPSs), high 
molecular weight extracellular carbohydrate polymers which exert 
significant roles in microbial adhesion, protection (Decho, 1990; Nicolaus, 
2010), and both symbiotic and pathogenic interactions with the external 
environment (Flemming & Wingender, 2010; Tytgat & Lebeer, 2014)(see 
Chapter 1.4). EPSs are indeed often produced by organisms exposed to 
stressful environmental conditions, providing them a protective barrier 
against different factors (Kazak, 2010). EPS-secreting microbes produce 
either homo- or hetero- polysaccharides, nevertheless some bacterial 
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strains, such as Serratia marcescens, Aeromonas salominicida, and 
Pseudomonas sp. strain NCIB2021, can also synthesize mixtures of 
different polysaccharides (Ates, 2015; Kwon, 1994). Some of these EPSs 
have industrial applications, including xanthan, dextran, gellan and 
curdlan produced by Xanthomonas campestris, lactic acid bacteria, 
Pseudomonas elodea and Alcaligenes faecalis, respectively (Mollakhalili, 
2015; Nwodo, 2012). 

  Structure and potential roles of Z. mobilis EPS in bacterial survival 
were here characterised, pursued by the combined use of chemical, 
spectroscopic and physico-chemical techniques including DOSY NMR and 
both Static and Dynamic Light Scattering (SLS and DLS). It was showed that 
Z. mobilis produces a mixture of two EPSs, an [→6)-α-D-Manp-(1→]n 
mannose homopolymer and a galactose containing polysaccharide: [→2)-
β-D-Galf-(1→3)-β-D-Galp-(1→]n. Furthermore, it was revealed that the 
chemical structure of the latter EPS potentially contributes with the 
Zymomonas mobilis high ethanol tolerance.  

 

6.1. Isolation steps of Zymomnas mobilis cell wall components 

In order to isolate the cell wall components, dried Zymomonas 
mobilis cell pellet underwent  a  PCP extraction (Galanos, 1969).  
The compositional analysis of PCP extract showed predominantly 
presence of hopanoids, among the main component of the outer 
membrane, as the abundant Hop-17(21)-ene (Figure 6.1).  

 

Figure 6.1 EI-MS spectrum and structure of Hop-17(21)-ene, the main hopanoid component of  
Z. mobilis cell membrane. Below the reference spectrum. 
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        Some bacteria, like Sphingomonas spp. are devoid of LPS, replaced by 
another glycolipid, belonging to the Glycosphingolipid (GSL) class (see 
Chapter 1.5). These compounds are widespread among the α-4 subclass 
of Proteobacteria, therefore their presence in Z. mobilis outer membrane 
was previously reported in the literature (Kawahara, 1999; Tahara, 1994). 
The glycosphingolipid of Zymomonas mobilis was found to carry 1,3-
dihydroxy-2-amino-hexadecane (DS 16:0) substituted with hexadecanoic 
or tetradecanoic acid ang glucuronic acid (Figure 6.2). 

 
Figure 6.2. Chemical structure of the GSL derived from Z. mobilis 
 

 

6.2 Isolation and compositional analysis of Zymomonas mobilis EPS 

 Two different EPS were isolated and purified from Z. mobilis cells by 
using a hot phenol/water extraction protocol (Westphal & Jann, 1965); 
the main polysaccharide component, named PS1, was found in the water 
phase (Figure 6.3a, the extraction yield was 15.4%); a fraction containing 
both PS1 and a homopolymer, named PS2, was indeed isolated from the 
phenol phase (the extraction yield was 0.8%), with PS2 being the major 
component (Figure 6.3b).  

 Based on the relative abundances of anomeric signals in 1D NMR 
spectra, PS1 made up about 86% of extracellular polysaccharide material, 
whereas PS2 accounted for about 14%.  

 Compositional analysis (De Castro, 2010) of both fractions 
revealed presence of D-galactose (D-Gal) (main sugar residue for PS1) and 
D-mannose. Methylation analysis (Ciucanu & Kerek, 1984) revealed the 
occurrence of 3-substituted Galp, 2-substituted Galf and 6-substituted 
Manp. 
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6.3 NMR spectroscopy structural characterization of PS1 and PS2 

  A combination of NMR experiments was executed to assign the 
spin systems and to identify the monosaccharide sequence of each 
polymer (Tables 6.1 and 6.2). The anomeric configuration of 
monosaccharide units was assigned on the basis of the 3JH1,H2 coupling 
constants and the intra-residual NOE contacts, whereas the values of the 
vicinal 3JH,H coupling constants allowed the identification of the relative 
configuration of each residue. Homonuclear and heteronuclear 2D 
experiments (COSY, TOCSY and HSQC) were used to assign proton and 
carbon resonances of saccharide spin systems, while the sugar sequence 
was obtained from the long-range connectivity in the HMBC spectra and 
supported by the NOE contacts.  

 

Figure 6.3 1H NMR spectra of PS1 and PS2; a) the water phase mainly contained PS1, b) the 
phenol phase contained a mixture of PS1 and PS2. 

 

a

3.53.73.94.14.34.54.74.95.15.35.5 ppm

b

3.53.73.94.14.34.54.74.95.15.35.5 ppm

3.3
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In the anomeric region of 1H NMR (Figure 6.3a) of PS1, two 
anomeric signals were distinguished (Table 6.1). Spin system A (H-1 5.34 
ppm, Table 6.1) was identified as a β-galactofuranose residue. The clear 
downfield shift of all carbon signals within this spin system, the intra-
residue long range correlation found on the 1H,13C HMBC spectrum 
between A1 and A4, were all diagnostic of the presence of a sugar in a 
furanose ring. Chemical shift of anomeric carbon atom (108.2 ppm) was 
indicative of a β-configured unit (Molinaro, 2002; Di Lorenzo, 2014). Spin 
system B (H-1 4.54 ppm, 1JH1,C1  165 Hz, 3JH1,H2 8 Hz) was identified as an β-
galactopyranose residue. The β-anomeric configuration was indicated by 
the intra-residue NOE contacts of H-1 with H-3 and H-5 and the downfield 
chemical shift of C-5, the galacto configuration was established by 3JH3,H4 
and 3JH4,H5.  

 
Figure 6.4 Overlapped sections of ROESY and TOCSY spectra of PS1. The key inter-

residual NOE contacts involving sugar residues of PS1 are indicated.  
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Figure 6.5 Overlapped sections of 1H, 1H13C HMBC (black) and 1H13C HSQC (red and green) 
NMR spectra of PS1. The key inter-residual anomeric long-range correlations are 
indicated. 

 

Table 6.1 Values of proton (1H) and carbon (13C) NMR shifts of PS1. 

Chemical Shift δ (1H/13C) 

Unit 1 2 3 4 5 6 

A 5.34 4.29 4.14 3.96 3.74 3.55 

2-β-D-Galf 108.2 88.9 75.9 82.6 70.5 62.5 

B 4.54 3.52 3.66 3.97 3.62 3.64 

3-β-D-Galp 101.9 69.6 79.8 68.4 74.9 60.5 

 

 The downfield shift of carbon resonances allowed the identification of 
the glycosylated positions, namely O-2 of A and O-3 of B. The inter-residue 
NOE contacts between A1 and B3 and between B1 and A2 (Figure 6.4) 
together with the long-range correlations of A1 with B3 and of B1 with A2 
found in the HMBC (Figure 6.5) spectrum, confirmed the following 
repeating unit for the polysaccharide PS1: 
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[→2)-β-D-Galf-(1→3)- β-D-Galp-(1→]n . 

 
  The fraction isolated from the phenol phase PS2 underwent NMR 
analysis by the same approach as above. Three anomeric protons were 
identified (Figure 6.3b, Table 6.2), of which two corresponded to the 
above described PS1 polysaccharide. Spin system C (H-1 4.80 ppm, 1JH1,C1  
174 Hz) was identified as α-D-Manp. The manno configuration was 
established by 3JH-1,H-2 and 3JH-2,H-3 (both below 2 Hz), the anomeric 
configuration was defined on the basis of the intra-residual NOE contacts 
of H-1 with H-2 (Figure 6.6.). The downfield shift of C-6 signal suggested 
glycosylation at O-6. Finally, the NOE correlation of H-1 with H-6 and the 
long-range correlation of C-1 with C-6 (Figure 6.7.) in conjugation with 
chemical analyses revealed that it was a homopolymer of 6-substituted  
α-D-Mannopyranose PS2: 

[→6)-α-D-Manp-(1→]n. 
 

