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ABSTRACT 

 

 This PhD thesis focuses on polysaccharides (both capsular, CPSs, and 

exopolysaccharides, EPSs) produced by bacteria and released in the external environment as 

well as on their role in bacterial infections. For this, opportunistic bacteria involved in lung 

infections in cystic fibrosis (CF) patients were investigated. The results reported in the PhD 

thesis involved several topics and contributed to clarify different biological and chemical 

characteristics of bacterial polysaccharides. 

 The first topic of the research has taken in account two structurally similar EPSs 

produced by a bacterium recently isolated from respiratory secretions of CF patients, 

Inquilinus limosus. The working hypothesis was that the two EPSs assume different 

conformations and therefore exert different biological activity. The conformational properties 

of these two EPSs were investigated by circular dichroism (CD) and atomic force microscopy 

(AFM) techniques, whereas the molecular modelling studies were carried out by Dr. M. 

Kuttel (Dept. of Chemistry, Univ. of Cape Town). The two polymers were shown to exhibit 

different helical conformations, stabilised by hydrogen bonding and characterised by charged 

pyruvate groups on the external helical surface. These findings confirming that the 

biosynthesis of two polymeric species might offer multiple tools to protect bacteria from 

external threats. 

 The second part of the research involved cepacian, the EPS produced by the majority 

of bacteria belonging to the Burkholderia cepacia complex (Bcc). In this case, the isolation of 

its repeating unit (RU) from the internal bacterial membrane where it is bound to a lipid 

carrier prior to the EPS polymerisation was performed. A procedure to isolate cepacian 

repeating units was developed and the structure of the biological RU was determined by ESI-

MS analysis. At the same time, the RU was useful to determine the acetylation scheme of 

cepacian, which could be connected with the biological role of acetyl groups, and to obtain 

information on its biosynthetic sequence. All the data obtained were considered in connection 

with the genetic investigation on the cepacian biosynthesis, carried out by Dr. C. Lagatolla 

(Dept. of Life Sciences, Univ. of Trieste). 

 The third topic involved the search and identification of enzymes that can degrade 

cepacian in order to find biochemical tools able to degrade the EPS matrix present around 

bacteria and possibly used in synergy with antibiotic therapies. One lyase was found produced 

by Bacillus spp. and its isolation and sequencing is in progress. This lyase cleaves one of the 

lateral chains of cepacian backbone, thus living intact the polymeric nature of the EPS. 
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Although the elimination of this lateral chain produces a marked lowering of the cepacian 

viscosity probably due to loss in aggregation ability, the search of different enzymes able to 

cleave the EPS backbone into oligosaccharides is still active. 

 The fourth topic of the research focused on the interactions between different bacterial 

EPSs and three antimicrobial peptides, belonging to the cathelicidin family of primate’s 

innate immune system, to investigate the possible EPSs protective role towards bacterial cells. 

The experiments involved EPSs produced by Pseudomonas aeruginosa, Inquilinus limosus 

and clinical isolates of the Burkholderia cepacia complex. The inhibition of the peptides 

activity was assessed by minimum inhibitory concentration assays on a reference Escherichia 

coli strain in the presence and in the absence of EPSs. The complex formation between 

peptides and EPSs was investigated by means of CD, fluorescence spectroscopy and AFM. 

As a result, a model was proposed where peptides with a α-helical conformation interact with 

the EPSs backbone through electrostatic and non-covalent interactions. 

 The last issue of the research involved the capsular polysaccharide produced by 

Neisseria meningitidis group A; this CPS is used to develop a protein conjugate vaccine by 

Prof. N. Ravenscroft (Dept. of Chemistry, Univ. of Cape Town). He observed that the 

derivatisation process, necessary prior to protein conjugation, yielded less product, in terms of 

protein-conjugate, than expected, and he thought that this was due to CPS aggregation in the 

presence of Ca2+, used in the purification steps. In order to solve this problem, the 

conformational and morphological properties of the CPS, in the presence of NH4
+, Na+ and 

Ca2+ cations, were investigated in the Trieste laboratory. The study was carried out using 

different techniques such as circular dichroism, fluorescence spectroscopy, viscosity 

measurements and atomic force microscopy. It was shown that ammonium ions were 

associated with the presence of single polymer chains in an elongated conformation, whereas 

sodium ions favoured the folding of chains into a globular conformation. The addition of 

calcium ions produced the aggregation of a limited number of globular polysaccharide chains 

to form a ‘toroidal-like’ structure. This effect justified the polymer low solubility in the 

presence of calcium ions and offered an explanation of the polymer low reactivity in the 

preparation of the protein conjugate. 
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SOMMARIO 

 

 Argomento di questa tesi di dottorato sono i polisaccaridi (sia capsulari, CPSs, sia 

esopolisaccaridi, EPSs), prodotti da batteri e rilasciati nell’ambiente circostante, ed il loro 

ruolo nelle infezioni batteriche. Sono stati presi in considerazione batteri opportunisti 

responsabili di infezioni polmonari in pazienti affetti da fibrosi cistica (CF). I risultati riportati 

in questa tesi di dottorato comprendono diverse linee di ricerca e contribuiscono a chiarire le 

diverse caratteristiche chimiche e biologiche dei polisaccaridi batterici presi in 

considerazione. 

 La prima linea di ricerca riguarda due EPSs strutturalmente simili prodotti da 

Inquilinus limosus, un batterio recentemente isolato dalle secrezioni polmonari di pazienti con 

CF. Si è voluto valutare se i due EPSs fossero in grado di assumere conformazioni differenti e 

quindi ipoteticamente producessero diverse attività biologiche. Le proprietà conformazionali 

sono state valutate mediante misure di dicroismo circolare ed immagini ottenute mediante 

microscopia a forza atomica. Studi di modellistica molecolare sono stati effettuati dalla Dr.ssa 

M. Kuttel (Dip. di Chimica, Univ. di Cape Town). I due polimeri esibiscono effettivamente 

differenti conformazioni elicoidali (strutture secondarie), che vengono stabilizzate da legami 

idrogeno e caratterizzate dalla presenza di gruppi piruvato carichi esposti sulla superficie 

esterna dell’elica. Questo risultato conferma l’ipotesi che la biosintesi di più specie 

polisaccharidiche può risultare un mezzo utile per il batterio per diversificare i propri 

strumenti di difesa da possibili minacce esterne. 

 La seconda linea di ricerca ha preso in considerazione l’esopolisaccaride cepaciano, 

prodotto dalla maggioranza dei ceppi appartenenti al complesso della Burkholderia cepacia 

(Bcc). L’unità ripetitiva (RU) di questo EPS è stata isolata dalla membrana interna batterica, 

dove si trova legata a un trasportatore lipidico prima della polimerizzazione. Durante il lavoro 

di questa tesi, è stato sviluppato un protocollo per isolare l’unità ripetitiva e la sua RU 

biologica è stata determinata mediante analisi ESI-MS. Questo studio, che nasce dalla 

collaborazione con la Dr.ssa C. Lagatolla (Dip. di Scienze della Vita, Univ. di Trieste), 

impegnata nella ricerca dei geni coinvolti nella biosintesi del cepaciano, ha inoltre permesso 

di determinare lo schema di acetilazione della stessa, utile per la possibile comprensione del 

ruolo biologico dei gruppi acetili, e di investigare alcuni passi del processo biosintetico 

dell’unità ripetitiva del polisaccaride. 

 L’utilizzo di enzimi in grado di degradare il polisaccaride cepaciano è utile per 

demolire la matrice esopolisaccaridica presente attorno ai batteri e consentirne l’utilizzo in 
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sinergia con terapie antibiotiche. In precedenza era stato trovato un enzima, prodotto da un 

ceppo ambientale di Bacillus, con attività liasica verso il cepaciano. Il suo isolamento per un 

futuro sequenziamento è stato oggetto di questa tesi. Questo enzima è in grado di idrolizzare 

una catena laterale dello scheletro polisaccaridico del cepaciano, così lasciando intatta la 

natura polimerica dell’EPS. Benché l’eliminazione di questa catena laterale provochi una 

decisa diminuzione della viscosità, probabilmente dovuta alla perdita di aggregazione, la 

ricerca di altri enzimi in grado di idrolizzare lo scheletro polimerico a frammenti a basso peso 

molecolare sarà oggetto di ricerche future. 

 La quarta linea di ricerca ha coinvolto lo studio dell’interazione tra diversi EPSs con 

tre peptidi antimicrobici del sistema dell’immunità innata, appartenenti alla famiglia delle 

catelicidine. Negli esperimenti sono stati utilizzati esopolisaccaridi prodotti da Pseudomonas 

aeruginosa, Inquilinus limosus e ceppi clinici del Bcc. L’inibizione dell’attività dei peptidi è 

stata valutata tramite saggi di minima concentrazione inibente su un ceppo di Escherichia coli 

di riferimento in presenza o meno degli EPSs. La formazione di complessi tra peptidi ed EPSs 

è stata studiata per mezzo di misure di dicroismo circolare, di spettroscopia di fluorescenza e 

di microscopia a forza atomica. E’ stato infine proposto un modello in cui peptidi strutturati 

ad α-elica interagiscono con gli esopolisaccaridi mediante interazioni elettrostatiche e non 

covalenti. 

 Infine, la ricerca ha coinvolto il polisaccaride capsulare prodotto da Neisseria 

meningitidis gruppo A, usato per sviluppare un vaccino coniugato dal Prof. N. Ravenscroft 

(Dip. di Chimica, Univ. di Cape Town). In base alle sue osservazioni sulla scarsa reattività del 

polisaccaride durante il processo di derivatizzazione necessario per la coniugazione con le 

proteine, è stata formulata l’ipotesi di una possibile aggregazione del polisaccaride capsulare 

in presenza di ioni Ca2+, derivanti dal processo di purificazione dello stesso. Per capire e 

risolvere questo problema, le proprietà conformazionali e morfologiche del CPS in presenza 

di ioni NH4
+, Na+ e Ca2+ sono state studiate nel laboratorio di Trieste, mediante tecniche quali 

dicroismo circolare, spettroscopia di fluorescenza, viscosimetria e microscopia a forza 

atomica. La presenza di ione ammonio porta le catene polimeriche ad una conformazione più 

allungata, mentre lo ione sodio favorisce il ripiegamento delle catene in una conformazione 

globulare. L’addizione di calcio produce aggregazione di un limitato numero di polisaccaridi 

globulari per formare una struttura ‘toroidal-like’. Questi risultati giustificano la bassa 

solubilità del polimero in forma calcio e offrono una spiegazione della sua bassa reattività 

nella preparazione del coniugato proteico. 
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1.1  CYSTIC FIBROSIS 

 

 1.1.1  General information 

 Cystic fibrosis (CF) is the most common fatal genetic disease among the Caucasian 

population producing a multisystem disorder. CF is characterized chiefly by chronic airways 

obstruction and infection and by exocrine pancreatic insufficiency with its effects on 

gastrointestinal function, nutrition, growth, maturation and reproduction (Boucher et al., 

2005; McCallum et al., 2000).  

 This disease is the most common life-threatening genetic trait in Caucasian 

populations of European ancestry (Lyczak et al., 2002) with an estimate mean survival age of 

33.4 years in the United States in 2001. CF affects approximately 30,000 individuals in the 

United States and 60,000 individuals worldwide with an estimated incidence in the U.S. white 

population ranging from 1 in 1,900 to 1 in 3,700. CF is present, but less frequent, in Hispanic 

(1 in 9,000), Asian (1 in 32,000), and African American populations (1 in 15,000) (Gibson et 

al., 2003; Jonsdottir et al., 2008). 

 Cystic fibrosis is an important medical problem for a number of reasons. It is the 

major source of severe chronic lung disease in children and has become an important cause of 

morbidity and mortality from chronic lung disease in young adults. CF is responsible for most 

cases of exocrine pancreatic insufficiency in childhood and early adulthood and for many 

cases of nasal polyposis, pansinusitis, rectal prolapse, nonketotic insulin-dependent 

hyperglycemia, and biliary cirrhosis in these age groups (Boucher et al., 2005).  