 
 

Figure 6.6 Overlapped sections of ROESY and TOCSY spectra of PS1/PS2. The key inter-
residual NOE contacts involving sugar residues of PS2 are indicated. 
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Figure 6.7 Overlapped sections of 1H, 1H-13C HMBC (black) and 1H-13C HSQC (red and 
green) NMR spectra of PS1/PS2. The key inter-residual long range correlation of PS2 is 
indicated. 

 
Table 6.2 Values of proton (1H) and carbon (13C) NMR shifts of PS2. 

Chemical Shift δ (1H/13C) 

Unit 1 2 3 4 5 6 

C 4.80 3.89 3.73 3.61 3.74 3.68/3.82 

6-α-D-Manp  99.3 69.9 70.8 66.4 70.6 65.4 

 

  Therefore, two different exopolysaccharides (Figure 6.8) were 
identified as Zymomonas mobilis EPS components: 

[→2)-β-D-Galf-(1→3)- β-D-Galp-(1→]n   PS1 

[→6)-α-D-Manp-(1→]n.  PS2 
 

 Interestingly, the repeating unit of PS1 was previously reported as 
component of both capsular polysaccharide and LPS O-antigen isolated 
from an acidophilic bacterium, Acetobacter methanolicus strains MB 58/4 
and MB70 (Grimmecke, 1991; Grimmecke, 1994). 
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Figure 6.8. Structure od the PS1 and PS2 

 

6.4 PFG-NMR and DLS analysis 

  With the purpose to investigate if and how Z. mobilis EPSs were 
involved in protecting bacteria cells against ethanol-rich environments, a 
physico-chemical characterization of the behavior of both 
polysaccharides, PS1 and PS2, in water-ethanol solutions was performed. 
As a preliminary part of this investigation, the molecular weight of the two 
EPS was estimated by both PFG-NMR and SLS analysis (see Chapter 6.5). 
The two independent experimental approaches converge in giving an 
average molecular weight of about 120 kDa for PS1 and 4kDa for PS2. 

 The self-diffusion (or, more correctly, intradiffusion) coefficients of 
both PS1 and PS2 in water-ethanol solutions were determined by PFG 
NMR measurements (Cohen, 2005), following the decay of signal intensity 
at 5.34 and 4.80 ppm of respectively the anomeric signal of the 
galactofuranose and the mannopyranose residue (Figure 6.3a and Figure 
6.3b). In all cases, the signal decay satisfactorily fits a single exponential 
curve, indicating low polydispersity of the EPS molecular weight. All the 
measurements were done at very low PS1 concentration (~ 0.1 % w/w) so 
that interactions between different polysaccharide chains could be 
neglected, as also confirmed by the evidence that the self-diffusion value 
does not depend on the observation time. This means that the molecules 
can be assumed to freely diffuse in an isotropic and homogeneous 
medium. Interestingly, a decrease of PS1 self-diffusion coefficient, DPS1, 
was observed (Table 6.3) with increasing ethanol concentration, whereas 
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the self-diffusion coefficient of PS2, DPS2, remained nearly constant. The 
reduction of the PS1 mobility can be ascribed either to the increased 
viscosity or to a change of the chain conformation; to discriminate 
between these two factors, the polysaccharides hydrodynamic radii at 
different ethanol concentrations were evaluated. The diffusion of 
spherical object in a continuous medium is related, indeed, to the object 
radius, Rh, and to the solvent viscosity, η, by the Stokes-Einstein equation: 

𝐷PS1 =
𝑘B𝑇

6πη𝑅h
 

where kB is Boltzmann constant and T the absolute temperature. The 
viscosity of the heavy water-ethanol solutions at 25 °C can be calculated 
from those reported in the literature for the water-ethanol mixtures 
(González, 2007) using the scaling relationship proposed by Harris (2002), 
obtaining the values reported in Table 6.3. 
 

Table 6.3. Self-diffusion coefficients, viscosity, hydrodynamic radius and solvation 
number for the systems water-ethanol-PSx (x = 1,2) at 25 °C. DPSx: self-diffusion 
coefficient of PSx; Det and D°et: self-diffusion coefficient of ethanol in the presence and in 
the absence of PSx; Rh hydrodynamic radius;  solvent viscosity; net,PS1u: estimated 
number of ethanol molecules solvating PS1 per repeating unit.  

Ethanol 

wt% 

DPSx × 1011 

/m2 s-1 a 

Det × 1010 

/m2 s-1 b 

D°et × 1010 

/m2 s-1 b 

 × 103 

/Pa s 

Rh × 109 

/m c 

net,PS1u
 d 

 Heavy water-ethanol-PS1 

0 2.64   1.09 7.6  

4 2.19 9.44 9.83 1.25 8.0 10 

8 2.03 8.52 8.81 1.40 7.7 13 

12 1.72 8.19 8.40 1.53 8.3 17 

       

 Heavy water-ethanol-PS2 

0 14.8   1.09 1.4  

4 14.5 9.72 9.83 1.25 1.2 - 

8 15.2 8.85 8.81 1.40 1.0 - 

12 15.6 8.51 8.40 1.53 0.9 - 
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Figure 6.9 Hydrodynamic radius of PSx (x = 1,2) in heavy water-ethanol-PSx mixtures 
relative to that observed in the absence of ethanol, Rh/R°h, reported as a function of the 
ethanol weight percent. Full circles, PS1; open circles, PS2. 

 

 Concerning PS2, the constancy of the self-diffusion coefficient with 
increasing ethanol concentration, corresponded to a significant decrease 
of the hydrodynamic radius, Rh, of the saccharide chain. In fact, a 
reduction up to 35 % of Rh was found, that corresponds to a 70% volume 
reduction. Thus, it appears that the presence of ethanol in the solvent 
medium causes a dramatic shrinkage of the PS2 random coil. A similar 
behavior has been reported in the literature for other polysaccharides 
(Antoniou & Alexandridis, 2010; Antoniou, 2010). Conversely, presented 
results (Table 6.3., Figure 6.9.) showed that the Rh values of PS1 were 
scarcely sensitive to the presence of ethanol in the system, showing a 
detectable increase only at the highest considered ethanol concentration.  
  The reliability of these data was also confirmed by DLS 
experiments (Figure 6.10), detecting a single population of diffusing 
objects, identified as the PS1 coils, at all the considered mixtures. The 
distribution was centered slightly above 10 nm independently of the 
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ethanol concentration. 

  The peculiar behavior of PS1 in water-ethanol mixtures can be 
rationalized in terms of the well-established modellization of polymer 
solvation (Rubenstein & Colby, 2003). In dilute solution, the polymer 
conformation, and consequently the dimension of the coil it forms, 
depends on the solvent (or solvent mixture) it is dissolved into. 
Consequently, for each specific polymer a scale of “solvent quality” can be 
drawn, which is the result of the combined effects of polymer segment–
solvent and segment–segment interactions. A solvent can be “good” (the 
interactions between the polymer segments and the solvent are favored 
and the polymer coil expands), “bad” (the polymer coil contracts in order 
to minimize the disfavored segment–solvent interactions), or “theta” (the 
coil dimensions remain unperturbed). In mixed solvents a delicate balance 
between the interactions of the polymer segments and the different 
solvent molecules present in the mixture is established. It is widely 
recognized that the solvent quality determines equilibrium properties as 
well as the dynamics and rheology of polymer solutions. In some cases, 
the same conceptual framework has been already used to interpret the 
behavior of polysaccharides in solution (Antoniou, 2010; Antoniou & 
Alexandridis, 2010; Hilliou, 2009). Basing on obtained results, for PS2 alike 
the other polysaccharides reported in the literature, ethanol can be 
considered as a bad solvent. Interestingly, PS1 presented a particular 
behavior; upon addition of ethanol, its coils remained, indeed, nearly 
unperturbed, indicating that ethanol is a good solvent for this polymer, at 
least as good as water. Interestingly, ethanol self-diffusion was 
significantly decreased by the presence of PS1 (Table 6.3.), differently 
from what observed for PS2. This allows estimating the average number 
of ethanol molecules diffusing together with each PS1 saccharide unit 
(Table 6.3.). The experimental self-diffusion coefficient of ethanol 
determined in the presence of PS1, indeed, is the average of that of 
ethanol molecules involved in the polysaccharide solvation shell, Det,solv, 
and that of ethanol molecules freely diffusing in the solution bulk 
(Costantino, 2000): 

𝐷et =  
𝑚et,solv

𝑚et
𝐷et,solv +  

𝑚et,free

𝑚et
𝐷et,free 

where met are the ethanol moles in the mixture while met,solv and met,free 
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are those solvating and not solvating PS1, respectively (met,solv + met,free = 
met). It can be assumed that solvating ethanol molecules diffuse jointly to 
the solvated macromolecule, i.e., present the same self-diffusion 
coefficient of PS1 (Det,solv = DPS1). 

 
Figure 6.10 Distribution of the PS1 hydrodynamic radius in water-ethanol-PS1 mixtures. 

 On the other hand, considering that the mixtures contain a very 
low polysaccharide concentration, it can be also assumed that “free” 
ethanol molecules present the diffusion coefficient determined in PS1 
absence (Det,free = D°et), being the obstruction effect exerted by the 
polymer coils on the ethanol motion negligible. From the knowledge of 
the PS1 weight percent and of the saccharide unit molecular weight it is 
possible to calculate the number of units (expressed as moles) present in 
the mixture, mPS1,unit. Last, the ratio between met,solv and mPS1,unit, 
represent the number of ethanol molecules involved in the solvation shell 
of a single saccharide unit, net,PS1u. The net,PS1u values calculated by this 
approach are reported in Table 6.3. Since the model neglects the 
possibility of ethanol molecules physically “entrapped” in a 
polysaccharide coil but not directly entering the solvation shell of the 
saccharide units, the net,PS1u values are roughly upper estimates of the real 
value.  
 The results indicated a significant involvement of ethanol in the 
PS1 solvation shell, in which more than ten ethanol molecules per 
repeating unit are present, weakly increasing with the ethanol content in 
the solvent mixture. It is worth to highlight that this is the first time in 
which the presence of ethanol in polysaccharide solvation is proven; 
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indeed, this possibility has been considered negligible so far (Burakowski 
& Gliński, 2012). 

 
6.5. Calculation of the average molecular mass 

6.5.1. Molecular weight estimation by DOSY 

The average molecular weight of the two fractions (PS1 and PS2) 
was estimated by using DOSY (Diffusion-ordered NMR spectroscopy) 
experiments. As reported in Chapter 6.4., the Stokes – Einstein equation 
(eq. 1) describes the correlation between the diffusion coefficient of a 
certain molecule in solution and its molecular size.  

D = kT/6πηrs (m2 s-1)               eq. 1 

Although the equation 1, from which the analysis of DOSY is 
derived, holds for spherical molecules, it has been previously reported 
that diffusion data can be used to provide the molecular weight of 
uncharged linear and slightly branched, water soluble, oligo- and 
polysaccharides (Groves, 2004; Iqbal, 2017; Suárez, 2006; Viel, 2003). 
Therefore, once measured the diffusion coefficients of the two 
polysaccharide fractions from 2D DOSY experiments (Figure 6.11), their 
molecular weight was roughly estimated by using the equation 2  

D = K x Mwα (m2 s-1)               eq. 2 

where K and α are scaling parameters (K=8.114 x 10-9; α=0.484) previously 
determined by Viel et al., (2003). 
The interpolation of diffusion data, by using the calibration curve derived 
by Viel and coworkers from the study of pullulans fractions of known 
molecular weight, yielded the following molecular masses for each 
fraction (Figure 6.11):  

PS1 ~ 123 kDa 

PS2 ~ 3.4 kDa 
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Figure 6.11 Superimposition of 1H NMR and 2D DOSY spectra of the fraction containing 

both exopolysaccharides, PS1 and PS2.  
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6.5.2. Molecular Weight estimation by SLS 

The mass-average molecular weight of each EPS was determined, 
in duplicate, by SLS. Samples to be analyzed by SLS were prepared by 
solubilizing 1 mg of PS1 or PS2 in 1 ml of deionized and filtered (0.22 μm) 
water. Weighed amounts of water were progressively added to the 
samples to explore lower concentrations. Normally, the mass-average 
molecular weight, Mw, was obtained from the equation (Schmitz, 1990): 

 
 

 
     

K cls

θ

2
R1 g 2

= + 2Bc 1+ q
R Mw 3

               eq. 3 

where c is the sample mass concentration, B the second virial coefficient, 
Kls = 4π2 n0

2 (dn/dc)2 /(NA λ4), where n0 = 1.33 is the refractive index of 
water, dn/dc = 0.185 is the refractive index increment (Paduano, 1992), 
NA is the Avogadro’s number, λ is the laser wavelength in vacuum, Rθ is 
the excess Rayleigh ratio at 90°. The values of Rθ were obtained from  
Rθ = (Is − Is,0)/Is,R (n0

2 /nR
2) Rθ,R, where Is is the scattered intensity of the 

solution, Is,0 is the scattered intensity of water, Is,R is the scattering 
intensity of toluene (the standard), and nR = 1.496 and Rθ,R = 2.85 × 10−5 
cm−1 are the refractive index and the Rayleigh ratio of toluene, 
respectively (Kaye & Havlik, 1973), q = (4πn/λ) sin(θ/2) and Rg is the radius 
of gyration. 

As described by Hashim and Ghazy (Hashim, 2014), spherical 
particles with dimension much smaller than the wavelength of the light 
beam used for the experiment act as independent scattering centers, 
generating a symmetrical envelope of scattering light intensity. In this 
case, it is possible to determine Mw by extrapolation of the data collected 
at a single angle (Fan, 2014), according to the following equation: 

 
  

K cls

θ

1
= + 2Bc

R Mw
               eq. 4 

The mass-average molecular weight of the PS1 and PS2 was 
determined by means of the static light scattering (SLS) through a 
modified Zimm plot (Figure 6.12) as reported in equation 4, affording the 
following values: 
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PS1 ~ (124 ± 2) kDa 

PS2 ~ (4.8 ± 0.9) kDa 
 

 

Figure 6.12: Zimm plot for the molecular weight determination of PS1 and PS2. 

 

6.6. Discussion 

Z. mobilis is particularly known by its tremendous capability to 
produce ethanol, and as a result resist to high ethanol concentrations. It 
is known that the main factors playing a role in this mechanism is related 
to increased proportion of monounsaturated fatty acids and mean length 
of the acyl chains in the membrane, nonetheless the pivotal role is played 
by sterol-like bacterial molecules known as the hopanoids. Indeed, the 
presence of these cell wall components was reported in the study, with 
predominant presence of Hop-17(21)-ene which presence was reported 
in other studies (Hermans, 1991).  