 

 1.1.2  Molecular aspects 

 Cystic fibrosis (CF) is an autosomal recessive disorder, resulting from mutations in a 

gene on the long arm of chromosome 7 (Hart and Winstanley, 2002). The gene encodes a 

membrane protein called the cystic fibrosis transmembrane regulator (CFTR). CFTR 

functions in many tissues as a kinase-regulated chloride (Cl¯) channel. In some tissues, CFTR 

also regulates the activity of other ion channels. Typically, mutations in CFTR affect both of 

these functions (Boucher et al., 2005). 

 A large number of CF-causing mutations have been described, more than 1500 

(Jonsdottir et al., 2008), and can be generated by frameshift, deletion or by base substitution 

leading to amino acid substitution (Hart and Winstanley, 2002). Only 22 mutations have been 
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identified with a frequency of at least 0.1% of known alleles. The remaining mutations are 

extremely rare and often limited to one or a few individuals (Gibson et al., 2003). 

 The most common and first identified mutation, a three base pair deletion that codes 

for phenylalanine at position 508 of the CFTR protein, called ΔF508 (Hart and Winstanley, 

2002), accounts for 70% of CF alleles in whites. It is the presence of ΔF508 that increases the 

frequency of CF in the white population relative to other races (Gibson et al., 2003). The 

other 21 common mutations are often found in higher frequency in particular ethnic groups. 

In vitro physiologic studies have demonstrated that mutations in the CF gene can disrupt 

CFTR function within epithelial cells in different ways, ranging from complete loss of protein 

to surface expression with poor chloride conductance. 

 Five major mechanisms by which CFTR function is altered have been described.  

 Class I mutations produce premature transcription termination signals resulting in 

unstable, truncated, or no protein expression.  

 Class II mutations, usually mis-sense mutations including ΔF508, cause the protein to 

misfold leading to premature degradation and failure to reach the apical cell membrane except 

for special conditions such as low temperature.  

 Class III mutations, primarily located in the two nuclear binding domains, result in 

decreased chloride channel activity due to abnormal adenosine triphosphate (ATP) gating.  

 Class IV mutations are primarily located in the membrane spanning domains that form 

the chloride channel and demonstrate reduced chloride conductance.  

 Class V mutations result in reduced amounts of functional protein (rather than no 

protein production seen in Class I) due to abnormal or alternative splicing.  

 It is important to recognize that some mutations have characteristics belonging to more 

classes. Thus, these five mechanisms of CFTR dysfunction are intended to provide a 

framework for understanding the molecular basis of epithelial cell abnormalities in CF, to 

help predict observed genotype–phenotype correlations, and develop therapeutic approaches 

directed to specific classes of mutations (e.g., Class I premature stop mutations) (Gibson et 

al., 2003). 

 

 1.1.3  Effects of defective cystic fibrosis transmembrane regulator 

 The primary physiologic defect in CFTR in patients with cystic fibrosis (CF) is 

reduced chloride conductance at the surface of the apical epithelial membranes. The defect in 

ion transport in CF manifests itself differently in the various organs. Other proposed functions 

of CFTR include the acidification of intracellular organelles that result in the alteration of 
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sulfation or sialylation of CF mucins and alteration of other cAMP-mediated functions such 

as endocytosis and exocytosis (Hilman, 1997). 

 The patients with the most severe deficiency of CFTR have pulmonary disease, 

pancreatic exocrine dysfunction, and abnormal concentrations of sweat chlorides.  

 In the ducts of sweat glands, CFTR is the only channel that has the capabilities of 

reabsorption of chloride ions from the sweat. Patients with CF may have signs and symptoms 

of salt depletion syndromes and infants may present metabolic alkalosis. The abnormality of 

electrolytes in the sweat is the basis for the most reliable diagnostic test for CF (Hilman, 

1997). 

 The defective CFTR function leads to insufficient alkalinization and hydration of 

pancreatic secretions, which contributes to the obstruction of the pancreatic ducts and 

thickening of secretions, leading to autolysis and fibrosis. With the fibrosis of the exocrine 

portion of the pancreas, pancreatic enzymes delivered to the small intestine are decreased and 

there are the losses of endocrine-secreting cells (Hilman, 1997). 

 In the intestinal tract, defects in CFTR result in the inability of chloride secretion (with 

water following chloride ions) into the lumen of the intestine. Reduced water in the intestinal 

contents in CF is thought to contribute to meconium ileus of the newborn and distal intestinal 

obstruction syndrome. Intestinal mucous glands undergo hypertrophy and hyperplasia early in 

the life of patients with CF (Hilman, 1997). 

 In the respiratory epithelium in CF, the defective CFTR results in failure of Cl¯ 

secretion due to either a defect in the chloride channel per se or to defective regulatory 

proteins. In addition, there is increased re-absorption of sodium by the airway epithelium 

(Hilman, 1997). Abnormalities of Cl¯ and likely Na+ transport lead to abnormal regulation of 

airway surface liquid (ASL) volume that result in the depletion of both salt and water 

(volume) on the CF airway surface. The dehydration of the airway secretions leads to 

inspissations of secretions and the mucus in the CF airways is highly viscid, sulphated and 

readily forms aggregates (Boucher et al., 2005; Hart and Winstanley, 2002; Jayaraman et al., 

2001). The mucus clearance mechanisms are impaired, causing airflow obstruction and 

ultimately bacterial infection. Furthermore, the abnormal Na+ and Cl¯ transport induces 

differences in salt concentration and activity on antimicrobial factors (e.g., defensins) in CF 

versus normal ASL (Dempsey et al., 2003; Gibson et al., 2003; Hutchinson and Govan, 1999). 