Interestingly, Z. mobilis represents a narrow group of Gram-
negative bacteria which do not synthetize lipopolysaccharide (see Chapter 
1.5). Similar to Sphingomonas species and other bacteria in the α-group 
of Proteobacteria, close Zymomonas produces instead glycosphingolipids 
(GSL). In case of Zymomonas mobilis, the GSL is built of only one 
monosaccharide unit, namely glucuronic acid, and the ceramide 
composed of 1,3-dihydroxy-2-amino-hexadecane (DS16:0), and saturated 
hexadecenoic (16:0) or tetradecanoic (14:0) acid as fatty acid substitution.  
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  Two different EPS components were also isolated and 
characterizated  by means of different spectroscopical and chemical 
approaches. The properties of both polysaccharides were investigated in 
relation to the high ethanol tolerance of the bacterium. One of those 
components, PS1 was characterized as a galactan built of [→2)-β-D-Galf-
(1→3)- β-D-Galp-(1→] repeating unit, and its average molecular size was 
calculated by means of PFG-NMR and SLS as (124 ± 2) kDa.  Interestingly, 
a similar repeating unit was found as the O-polysaccharide and the core 
polysaccharide of an acidophilic bacterium, also related to highly 
ethanolic environment, Acetobacter methanolicus, strains MB 58/4 
(Grimmecke, 1991) and MB70 (Grimmecke, 1994). The second EPS 
component, the PS2 was characterized as a mannose homopolymer with 
repeating unit as follows: [→6)-α-D-Manp-(1→], and the average 
molecular mass calculated as (4.8 ± 0.9) kDa.  

  As widely known, the exopolysaccharides play a role in bacterial 
adaptation and survival in harsh conditions (see Chapter 1.4). Hence the 
behaviour of both components was investigated in different ethanol 
concentration environment using PFG-NMR and DLS. Interestingly, both 
polysaccharides demonstrated different behaviour upon increase of 
ethanol concentrations in the environment. The PS2 possessed similar 
properties in alcohol to other polysaccharides, namely the polymer coils 
showed significant tendency to contract observed as significant 
diminution of the hydrodynamic radius correlated with increased 
percentage of ethanol. Most interestingly, the PS1 has shown peculiar 
features within the increase of alcohol concentration. Unlike other 
polysaccharides, the galactan coil remained almost unperturbed, as no 
reduction of hydrodynamic radius was reported, moreover at higher 
ethanol concentrations a detectable increase of this value was reported. 
The reliability of the measurements was further confirmed by DLS studies 
demonstrating that the centred distribution around 10 nm was 
independent from the ethanol concentration. Moreover, ethanol was 
shown significantly involve in the solvation shell of the polymer, where 
more than 10 ethanol molecules were solvating one repeating unit, 
proportionally to alcohol concentration.  

  Presented data demonstrate that PS1, with its peculiar and 
interesting behaviour in ethanolic media, likely mediates Z. mobilis 
interaction with the external milieu and finally contributes to its high 
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ethanol-tolerance mechanisms. 

  In conclusion, for the first time, an exopolysaccharide whose 
properties were adapted to resist to such a specific type of environment 
was described.  
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7.1. Acetobacter pasteurianus CIP103108  

Extraction and purification of A. pasteurianus CIP103108 LPS 
The dried A. pasteurianus CIP103108 cells underwent washing 

with ethanol, water and acetone. Afterwards hot phenol-water procedure 
was performed in order to isolate the cell walls components (Westphal & 
Jann, 1965). Thereafter, obtained waster phase (WP) and (PP) was 
extensively dialyzed (cut off 12-14 kDa) against distilled water and 
followed by enzymatic digestion with DNase, RNAse (37°C, 5 h) and 
proteinase K (56°C, 16 h) and again extensively dialyzed (cut off 12-14 kDa) 
against distilled water. WP and PP were subjected to 14% sodium 
deoxycholatepolyacrylamide gel electrophoresis (DOC-PAGE) followed by 
silver nitrate gel staining (Kittelberger, 1993). Moreover, an 
ultracentrifugation step (100,000 g, 4°C, 16 h) was performed to further 
purify the WP. The LPS material from the WP was further purified applying 
size exclusion chromatography with Sephacryl-S200 column in denaturing 
conditions (0.25% DOC at pH 8). Obtained fractions were freeze-dried and 
DOC was removed by ethanol washing followed by extensive dialysis 
against distilled water. Finally, the fractions were analysed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed 
by silver nitrate gel staining. 

Monosaccharide compositional analysis of A. pasteurianus  
The composition of neutral sugars was established with acetylated 

alditols method (De Castro, 2010). Weighted aliquot of LPS was 
hydrolysed with 2 M TFA solution at 120°C for 120 minutes. Thereafter 
liberated monosaccharides were reduced with NaBH4 to alditols and 
acetylated twice with equal amounts of pyridine and acetic anhydride at 
85°C for 10 minutes. Acetylated alditols were further analysed using gas-
liquid chromatography/mass spectrometry (GC-MS). Thereafter 3 μg of 
internal standard xylose was added to the sample. Aminosugars were 
liberated applying 16 h hydrolysis in 4 M HCl at 100°C proceeded by 
reduction and acetylation as described above.  Uronic acids were 
quantified as described for neutral sugars, applying an additional step of 
carboxyl group reduction with NaBD4. The identification of ulosonic acids 
was carried out with acetylated methyl glycosides method (De Castro, 
2010). An aliquot of sample underwent 16 h methanolysis with 1.25 M 
HCl/MeOH at 85°C and was further acetylated as described above. The 
absolute configuration of monosaccharides was unveiled by deriving the 
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saccharide residues to acetylated O-oct-2-yl glycosides (Leontein, 1978). 
Shortly, the derivates were obtained by reaction with 2-(-)-octanol and 
acetyl chloride at 85°C for 16 h and acetylation with Ac2O and Pyr as 
described above. The products were analysed by GC-MS. The linkage 
analysis was performed applying Ciucanu-Kerek's method (Ciucanu & 
Kerek, 1984). The methylation was performed by iodomethane in 
presence of NaOH in DMSO. Furthermore, the product was hydrolysed 
with 2 M TFA for 120 minutes at 120°C, liberated partially methylated 
monosaccharides reduced with NaBD4 and peracetylated twice with Ac2O 
and Pyr twice at 85°C for 10 minutes. Obtained products were analysed 
with GC-MS as described: GLC [HP 6890 N gas chromatograph with FID 
and a column (Agilent Technologies, 30 m × 0.25 mm, film thickness 0.25 
μm) of PhenylMethylSiloxane HP-5MS] with temperature programmes 
follows: 120°C for 3min, then 5°C min−1 to 320°C. 

Fatty acid analysis of A. pasteurianus  
The fatty acids were characterized and quantified applying the 

fatty acid methyl esters (FAME) method (De Castro, 2010). Weighted 
aliquot of LPS underwent 4 h hydrolysis in 4 M HCl at 100°C. Thereafter 
the sample was neutralised adding 5 M NaOH and heating for 30 min at 
100°C. The pH was further brought to 3 and liberated fatty acids extracted 
vigorously shaking with chloroform. Organic phase was dried and 
methylated  diazomethane at room temperature. The FAME were injected 
to the GLC and characterized basing on retention time comparison with 
the standards. The quantification was made adding 17:0 as an internal 
standard. The position of hydroxyl groups was elucidated basing on 2 h 
derivatization with N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA) at 
65°C and GC-MS analysis of obtained products. The ester linked fatty acids 
were characterized by an hour hydrolysis with 0.5 M NaOH in water: 
methanol solution (1:1) followed by an extraction and methylation of fatty 
acids as described above. The FAME were characterized basing on a GLC 
analysis. GLC [HP 6890 N gas chromatograph with FID and a column 
(Agilent Technologies, 30 m × 0.25 mm, film thickness 0.25 μm) of 
PhenylMethylSiloxane HP-5MS]with temperature programmes follows: 
120°C for 3 min, then 5°C min−1 to 320°C. 

Isolation of O-polysaccharide and lipid A domains from A. pasteurianus  
An aliquot (16 mg) of pure, Acetobacter pasteurianus CIP103108 S-

LPS containing fraction underwent mild acid hydrolysis using acetate 
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buffer at pH 4.4 for 5h at 100°C. Thereafter the hydrophilic carbohydrate 
fraction and glycolipid fraction were separated applying  Bligh-Dyer's 
method (Bligh & Dyer, 1959). A mixture of chloroform and methanol was 
added to the hydrolysate until a chloroform/methanol/hydrolysate 
2:2:1.8 (v/v/v) ratio was obtained. The mixture was vortexed and 
centrifugated, thereafter the organic and water phases were separated 
and freeze dried. The hydrophobic glycolipid fraction was analysed by 
MALDI-MS, whereas the hydrophilic part underwent size exclusion 
chromatography step on a GE Healthcare Life Sciences Superdex 75 
column eluted with 50 mM ammonium bicarbonate. Obtained fractions 
were monitored with 1H NMR. 