 Failure of the airways to clear mucus normally is likely the primary pathophysiologic 

event in CF. Adherent mucus plaques and plugs are the sites of the chronic bacterial infection 

of CF airways. These bacteria are usually found in macrocolonies that appear to represent the 
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biofilm type of growth characteristic of CF infections. In general, biofilms represent a type of 

bacterial growth in which bacteria form and become enmeshed in an extensive extracellular 

matrix. Bacterial cellular physiology may change in this environment, and the matrix may 

provide a barrier to antimicrobial agents and inflammatory cells, thereby promoting bacterial 

persistence. Generation of these immobile mucus surfaces thus provides an excellent 

environment for the chronic respiratory tract infections that are the major contributors to the 

loss of lung function and eventual demise of patients with CF (Boucher et al., 2005; 

McDowell et al., 2001). The airway obstruction due to increased respiratory secretions and 

the persistence of infection/inflammation results in impairment of the local host defences in 

CF, especially regarding to phagocytic activity (Hilman, 1997). In this respect, the human β-

defensin-1 (HBD-1) may be the link between the basic CF gene defect and the pathogenesis 

of the chronic bronchial pulmonary infections (Goldman et al., 1997; Hilman, 1997). 
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1.2  LUNG INFECTIONS AND PATHOGENIC BACTERIA IN CYSTIC FIBROSIS 

 

 1.2.1  Bacterial infections in cystic fibrosis 

 Infections caused by bacterial pathogens very often start soon after birth and are 

associated with an intense neutrophilic response localized to the peribronchial and 

endobronchial spaces. Early airway infection and inflammation in CF can have regional 

heterogeneity that complicates understanding the causal and temporal relationship between 

initial infection and airway inflammatory response (Gibson et al., 2003). 

 Despite a reduced ability of CF lungs to deal with the constant threat of microbial 

colonisation, the spectrum of bacteria that are routinely isolated from CF sputum is 

surprisingly narrow. CF has a unique set of bacterial pathogens that are frequently acquired in 

an age-dependent sequence (Gibson et al., 2003) and most patients follow a characteristic 

pattern of infection that begins with Staphylococcus aureus and Haemophilus influenzae in 

infancy and ends with Pseudomonas aeruginosa in adolescence (Hutchinson and Govan, 

1999). By the early 1980s, multidrug-resistant, transmissible strains of Burkholderia cepacia, 

an organism previously best known as a phytopathogen, had emerged as a cause of infections 

to the increasing population of CF adults (Govan and Deretic, 1996). Among the organisms 

causing infection in CF, only S. aureus may be pathogenic in immunocompetent individuals. 

P. aeruginosa, B. cepacia, nontypeable Haemophilus influenzae, Stenotrophomonas 

maltophilia, and Achromobacter xylosoxidans are all considered opportunistic pathogens 

(Gibson et al., 2003). 

 Although the spectrum of pathogens isolated from the sputum of CF patients is largely 

restricted to the above organisms, this list is by no means exclusive. The microbiology of the 

CF lung is not static, and the dynamic ability of bacteria to adapt to new environments would 

indicate that the health of CF patients is constantly under threat from emerging pathogens. 

Alcaligenes xylosoxidans, Aspergillus spp., Ralstonia pickettii, Burkholderia gladioli, and 

better-known respiratory pathogens, such as Bordetella, have also shown an increase in their 

incidence of colonisation of CF patients (Hutchinson and Govan, 1999). Other organisms seen 

in CF, that are generally nonpathogenic in the healthy host, include Aspergillus and 

nontuberculous mycobacteria (Gibson et al., 2003; Hart and Winstanley, 2002). Recently, the 

α-proteobacteria Inquilinus limosus was found in respiratory secretions of CF patients 

(Coenye et al., 2002). 
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 1.2.2  Pseudomonas aeruginosa 

 Pseudomonas aeruginosa (family Pseudomonadaceae), is an aerobic, motile, gram-

negative rod-like bacterium able to grow and survive in almost any environment, lives 

primarily in water, soil, and on vegetation (Val Delden and Iglewski, 1998). 

 Over 80% of patients with CF acquire a P. aeruginosa infection that results in 

progressive loss of lung function and early death. The initially acquired strain is typically an 

environmental isolate that expresses a smooth lipopolysaccharide (LPS) containing O-chains 

and little or no extracellular exopolysaccharide (alginate). After an indeterminate - but 

probably short - time, the organism phenotypically changes to an LPS-rough (i.e., lacking O-

chains), exopolysaccharide-hyperexpressing (i.e., mucoid) variant (Hancock et al., 1983; Pier, 

2000), which renders these strains less resistant to serum, perhaps because of the increased 

deposition of C3b on O-chain-deficient CF isolates (Govan and Deretic, 1996). The unique 

characteristic of P. aeruginosa is that all strains have the genetic capability to produce 

alginate but it is most frequently found in cystic fibrosis isolates (Wilson et al., 2002). 

 The pulmonary function of patients with P. aeruginosa infections declines only when 

the mucoid phenotype is isolated. The growth of mucoid P. aeruginosa as a biofilm in the 

lungs of CF patients has been suggested to be a major factor in long-term bacterium survival. 

Biofilm formation by P. aeruginosa has been linked to genes involved in quorum sensing and 

motility and recently it was demonstrated that the acyl-homoserine lactone molecules, 

involved in the quorum-sensing system, can be detected in the sputa of CF patients (Pier et 

al., 2001). Many extracellular virulence factors secreted by P. aeruginosa have been shown to 

be controlled by a complex regulatory circuit involving cell-to-cell signalling systems that 

allow the bacteria to produce these factors in a coordinated, cell-density dependent manner 

(Val Delden and Iglewski, 1998). However, the genes controlling alginate production appear 

to be independent from the known quorum-sensing genes of P. aeruginosa (Pier et al., 2001). 

 

 1.2.3  Burkholderia cepacia complex 

 Burkholderia cepacia, previously named Pseudomonas cepacia and described as a 

plant pathogen, has lately emerged as a human opportunistic pathogen (Govan and Deretic, 

1996; Mohr et al., 2001). In the early 1980s, Burkholderia cepacia was found in clinical 

isolates from patients in North American CF Centres and it was immediately clear of the 

dangerousness of this bacterium. In fact, B. cepacia chronic infections could lead to 

necrotizing pneumonia and subsequent death of the patient. In addition, both the patient-to-
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patient transmission and the characteristic multi-drug resistance of B. cepacia left clinicians 

without an effective antimicrobial therapy (Govan and Deretic, 1996). 

 Microbiological studies established that B. cepacia is a family of bacteria (called B. 

cepacia complex), composed of different species, formerly known as genomovars, often with 

identical phenotypes. Up to now, different species have been recognised, comprising  

B. cepacia   (formerly genomovar I),  

B. multivorans  (formerly genomovar II),  

B. cenocepacia (formerly genomovar III),  

B. stabilis   (formerly genomovar IV),  

B. vietnamensis  (formerly genomovar V),  

B. dolosa   (formerly genomovar VI),  

B. ambifaria   (formerly genomovar VII),  

B. anthina   (formerly genomovar VIII),  

B. pyrrocinia   (formerly genomovar IX)  

(Coenye et al., 2001; Mahenthiralingam et al., 2002; Vandamme et al., 2003).  

 Recently, six novel species, Burkholderia latens sp. nov., Burkholderia diffusa sp. 

nov., Burkholderia arboris sp. nov., Burkholderia seminalis sp. nov., Burkholderia metallica 

sp. nov. and Burkholderia ubonensis were identified and included into the Bcc (Vanlaere et 

al., 2008). 

 Among all the Bcc species, B. multivorans and cenocepacia, and to a lesser extent, B. 

cepacia, are of clinical relevance (Bernier et al., 2003; Keig et al., 2002) and a common 

phenotypic trait of all Bcc infection is the inability to be eradicated because of the intrinsic 

bacteria resistance to multiple antibiotics (Burns et al., 1996; Mahenthiralingam et al., 2002). 

 Pulmonary colonization in cystic fibrosis (CF) patients with B. cepacia may lead to 

one of the following three clinical outcomes: persistent colonization without lung 

deterioration, accelerated reduction in lung function (Keig et al., 2002), and “cepacia 

syndrome”, a necrotizing pneumonia with fever, bacteremia, elevation of erythrocyte 

sedimentation rate, and leukocytosis, which culminates in rapid and fatal clinical deterioration 

(Govan and Deretic, 1996). Approximately 20% of Bcc-colonized patients succumb by 

“cepacia syndrome”. Septicemia in CF is a condition very rarely seen with the more common 

CF pathogen, Pseudomonas aeruginosa (Bylund et al., 2005). 

 In addition, members of the Bcc are the leading cause of chronic granulomatous 

disease (CGD) fatalities. CGD is a rare primary immunodeficiency resulting from genetic 

defects in components of the phagocyte NADPH-oxidase, rendering the patient’s phagocytes 
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unable to produce the reactive oxygen species (ROS) needed for the proper antimicrobial 

activity. These patients suffer from recurrent infections with a distinct set of fungal and 

bacterial species and often display various inflammatory complications, including granuloma 

formation. Bcc infections in CGD patients are often remarkably aggressive, and the majority 

of the fatalities are caused by bacteraemic spread, a condition extremely uncommon with 

other bacterial species. This suggests that Bcc possesses virulence factors, making it unique 

among bacterial CGD and CF pathogens (Bylund et al., 2005). 

 

 1.2.4  Inquilinus limosus 

 Inquilinus limosus is a novel bacterium at first isolated from respiratory secretions of 

cystic fibrosis patients in 2002 in USA. Inquilinus (an inhabitant of a place that is not its own) 

limosus (full of slime, slimy) is a gram-negative, non-sporulating rod (Coenye et al., 2002) 

and non-fermentative species (Wellinghausen et al., 2005). It belongs to the α-protobacteria 

and is, thus, not closely related to the B. cepacia complex or P. aeruginosa (Wellinghausen et 

al., 2005). 

 Inquilinus spp. may represent a new threat for CF patients due to their multiresistant 

pattern of antibiotics, their ability to persist in the respiratory tract (Bittar et al., 2008; Chiron 

et al., 2005) and their mucoid characteristic. In fact, the term ‘limosus’, meaning full of slime, 

refers to the slimy character of bacterial colonies. This is associated with the production of 

copious amounts of exopolysaccharides (EPS), which are involved in the pathogenicity of the 

organism (Herasimenka et al., 2007). 
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1.3  BACTERIAL EXOPOLYSACCHARIDES PRODUCED BY OPPORTUNISTIC 

BACTERIA INVOLVED IN CYSTIC FIBROSIS 

 

 1.3.1 Capsular polysaccharides and exopolysaccharides and their role in

 bacterial pathogenicity 

 In their natural environment bacteria are normally surrounded by a glycocalyx (Fett, 

1993). The bacterial glycocalyx has been defined as polysaccharide components lying outside 

the outer membrane of gram-negative cells or the peptidoglycan layer of gram-positive cells 

(Costerton et al., 1981). 

 The high variety of polysaccharide structures of the bacterial glycocalyx confer to 

bacteria the ability to interact with the immune system of the host, provoking such responses 

as antibody formation, inflammation, abscess formation (Powell et al., 1997; Tzuababos et al., 

1993). A very efficient bacterial strategy to overcome killing by neutrophils is to prevent 

phagocytosis by physical barriers, such as polysaccharide capsules (Urban et al., 2006). In 

fact, they are able to quench the reactive oxygen species (ROS) and it is possible that such 

quenching would protect bacteria from ROS-mediated killing (Bylund et al., 2006; Bylund et 

al., 2005). 

 Pier et al. reported that acetylated alginate produced by P. aeruginosa prevented 

activation of the alternative pathway of the complement system (Pier et al., 2001). The 

capsule contributes to resistance to phagocytosis by reducing C3b deposition on the surface of 

the bacterium (Reckseidler-Zenteno et al., 2005). 

 The antimicrobial peptides (AMPs) belonging to the humoral innate host defences, 

may interact with the polysaccharides produced by lung pathogens and this can affect the 

AMP biological activity with the impairment of peptide-based innate defences of airway 

surface (Herasimenka et al., 2005). 

 Polysaccharides may be involved in bacterial adhesion. The attachment of bacteria to 

form biofilms can actually increase exopolysaccharide production in sessile cells compared 

with free-living planktonic cells (Danese et al., 2000; Hoyle et al., 1993; Vandevivere and 

Kirchman, 1993; Xu et al., 2000). Consequently, the capsule from the outermost layer of 

many species of bacteria has been implicated as an important virulence factor in encapsulated 

strains (Corbett and Roberts, 2009). 