MALDI-TOF and MS2 
The reflectron MALDI-TOF MS and MS2 analysis were conducted 

on an ABSCIEX TOF/TOF™ 5800 Applied Biosystems mass spectrometer 
equipped with an Nd:YLF laser with a λ of 345 nm, a b500-ps pulse length 
and a repetition rate of up to 1000 Hz. Acetobacter pasteurianus CIP 
103108 lipid A fraction was solved in in CHCl3/MeOH (1:1, v/v) as 
described (Silipo, 2004; Di Lorenzo, 2017a). As the matrix  
hydroxyacetophenone (THAP) dissolved in CH3OH/0.1% TFA/CH3CN 
(7:2:1, v/v/v) at a concentration of 75 mg ml−1 was used (Molinaro, 2002).  
0.5 μl, of matrix solution and lipid A solution was deposited on the MALDI 
plate and dried at room temperature. The MALDI spectra were 
accumulation of 1500 shots, whereas MS2  experiments were 6000–7000 
shots. 

NMR A. pasteurianus CIP103108 
The structural assignments of isolated polysaccharides and 

glycoconjugates were performed basing on 1H NMR and 2D NMR spectra, 
recorded in D2O at pD 7 at 278K with a cryoprobe-equipped Bruker 600 
DRX spectrometer. The total correlation spectroscopy (TOCSY) 
experiments were performed with spinlock times of 100 ms using data 
sets (t1 × t2) of 4096 × 512 points. Double-quantum-filtered phase-
sensitive correlation spectroscopy (DQF-COSY) experiments were 
registered using data sets of 4096 × 912 points. nuclear Overhauser 
enhancement spectroscopy (NOESY) and Rotating-frame Overhauser 
enhancement spectroscopy (ROESY) experiments were performed using 
data sets (t1 × t2) of 4096 × 512 points and with mixing times between 
100 and 400 ms. All homonuclear experiments data matrix was zero-filled 
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in both dimensions to give a matrix of 4 K × 2 K points and was resolution-
enhanced in both dimensions using a cosinebell function before Fourier 
transformation. Finally, coupling constants were determined by 2D phase-
sensitive DQF-COSY measurements. 1H13C  Heteronuclear single-quantum 
coherence (HSQC) and 1H13C  heteronuclear multiple-bond correlation 
(HMBC) experiments were carried out in the 1H-detection mode by single-
quantum coherence with proton decoupling in the 13C domain using data 
sets of 2048 × 400 points. The 1H13C HSQC experiments were carried out 
with sensitivity improvement and in the phase-sensitivemode applying 
echo/antiecho gradient selection, with multiplicity editing during the 
selection step (States, 1982). Furthermore, 1H13C HMBC was optimized on 
long-range coupling constants, along with a low-pass J filter in order to 
suppress one-bond correlations, with use of gradient pulses for selection. 
Thereafter, a 60 ms delay had been used for the evolution of long-range 
correlations. Moreover, 1H13C HMBC spectra were optimized for 6 – 15 Hz 
coupling constants. The data matrix was extended to 2048 × 1024 points 
by using a forward linear prediction extrapolation in all the heteronuclear 
experiments (Stern, 2002). 
Finally, the 31P and 1H31P HSQC were performed on a Bruker DRX-400 
spectrometer. Aqueous 85% phosphoric acid was used as external 
reference (SIG = 0.00 ppm). 1H31P HSQC experiments were optimized for 
an 8 Hz coupling constant. The data matrix was extended to 2048 × 1024 
points by applying a forward linear prediction extrapolation. 

TLR4/MD-2 activation assay with HEK-Blue hTLR4 cells  
The culture of HEK-Blue hTLR4 cells was done in DMEM high 

glucose medium supplemented with 10% fetal bovine serum (FBS), 2 mM 
glutamine, antibiotics and 1× HEK-BlueTM Selection (Invivogen). 
Thereafter the cells were detached from the Petri dish, quantified and 
finally seeded in a 96-well plate at a density of 4×104 cells per well and 
incubated overnight (37 °C, 5% CO2, 95% humidity). Thereafter the 
supernatant was removed and replaced with only DMEM w/o Phenol Red. 
The activation assay was performed upon 16 hour cell stimulation with 
different concentrations (0.1, 1, 10, 100 ng/mL) of Acetobacter 
pasteurianus CIP103108 LPS or E. coli O55:B5 LPS (Sigma-Aldrich) as 
positive control. To competition assay was conducted pre-incubating HEK-
Blue hTLR4 cells with Aacetobacter pasteurianus CIP103108 LPS (0.1, 1, 
10, 100 ng/mL) for 30 minutes followed by addition of 1 ng/mL of E. coli 
O55:B5 LPS and further incubation for 16 h. Thereafter the supernatants 
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containing SEAP were collected and incubated with 
paranitrophenylphosphate (pNPP) for 2 − 4 hours blocking the access of 
light at room temperature. The optical density of all wells was measured 
with a microplate reader set to λ = 405 nm. Obtained results were 
normalized to untreated cells (activation assay) or E. coli O55:B5 LPS 
stimulated cells (competition assay), expressed as the mean of percentage 
± SEM of at least three independent experiments. 
 

7.2 Endozoicomonas sp. HEX 311 

Isolation and purification 
The LPS from Endozoicomonas sp. HEX 311 was isolated from dried 

cell-pellet applying the hot phenol-water extraction (Westphal & Jahn, 
1965) followed by dialysis against Milli-Q water (cut-off 12 – 14 kDa). 
Obtained product was further digested with DNase and RNase (37°C, 5 h) 
and proteinase K (56°C, 16 h) and one more dialysed against Milli-Q water 
(cut-off 12 – 14 kDa). Thereafter the dialysate was subjected to an 
ultracentrifugation step at 4°C, 100.000 x g for 48 h. The nature of 
obtained product was further analysed by DOC-PAGE followed by silver 
staining (Kittelberger, 1993). Finally, the LPS was purified by a Sephacryl 
S-400 column (GE Healthcare Lifesciences) and eluted with 50 mM 
ammonium bicarbonate. 

Compositional analysis 
The monosaccharide content was determined applying the acetylated  
O-methylglycosides technique (De Castro, 2010). An aliquot (500 μg) of 
material was methanolysed in 1.25 M HCl/MeOH solution and further 
acetylated with equal amounts of Ac2O and Pyr for 30 minutes at 85°C. 
Absolute configuration of sugar residues was designed basing on the 
acetylated O-octyl glycosides method as described (De Castro, 2010). 
Thereafter 1 mg of sample underwent linkage analysis with Ciucanu-
Kerek’s  method (Ciucanu & Kerek, 1984). Briefly, the sample suspended 
in DMSO was methylated with iodomethane in presence of sodium 
hydroxide, hydrolysed with 2 M THA in 120°C for 120 minutes, the 
carbonyl groups reduced with NaBD4 and finally acetylated as described 
above. The total fatty acid content was characterized upon 4 h hydrolysis 
in 4 M aqueous HCl solution at 100°C, followed by treatment with 5 M 
NaOH for 30 minutes in 100°C. The fatty acids were isolated with 
chloroform after acidifying the solution (pH = 3). The products were 



 

153 
 

further methylated twice with diazomethane at room temperature and 
obtained fatty acid methyl esters analysed by GC-MS. The FAME were also 
obtained upon methanolysis of the LPS with 1 M HCl/MeOH solution at 
80°C 16 h followed by extraction with hexane. The organic phase was 
further investigated with GC-MS. Finally, the absolute configuration was 
characterized as described previously (Rietschel, 1976). All GC-MS analysis 
were conducted on Agilent Technologies gas chromatograph 6850A 
equipped with a mass selective detector 5973N. Separations were 
performed on a Zebron ZB-5 capillary column (Phenomenex, 30 m x 0.25 
mm internal diameter, flow rate 1 mL min-1, He as carrier gas). The 
program as follows: 120°C for 3 min, then 5°C min−1 to 320°C. 

Isolation of the lipid A 
An aliquot of lipid A was dissolved in acetate buffer at pH 4.4 and 

heated at 100°C for 2 h in order to cleave the lipid A from saccharide 
domain. The hydrolysate was further mixed with chloroform and 
methanol in order to reach chloroform/methanol/hydrolysate ratio 
2:2:1.8, vortexed and centrifugated. The organic phase was recovered and 
washed with the water phase of freshly prepared Bligh-Dyer (Bligh &Dyer, 
1959) mixture and pooled phases dried. Obtained product underwent 
further MALDI-TOF analysis. 

Ammonium hydroxide treatment 
An aliquot of isolated, pure lipid A was suspended in 10% 

ammonium hydroxide and heated at 37°C for 16 h (Silipo, 2002). The 
product was dried and analysed by MALDI-MS. 

MALDI MS and MS2 
All MALDI-TOF and MS2 experiments were performed on an 

ABSCIEX TOF/TOFTM 5800 Applied Biosystems mass spectrometer, 
equipped with an Nd:YLF laser with a λ of 345 nm, a <500 ps pulse length, 
and a repetition rate of up to 1000 Hz. The lipid A fractions were dissolved 
chloroform/methanol 1:1 (v/v) solution ad described (Silipo, 2004; Di 
Lorenzo, 2017a). As a matrix 75 mg mL-1 trihydroxyacetophenone (THAP) 
dissolved in methanol/0.1 % trifluoracetic acid/acetonitrile (7:2:1,v/v/v) 
was used. Thereafter the ammonium treatment product was dissolved in 
chloroform-trifluoroethanol (4:1, v/v)  solution and DHB in acetonitrile  
0.2 % trifluoroacetic acid (7:3, v/v) was used as a matrix (Molinaro, 2002). 
0.5 μL of the lipid A preparation and 0.5 μL of the matrix were deposited 
on a MALDI plate and dried at room temperature. The bacterial cell pellet 
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was prepared following Larrouy-Mammus approach (Larrouy-Maumus, 
2016). The matrix solution was 10 mg mL-1 2,5-dihydroxybenzoic acid 
(DHB) in chloroform/methanol (9:1, v/v). The cell pellet preparation of  
0.5 μL and 0.5 μL of the matrix were deposited on a stainless MALDI plate 
and dried at room temperature. All spectra were performed in negative 
polarity accumulating 1500 laser shots, whereas MS2 experiments were a 
sum of whereas 6000–7000 shots. 

 

7.3 Phaeobacter gallaeciensis BS107 SA and WT 
Isolation and purification of the LPS 
Dried and pre-washed with ethanol, water and acetone Phaeobacter 
gallaeciensis BS107 SA and WT cells underwent hot phenol/water 
extraction (Westphal & Jann, 1965) preceded by the PCP extraction (light 
petroleum/chloroform/phenol, 7:5:3 v/v/v) (Galanos, 1969). After 
extensive dialysis against Milli-Q water the phases were destined to 
enzymatic digestion with DNAse, RNAse (37°C, 5 h) and proteinase K 
(56°C, 16 h) followed by another step of dialysis against Milli-Q water. 
Thereafter the fractions underwent 14% DOC-PAGE analysis followed by 
silver nitrate staining (Kittelberger, 1993). The material obtained from 
Phaeobacter gallaeciensis BS107 WT was subjected to another 
purification step with Sephacryl S-300 column (GE Healthcare 
Lifesciences) eluted with 50 mM ammonium bicarbonate. 

Compositional and methylation analysis  
The neutral sugar composition of Phaeobacter gallaeciensis BS107 

SA was analysed using acetylated alditols method (De Castro, 2010). An 
aliquot of sample underwent 2 h hydrolysis at 120°C in 2 M TFA, 16 h 
reduction with NaBD4 and acetylation with use of equal amounts of 
pyridine and acetic anhydride for 10 minutes in 85°C. The products were 
analysed by GC-MS. The quantification was made by internal standard 
method with 3 μg of allose as reference. In parallel determination of 
lipopolysaccharide composition of Phaeobacter gallaeciensis BS107 SA 
and WT and SA strains was performed by metanalysis in 1.25 M HCl/MeOH 
at 85°C, 16 h, flowed by acetylation (85°C, 30 min). Obtained products 
were analysed with GC-MS.  
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Amino sugar constitution was established by 16 h hydrolysis of LPS 
in 100°C with 4 M HCl. Obtained products were reduced and acetylated as 
above.  

Total fatty acids were analysed as fatty acid methyl esters (FAME) 
(De Castro, 2010). An aliquot of Phaeobacter gallaeciensis BS107 SA LPS 
was hydrolysed for 4 h at 100°C with 4 M HCl, thereafter the sample was 
brought to basic pH with 5 M NaOH solution. The hydrolysis was continued 
for 30 min at 100°C. In order to quantify the ester linked fatty acids a 
hydrolysis with 0,5 M NaOH in H2O/MeOH 1:1 (v/v) at 85°C for 2 h was 
performed. Fatty acids were extracted with chloroform from acidic  
(pH = 3) solution and were methylated twice using diazomethane at room 
temperature for 5 minutes. The products were analysed by GC-MS, the 
quantification was performed with use of GC and 17:0 as the internal 
standard. The hydroxy-fatty acids composition was confirmed using the 
BSTFA derivatives. Moreover, Phaeobacter gallaeciensis BS107 SA and WT 
LPS fatty acid content was also characterized basing on methanolysis 
performed with 1.25 M HCl/MeOH at 85°C for 16 h followed by isolation 
with hexane and analysis with GC-MS. 

Isolation of LPS constituents 
The Phaeobacter gallaeciensis BS107 SA LPS underwent mild acid 

hydrolysis. The sample was dissolved in 1% acidic acid solution and heated 
for 150 min at 100°C. Water soluble and insoluble constituents were 
separated by Blight-Dyers extraction (Bligh & Dyer, 1959). A mixture of 
methanol and chloroform was added  until the ratio of 
chloroform/methanol/hydrolysate 2:2:1,8 (v/v/v). The mixture was 
shaken vigorously, and phases separated with centrifugation.  

MALDI-TOF MS and MS2 
Reflectron MALDI-TOF MS and MS2 analysis were performed using 

ABSCIEX TOF/TOFTM 5800 Applied Biosystems mass spectrometer. The 
intact bacterial cell pellet was treated as described in the literature 
(Larrouy-Maumus, 2016). 2,5-dihydroxybenzoic acid (DHB) was dissolved 
in CHCl3/MeOH solution 9:1, v/v) at the final concentration 10 mg ml-1 and 
was used as the matrix solution. 0,5 μl of matrix solution and 0,5 μl of 
bacterial cells preparation were deposited on plate and left drying at room 
temperature. 
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The lipid A was dissolved in CHCl3/MeOH (1:1, v/v) until the concentration 
25 pmol μl-1. Trihydroxyacetophenone (THAP) was dissolved in 
MeOH/0,1% TFA/CH3CN (7:2:1, v/v/v) at concentration of 75 mg ml-1 was 
used as matrix.  Like in the previous case, 0,5 μL of the matrix solution and 
0,5 μL of lipid A solution was placed on a MALDI plate and left drying at 
room temperature. Spectra were recorded accumulating 1500 laser shots 
in case of MS, MS2 were a sum of 6000-7000 shots (Sturiale, 2011). 

Immunological assays 
HEK293 cell line transfected with hTLR4/MD-2-CD14 (InvivoGen) 

were seeded on a 96-well plate at concentrations 1 x 105 cells/mL. After 
48 h HEK cells were transfected by PolyFect Transfection Reagent (Qiagen) 
with a reaction mix containing 15 ng of Renilla luciferase reporter plasmid 
and 150 ng of Firefly luciferase reporter con-structs, pGL3.ELAM.tk (which 
harbours nuclear factor kappa B (NF-κB) promoter sequences). The 
following day cells were incubated with different concentrations (1, 10, 
and 100 ng/mL) of P. gallaeciensis BS107 LPS, E. coli O111:B4 LPS (LPS-EB 
ultrapure; InvivoGen) or synthetic lipid IV a for 6h. The NF-κB activation 
(Dual Luciferase Reporter Assay System, Promega) and release of CXCL-8 
release (DuoSet R&D System) was measured.  