 Exopolysaccharides can absorb large amounts of water and play a role in maintaining 

an appropriately humid environment surrounding the cell surface, leading to the protection of 

the cell from desiccation (Ophir and Gutnick, 1994). 
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 1.3.2  Structural features of exopolysaccharides 

 The glycocalyx consists mainly of a highly hydrated polyanionic matrix (>90% water) 

surrounding the bacterial cell and can be composed of hundreds to thousands of monomeric 

saccharidic units. These highly hydrated, high molecular weight anionic polysaccharides 

confer to bacteria an overall negative charge and hydrophilic properties (Corbett and Roberts, 

2009; Fett, 1993). There are found also uncharged polysaccharide or S-layers, regular arrays 

of glycoprotein subunits (Fett, 1993). Polysaccharides can occur in the form of a tightly-held 

capsule, capsular polysaccharides (CPSs), or a loosely-held slime, exopolysaccharides (EPSs) 

secreted in the growing medium and EPS fibers can extend 3 µm or more away from the cell 

surface. In addition, free lipopolysaccharide and glycolipids may also be present as well as 

proteins and nucleic acids (De Castro et al., 2007; Fett, 1993). In some cases, depending on 

the microbial species and environment, the glycocalyx has been described as forming 

polymeric strands that wrap around the surface, or strands that interact with one another to 

form helical duplexes (Mayer et al., 1999). 

 Microbial exopolysaccharides (EPSs) are most broadly divided into homo- and 

heteropolysaccharides indicating the nature of the monomer repeat structure of the polymer 

chain (Harrah et al., 2006). EPSs have linear or branched structure (Cescutti, 2009). The 

composition and degree of substitution of the polysaccharides may vary widely, and cells may 

produce more than one EPS (Erlandsen et al., 2004; Schmitt and Flemming, 1999; Starkey et 

al., 2004; Sutherland, 2001). The majority of bacterial EPSs are heteroglycans composed of 

oligosaccharidic repeating units constituted by 2 or more sugar moieties (Fett, 1993). 

Microbial extracellular heteropolysaccharides are mainly linear molecules to which side 

chains of varying length and complexity are attached at regular intervals, including some non-

carbohydrate substituents (Sutherland, 1997). 

 A large diversity in EPS chemical structures can be found among bacteria, concerning 

sugar composition and their glycosidic linkage, repeating unit size and degree of 

polymerization as well as non-carbohydrate decoration (such as acetate, pyruvate, succinate, 

and phosphate) (Skorupska et al., 2006). Negatively charged groups (uronic acid, phosphate 

esters, pyruvate substituents) frequently occur in bacterial EPS. 

 Pyruvate ketals and O-acetyl groups are very common substituents in EPS from Gram-

negative bacteria (Cescutti et al., 2005) and, when present, pyruvic acid acetal is usually 

found in stoichiometric amounts, in contrast to O-acetyl groups which are usually non-

stoichiometric. The presence of acetate substituents on alginate confers bacterial resistance to 

host phagocytes and complement, particularly in the presence of the loss of production of the 
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LPS O-chains that normally render strains serum resistant. O-acetyl substitution on EPS is 

believed to be used by bacteria to mask hydroxyl groups that are the binding site for opsonins 

C3b and C4b. In addition, the presence of acetate residues may affect the activation of 

complement in an antibody-independent fashion. Thus, by linking acetate to hydroxyl groups, 

mucoid P. aeruginosa may be able to escape phagocytic killing by dampening the activation 

of complement (Pier et al., 2001). Moreover, O-acetyl groups on capsular polysaccharides 

have been shown to be important for antigenicity and elicitation of opsonic antibodies against 

a variety of encapsulated bacterial pathogens. For example, O-acetyl groups are critical for the 

induction of opsonic antibodies to serogroup A polysaccharide from Neisseria meningitidis. 

Opsonic antibodies to serogroup C polysaccharide from N. meningitidis, on the other hand, 

are preferentially induced by the de-O-acetylated polysaccharide. O-acetyl groups contribute 

to the binding epitope of alginate-specific opsonic antibodies (Theilacker et al., 2003). 

 The need for an extensive acetylation of the capsular polysaccharide product by 

Agrobacterium rubi might be related to the enhanced hydrophobicity displayed by the 

polymer thus playing a key role in the adhesion properties of the bacterium in the context of 

the plant wound areas colonization or of a performing biofilm structuring (De Castro et al., 

2007). Finally, acetylation of the EPS produced by S. epidermidis is essential for biofilm 

formation, colonization, and resistance to neutrophil phagocytosis and human antibacterial 

peptides (Vuong et al., 2004). 

 

 1.3.3  Alginate from Pseudomonas aeruginosa 

 Alginate, an acidic linear polysaccharide, occurs in brown algae and is also 

biosynthesized by some bacteria, e.g., Azotobacter vinelandii and, particularly, Pseudomonas 

aeruginosa whom infections in CF patients remains a major health concern (Davies et al., 

1993; Zhang et al., 2006). 

 Alginate from P. aeruginosa consists of two hexuronic acid residues: β-D-mannuronic 

acid (M) and α-L-guluronic acid (G) with exclusively 1→4 glycosidic linkages. Acetylation 

occurs on the C-2 and C-3 hydroxyl groups of the mannuronic acid residues (Pier et al., 2001; 

Theilacker et al., 2003). Along its linear chain, there are homo-oligomeric regions of 

mannuronate (M-blocks) and hetero-oligomeric regions (MG-blocks). In contrast to algal 

alginate and alginate from A. vinelandii, a low M-to-G ratio and the absence of G-blocks is 

characteristic of the alginate from P. aeruginosa (Zhang et al., 2006). 

 The high molecular mass of bacterial alginate and the negative charge ensure that the 

polysaccharide is highly hydrated and viscous (Gacesa, 1998). The negative charges are 
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indeed important in the defence of bacteria against AMPs of the innate immune system, 

which are generally positively charged. Ionic groups constitute the primary driving force 

causing interaction between EPSs and AMPs that impedes the bacterial membrane lysis by 

AMPs. As reported in the literature, it has to be stressed that the stability of these complexes 

was also dictated by specific conformational features exhibited by the different EPSs 

(Herasimenka et al., 2007). 