Human CD 14+ monocytes were isolated from human peripheral 
blood monocytes (PBMCs) of healthy adult blood donors and 
differentiated in macrophages (MoMs). Ethical approval for blood 
sampling from consenting healthy volunteers was granted by the Ethics 
Review Board of Sapienza University. The human CH14+ monocytses were 
isolated as described (Di Lorenzo, 2017b). The macrophages were seeded 
in a 24-well plates (2.5 x 105 cells/well) and stimulated with 1, 10 and 100 
ng/mL of P. gallaeciensis BS107 LPS and subsequently with the same 
concentrations of E. coli O111:B4 LPS (LPS-EB ultrapure; InvivoGen) or 
synthetic lipid IV a for 12 h. Thereafter the cells were recovered and 
cytokine release characterized by ELISA (R&D System). 
 

7.4 Zymomonas mobilis  

Zymomonas mobilis bacterial growth 
Zymomonas mobilis cells were grown in a cell medium consisting 

of Bactopeptone (10 g L−1), glucose (20 g L-1) and yeast extract (10 g L−1) 
shaken at 150 rpm for 72 or 96 h, at 30 °C. The medium was removed after 
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centrifugation at 4000 rpm for 30 min. Finally, the cell pellet was freeze-
dried. 

Isolation of exopolysaccharides PS1 and PS2 
Primarly Z. mobilis cell pellet underwent the PCP extraction as 

described (Galanos, 1969). Both exopolysaccharide fractions (PS1 and 
PS2) were isolated from dried Zymomonas mobilis cell pellet applying hot 
phenol/water method (1:1 v/v) (Westphal & Jann, 1965), thereafter the 
water phase (WP), so as the phenol phase (PP) underwent extensive step 
of dialysis against deionized water. The water phase containing 
predominantly PS1 was subjected to enzymatic digestion with DNase and 
RNase (38°C, 5 h) and proteinase K (56°C, 16 h) followed by another 
dialysis step against deionised water. Thereafter, the WP were subjected 
to gel filtration chromatography a Sephacryl S-300 column, eluted with  
50 mM ammonium bicarbonate. Obtained fractions were monitored with 
1H NMR. The PP containing PS2 underwent ultracentrifugation at 4°C, 
147.000 x g for 48 h. The supernatant was further subjected to a Sephacryl 
S-500 column, eluted with 50 mM ammonium bicarbonate, obtained 
fractions freeze fried and monitored with 1H NMR. Moreover, both 
fractions were found to remain at the start of silver stained (Kittelberger, 
1993) SDS-PAGE lane. 

Compositional methylation  
The sugar compositional analysis was performed deriving the 

monosaccharides into O-methyl glycosides (De Castro, 2010). Purified EPS 
underwent methanolysis in 1.25 M HCl/MeOH solution at 85°C for 16 h, 
thereafter the products were acetylated with equal quantities of acetic 
anhydride and pyridine for 30 minutes in 85°C. Obtained acetylated  
O-methyl glycosides were subjected to GC-MS analysis. Absolute 
configuration was examined by deriving each monosaccharide to  
O-oct-2-yl glycosides by reaction with 2-(-)-octanol and acetyl chloride at 
85°C for 16 hours proceeded with acetylation as described above and 
analysis with GC-MS (Leontein, 1978). The linkage analysis was carried out 
by Ciucanu-Kerek’s method (Ciucanu & Kerek, 1984). An aliquot of sample 
was suspended in DMSO, thereafter methylation with methyl iodide in 
presence of sodium hydroxide was performed at room temperature for  
4 h. The methylated polysaccharide underwent hydrolysis with 2 M TFA at 
120°C for 2 h followed by reduction with NaBD4. Finally, the partially 
methylated alditols were acetylated as above and analysed with GC-MS. 
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All GC-MS analyses were carried out using Agilent Technologies 6850 A 
gas chromatograph equipped with a mass selective detector 5973 N and 
a Zebron ZB-5 capillary column (Phenomenex, 30 m × 0.25 mm i.d., flow 
rate 1 mL/min, He as carrier gas). The temperature program used as 
follows: gradient of 150°C (3 min) to 280°C at 3°C min−1. 

PFG-NMR 
The Pulsed-Field Gradient (PFG)-NMR experiments were 

performed at 298,15K. Fractions containing separately PS1 and PS2 (0.8 
mg) were dissolved in 600 μL pre-formed D2O/ethanol mixtures with 
increasing concentration of ethanol (0%, 4%, 8%, and 12% by volume). 
HDO signal was used as the internal standard. Furthermore, a stimulated 
echo sequence with bipolar gradient pulses and one spoil gradient 
(stebpgp1s1d from Bruker library) with a longitudinal eddy current delay 
was applied. The experiments were optimized as follows: echo delay was 
Δ = 250 ms for the determination of PS1 and PS2 self-diffusion coefficients 
and Δ = 150 ms for the determination of ethanol self-diffusion coefficient 
and the gradient duration δ = 6 ms for PS1 and PS2, and δ = 2.5 ms for 
ethanol. Thereafter the sequence was run as a 2D NMR experiment with 
a linear gradient G incremented, in 16 steps, from 2% to 95% of the 
maximum gradient amplitude (5.35 G cm−1). Afterward Fourier 
transformation and baseline correction of 1H spectra (F2 dimension), the 
diffusion dimension (F1) of the 2D DOSY spectra were processed with 
TopSpin software (version 3.1). The self-diffusion coefficients of both 
EPSs, namely PS1 and PS2 so as the ethanol present in the mixtures were 
calculated basing on proton signal intensity decay. Thus, for both 
exopolysaccharides, the decay of anomeric signals at 5.34 ppm and 4.80 
ppm, for PS1 and PS2 respectively was observed, whereas the signals at 
3.52 ppm and 1.05 ppm were considered for ethanol. Normalized integral 
intensities of every proton were further fitted to an exponential decay, 
according to equation below: 

I = I0 exp (-Dk) 

where: I is the integral intensity, normalized to the integral obtained at 

the lowest gradient amplitude; I0 is the signal intensity in the absence of 
any applied magnetic field gradient; γ is the magnetogyric ratio of the 
proton D is the intradiffusion coefficient and with k = (G γ δ)2 (Δ-δ/3-τ/2) 
where G is the strength of the magnetic field gradient pulses; γ is the 
magnetogyric ratio of the proton; δ is their duration; Δ is the distance 
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between the leading edges of the gradient pulses and corresponds to the 
experimental diffusion time and finally τ is the gradient recovery time. 
There was no Δ effect observed on the signal decay, single exponential 
equation satisfactorily interpolating the data in all cases which finally lead 
to the same self-diffusion coefficient for a given component in each 
sample. 

Dynamic and static light scattering 
 The light scattering experiments, namely Static light scattering 

(SLS) and Dynamic light scattering (DLS) were conducted  with a setup 
composed by a Photocor compact goniometer, a SMD 6000 Laser 
Quantum 50mW light source operating at 5325 Å, a photomultiplier (PMT-
120-OP/B) and a correlator (Flex02-01D) obtained from Correlator.com. 
The measurements were conducted at 298,15 K with temperature 
controlled by a thermostat bath. The scattering angle of all experiments 
was 90° (θ). Furthermore, the scattering vecor value q=4πn / λ sin(θ/2) 
was calculated  by assuming the refractive index of solution as n = 1.33. 
Samples for SLS analysis were prepared by dissolving 1 mg of both PS1 and 
PS2 in 1 mL of deionized filtered (0.22 μm pore size) water. Thereafter 
weighed amounts of samples were progressively added to the samples in 
order to explore lower  exopolysaccharide concentrations. The average-
masses were determined in duplicate.  The regularization algorithm  was 
used to analyse the scattered intensity correlation function (Lomakin, 
2005). In order to prepare samples for DLS 1 mg of PS1 was dissolved in 1 
mL of water and pre-formed water-ethanol mixtures (12 and 16% ethanol 
by volume). for each analysed sample at least three independent diffusion 
coefficient measurements were performed. 

 

7.5. LPS/MD-2 interaction studies 

LPS isolation 
The dried cell pellet from Bradyrhizobium BTAi-1 Δshc, previously 

washed with ethanol, water, acetone and light petroleum was subjected 
to hot phenol water extraction (Westphal & Jahn, 1965) followed by 
extensive dialysis against Milli-Q water (cut-off 12 - 14 kDa). Thereafter 
the product was digested with DNase, RNase (37°C, 5h) and proteinase K 
(56°C, 16 h) and dialysed against Milli-Q water (cut-off 12 - 14 kDa). Finally, 
the dialysate was subjected to an ultracentrifugation step at 4 °C,  
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147.000 x g for 48 h. The pellet was recovered and freeze-dried. Nature 
and purity were examined with DOC-PAGE electrophoresis and compared 
to the literature data. The isolation of Acetobacter pasteurianus LPS was 
described in Chapter 3.1 and 9.1. 

Expression and Purification of hMD-2  
The purification of His-tagged hMD-2 was performed by means of 

immobilized metal affinity chromatography (IMAC) using high density 
nickel resin as reported (Facchini, 2018). 0.5 M Tris/HCl pH 7.5 and 1.5 M 
NaCl was added to Pichia medium until the concentration 50 mM Tris/HCl 
150 mM NaCl. Thereafter the medium was passes through a high-density 
nickel column, pre-washed with 50 mM Tris/HCl pH 7.5 and 150 mM NaCl. 
The hMD-2 was eluted with gradient of imidazole 0 – 1 M. 
The use of standard Nickel-column approach was not successful due to 
presence of contaminants in the hMD-2 fraction, moreover, the column 
did not show significant affinity as the recombinant protein was present 
on the dead volume fraction. 
Further approach was performed using a cobalt-based TALON® column. 
The resin was added to Pichia pastoris medium and inubated 16 h in the 
Pichia pastoris medium with agitation at 4oC. Thereafter, the protein was 
eluted with 1 M imidazole; 1.5 mL of eluate was recovered for every 
fraction. The purification was monitored using SDS-PAGE electrophoresis, 
visualized with Coomassie Blue staining   
Cobalt-based resin has shown high affinity to the column. Fractions were 
recovered and concentrated using 3 kDa filters. 
 
NMR experiments 

The 1H NMR and DOSY experiments recorded on a Bruker Avance 
III 800 MHz spectrometer equipped with a TCI cryoprobe. 
The 1H NMR experiments were recorded with a concentration of the 
compounds was set to 0.9 mg/mL (LPS from Acetobacter pasteurianus) 
and 1 mg/mL (LPS from Bradyrhizobium BTAi-1 Δshc) in perdeuterated PBS 
50 mM in D2O, uncorrected pH meter reading 7.5, with 64 scans.  

All DOSY spectra were recorded at 298 K with the ledbpgppr2s pulse 
sequence by acquisition of 64 scans, with a diffusion time of Δ = 500 ms 
(for LPS from Acetobacter pasteurianus) or Δ = 300 ms (for LPS from 
Acetobacter pasteurianus), a gradient length of δ = 4 ms (in both cases), 
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and a gradient ramp from 5% to 95% in 32 linear steps. Was used the same 
conditions for acquisition of the sample in presence of hMD-2.  
Transmission Electron Microscopy 

Samples analysed using Cryo-TEM were dissolved in PB (50 mM) pH 
7.5 and vitrified on Quantifoil 2/2 grids, using vitrobot (FEI) and analyzed 
at nitrogen liquid temperature with a TEM operated at 200 kV in low-dose 
conditions. Micrographs were taken at low radiation dose on a JEM-
2200FS/CR transmission electron microscope JEOL, Japan) operated at 
200 kV and equipped with an   UltraScan4000 SP  (4008x4008 pixels) 
cooled slow-scan CCD camera (GATAN, UK). 
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Conclusion 

The lipopolysaccharides are among the most important PAMPs in 
Gram-negative bacteria infection. Although the recognition of those 
molecules by the innate immune system upon binding to the TLR4/MD-2 
is beneficial for the host, excessive levels of LPS can lead to an 
uncontrolled release of pro-inflammatory cytokines and finally to life 
threatening septic shock. Furthermore, the activation of innate immune 
response is strictly connected to the lipid A structure, and structural 
modifications of this region influence significantly the immunostimulant 
properties of the whole molecule, diminishing or even deactivating the 
lipid A immunological potential. The study of lipid A molecules from non-
human pathogenic bacteria can have several therapeutic implications to 
identify lipid A molecules that, in human cells, display inhibitory activity 
and may  inhibit  the activation of the immune system caused by agonistic 
lipid A/LPS.  

Acetobacter pasteurianus CIP103108 is an acetic acid bacterium, 
used in production process of traditional Japanese black rice vinegar, 
kurozu whose consumption is believed to carry significant health benefits. 
The lipopolysaccharide structure possessed many particular features. 
Firstly, the microbe was found to carry two distinct and novel  
O-polysaccharides, structurally reassembling ones found in other 
Acetobacter strains. Thereafter the core region was shown to possess a 
very rare Ko unit directly linked to the lipid A, likely crucial for the microbe 
to survive in such acidic conditions, as the linkage does not show 
significant acid lability, contrarily to “classical” ketosidic bond formed with 
Kdo. Furthermore, the core region was variously phosphorylated on the 
Kdo residue.  The immunological assays on HEK298 cells showed very 
weak immunostimulant activity and interestingly, minor capability to 
inhibit the response caused by agonistic E. coli LPS.  

Recently reported, striking similarities of the sponge and 
mammalian immune system drove interest to the lipid A of a sponge 
symbiont, Endozoicomonas sp. HEX 311. The lipid A was predominantly 
composed of a mixture of hexa- to tri-acylated species, the main hypo-
acylated.  The sugar skeleton was substituted by  “short” chain fatty acids, 
many odd-numbered, as iso-9:0 and iso-11:0. Finally the hexa-acylated 
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species was shown possessed a 3+3 symmetry. All those features suggest 
a low immunopotential of the lipid A, worth elucidating in the future. 

Another LPS was isolated from Phaeobacter gallaeciensis BS107, a 
bacterium living in a particular symbiont-pathogen system with a 
microalgae Emiliana huxleyi. The lipid A was predominantly made up of 
penta- and tetra- acylated species and carried a pyrophosphate group.  
Moreover, the lipid A isolated from Phaeobacter gallaeciensis in symbiotic 
and pathogenic phases showed almost the same structural features. 
Finally, the immunological assays performed with HEK298 cells and 
Monocytes-derived Macrophages shown very weak capability of the 
molecule to induce TLR4/MD-2 driven immune response.  

Zymomonas mobilis is a bacterium  showing promising potential in 
bio-ethanol production, is able to extraordinarily tolerate high ethanol 
concentrations. Interestingly, this Gram negative bacterium does not 
synthetize the lipopolysaccharide, substituting it with other glycolipid, the 
glycosphingolipid. Significant amount of exopolysaccharides was isolated 
and characterized. Two distinct EPS were identified, and studies were 
conducted to correlate their presene to the high ethanol tolerance. 
Indeed, as shown by DOSY-NMR and DLS, the galactose containing 
exopolisaccharide exhibited interesting stability upon increasing ethanol 
concentration, thus contributing to the protection of the bacterial cell.  

Finally, interactions were studied between a key protein involved 
in the LPS signalling pathway, the MD-2 with A. pasteurainus and 
Bradyrhizobium sp. Δshc LPS. As an amphiphilic molecule, the 
lipopolysaccharides form aggregated in the aqueous medium. Therefore, 
the behaviour of the micelles upon addition of MD-2 was studied by NMR 
and Cryo-EM. Interestingly both LPSs shown opposite behaviours in 
presence of protein.  
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