 

 1.3.4  Exopolysaccharides from the Burkolderia cepacia complex 

 Some strains belonging to B. cepacia complex have been shown to produce 

exopolysaccharide (Cérantola et al., 1999) and different species of Burkholderia, isolated 

from expectorates of CF patients, produced at least five different EPSs (Herasimenka et al., 

2008). Cérantola and co-workers reported that the B. cepacia strain they investigated 

produced different EPSs depending on the growth conditions adopted (Cérantola et al., 1999). 

Instead, no direct correlation between genomovar and type of EPS produced was found 

(Lagatolla et al., 2002). 

 Studies carried out in Europe and the USA showed that a common polysaccharide, 

named Cepacian, was produced by the majority of the clinical strains isolated in different 

countries (fig. 1.1) (Cescutti et al., 2003). 

 

 

 

 

 

 

 
Figure 1.1: Primary structure of cepacian repeating unit. 

 

 This partially acetylated acidic polymer, peculiar by the presence of the less usual D-

isomer of rhamnose and of a four substituted glucuronic acid residue, represents the main EPS 

produced by the Bcc (Cérantola et al., 1999; Cescutti et al., 2000; Linker et al., 2001). The 

polymer seems to be characteristic of this bacterial complex and it has not been described to 

be produced by other species (Chiarini et al., 2004). 

 Another EPS produced by Bcc is the acidic exopolysaccharide PS-I, consisting of a 

disaccharide repeating unit composed of 3-linked α-D-glucopyranosyl and 4,6-O-(1-

carboxyethylidene)-α-D-galactopyranosyl residues (Cérantola et al., 1999). 
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 A clinical strain of B. cepacia (BTS13), isolated in the Cystic Fibrosis Regional 

Centre of the Friuli Venezia-Giulia, produces mainly an exopolysaccharide having the 

following repeating unit: 

 →5)-β-Kdop-(2→3)-β-D-Galp2Ac-(1→4)-α-D-Galp-(1→3)-β-D-Galp-(1→ 

 In addition of this, when grown on mannitol-rich medium, B. cepacia strain BTS13 

produced another polysaccharide that was estabilished to be levan: 

     →6)-β-D-Fruf-(2→ 

(Cescutti et al., 2003). 

 Finally, some species of the Bcc may produce a mixture of different EPSs. B. 

cenocepacia strain C9343 biosynthesized three different EPSs: PS-I, cepacian and an α-1,6-

glucan (at a ratio of 0.6:1.0:1.0) (Conway et al., 2004). 

 

 1.3.5  Exopolysaccharides from Inquilinus limosus 

 Similarly to the B. cenocepacia C9343 strain, I. limosus produces two different 

homopolymers that present the following chemical structures 

[3)-4,6-O-(1-carboxyethylidene)]-β-D-Glcp(1 ]n 

[2)-4,6-O-(1-carboxyethylidene)]-α-D-Manp(1 ]n 

 Both polymers were completely substituted with pyruvyl ketal groups. This is a novel 

structural characteristic not previously found in bacterial polysaccharides. The absolute 

configuration of all pyruvyl groups was S (Herasimenka et al., 2007). The two polymers 

exhibit the same charge per sugar residue present in alginate produced by P. aeruginosa 

(Herasimenka et al., 2007). Actually, their very similar structure prevented their complete 

separation into pure polymers. 

 The investigation on whether EPSs in mixtures have a synergistic effect when exerting 

their biological role would be valuable (Herasimenka et al., 2007).  
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 1.3.6  Exopolysaccharides biosynthesis 

 Production of exopolysaccharide (EPS) is a frequently observed characteristic in many 

prokaryotes, particularly symbiotic and pathogenic bacteria (Ian, 1996). Exopolysaccharide 

biosynthesis represents a multi-step process and requires enzymes involved in the formation 

of nucleotide sugar precursors which are the donors of sugars to the repeat unit, 

glycosyltransferases which catalyse the sequential transfer of sugars for the repeating unit 

formation, proteins involved in the export of these oligosaccharide units from the cytoplasmic 

to the periplasmic face of the bacterial membrane, and enzymes involved in EPS 

polymerization and secretion to the extracellular medium. Other enzymes involved in EPS 

acetylation and/or other modifications, and, eventually, regulatory genes to control EPS 

production are also required (Moreira et al., 2003; Skorupska et al., 2006; Yoshida et al., 

2003). 

 Enzyme specificity derives from protein structure (ultimately from nucleic acid 

nucleotide sequences) and specific enzymes are responsible for the synthesis of activated 

monosaccharides, the nucleoside diphosphate sugars, and for the specific transfer of glycosyl 

residues from these nucleoside diphosphate sugars to acceptor molecules (Robbins et al., 

1966). The synthesis of most polysaccharides begins with the formation of a nucleoside 

diphosphate glycosyl derivative from a nucleotide triphosphate and a glycosyl phosphate ester 

(Robbins et al., 1966). The enzymes that catalyze the transfer of glycosyl residues from 

nucleoside diphosphate sugars to the oxygen residues of other saccharide moieties in general 

show absolute specificity with respect to the linkage position and anomeric configuration 

(Robbins et al., 1966). In Gram-negative bacteria the biosynthesis starts with the conversion 

of glucose-6-P into the different nucleotide sugar precursors (Moreira et al., 2003). 

 Extracellular polysaccharides of many bacteria are synthesized by the Wzy 

polymerase-dependent mechanism (fig. 1.2) (Dong et al., 2006; Feldman et al., 1999). This 

system is a well-known model for the synthesis of complex LPS O-antigens, CPS and EPS 

that haves branches and/or are composed of heterologous sugars (Whitfield, 1995; Xayarath 

and Yother, 2007). Biosynthesis of bacterial polysaccharide-repeating units proceeds by 

sequential transfer of precursors (nucleotide diphospho-sugars) from the appropriate sugar 

donor to an acceptor (activated lipid carrier), by committed glycosyltransferases (GTs) (Jolly 

et al., 2002; Troy, 1979; Videira et al., 2001). Nucleotide sugars are normally available as 

soluble molecules in cytosolic compartments, while polyisoprenol lipids are associated with 

lipid membrane bilayers (Feldman et al., 1999). Undecaprenol diphosphate was identified as a 

sugar acceptor in the case of most heteropolysaccharides. The repeating unit is formed at the 
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inner leaflet of the cytoplasmic membrane. The blockwise polymerization of individual 

repeating units takes place at the periplasmic face of the inner membrane (IM) after they have 

been flipped across the IM in a process involving Wzx-like translocase or "flippase" protein. 

Polymerization is thought to be coupled to export of the growing polymer to the cell surface 

and engages Wzy-like polymerase and Wzc-like inner membrane-periplasmic auxiliary 

protein with an ABC module. The latter protein is proposed to control the chain length of the 

growing heteropolymer. Completion of the translocation process depends on the outer 

membrane auxiliary protein (OMA), forming a channel in the outer membrane thus 

facilitating the growing polysaccharide to reach the cell surface. It was proposed that effective 

translocation of EPS is the result of physical association of proteins localized on both 

membranes (Skorupska et al., 2006; Troy, 1979). The exocellular polysaccharide biosynthetic 

pathway, as well as the functions of sugar nucleotides and polyisoprenoids, is identical to 

those in lipopolysaccharide, peptidoglycan, and the cell wall teichoic acid biosynthetic routes. 

The basis biosynthetic machinery seems to be common to both gram-negative and gram-

positive bacteria (Oba et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2: Model of the biosynthetic complex carrying out synthesis and export  

of serotype K30 group 1 capsule in E. coli. 
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 A second pathway, the Wzy-independent mechanisms, has been observed especially in 

O-antigens composed of a single sugar residue (homopolymeric O-antigens). The formation 

of a polymeric O-antigen takes place on the cytosolic face of the cytoplasmic membrane and 

is mediated by the sequential action of glycosyltransferases elongating the polysaccharide at 

the non-reducing end. The nascent polysaccharide is transported across the cytoplasmic 

membrane by an ATP-binding cassette transporter and subsequently ligated to lipid A-core 

OS. In both Wzy-dependent and Wzy-independent mechanisms, the synthesis of the 

polysaccharide is initiated by the formation of a sugar phosphodiester linkage with 

undecaprenol phosphate (Feldman et al., 1999).  

 De Castro et al. reported that the acetyl substitution is delayed with respect to the 

polysaccharide production in Agrobacterium rubi, reaching the completeness only at the late 

growth stage (De Castro et al., 2007). 
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1.4  POLYSACCHARIDES DEGRADING ENZYMES and THE DISRUPTION  

OF THE EXOPOLYSACCHARIDE BARRIER AROUND BACTERIA INVOLVED IN CF 

 

 1.4.1  Exopolysaccharides and biofilm 

 When bacterial cells approach inert surfaces, they first get bound to the substratum by 

relatively weak forces involving their external structures (flagella, fimbriae and/or capsular 

components). When cells remain thus attached for some time, they secrete sticky extracellular 

substances forming a gel matrix that, as the biofilm matures, embeds several layers of cells. 

Besides proteins and nucleic acids, this matrix is known to include mainly polysaccharides, 

but it may presumably contain lipids, mineral ions and various cellular debris as well 

(Flemming and Wingender, 2001; Vuong et al., 2004). Bacteria growing in biofilms display 

more resistance to antibiotics and to host phagocyte killing than do planktonically growing 

cells (Cunha et al., 2004). Antibiotic resistance of bacteria in the biofilm mode of growth 

contributes to the chronicity of infections and antibiofilm therapies might have to thwart more 

than one mechanism simultaneously to be clinically effective (Stewart and Costerton, 2001). 

One possibility is the disruption of the exopolysaccharidic matrix to facilitate the antibiotic 

attack. 

 Some bacterial exopolysaccharides have been reported to be acceptable substrates for 

enzyme mixtures (Sutherland, 2001). These enzymes could possibly be used as well to 

degrade bacterial biofilm polysaccharidic matrices; in fact, there are some precedents on the 

use of commercial enzyme preparations for biofilm removal (Johansen et al., 1997; Orgaza et 

al., 2006). Co-administration of antibiotics with alginate lyase might benefit CF patients by 

increasing the efficacy of antibiotic in the respiratory tract (Alkawash et al., 2006; Hatch and 

Schiller, 1998). 

 

 1.4.2  Polysaccharides degrading enzymes 

 Microorganisms secreting glycosidases are widespread throughout nature and play an 

important role in hydrolyzing and catabolising polysaccharides (Manzanares et al., 2001). 

Many of these glycan-degrading enzymes are of bacterial origin. Actually, bacterial pathogens 

often utilize glycan-degrading enzymes to overcome the host defence mechanism to advance 

the host bacterial invasion and to reach desired host sites that are essential for continuing 

bacterial invasion (Sutherland, 1995).  

 Other bacteria that lives in the same environment of the exopolysaccharide producing 

bacteria, might degrading this EPS to use the oligosaccharidic fragments as nutrients. 
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 Enzymes that degrade glycans can be divided into two groups: polysaccharide 

hydrolases and lyases. Hydrolases degrade glycans via hydrolysis of glycosidic bonds 

between sugars. Hydrolases comprise endoglycosidases and exoglycosidase. The first are 

enzymes that catalyze the cleavage of an internal glycosidic linkage in an oligosaccharide or 

polysaccharide. The latter are enzymes that cleave a monosaccharide from the outer (non-

reducing) end of an oligosaccharide, polysaccharide, or glycoconjugate. 

 Lyases degrade glycans by using a β-elimination process (Jedrzejas, 2000; Sutherland, 

1995). 

 

 1.4.3  Polysaccharide lyases 

 Polysaccharide lyases (EC 4.2.2.-) are produced by various microorganisms, 

bacteriophage and some eukaryotes, and they cleave a hexose α- or β-(1,4)-uronic acid 

sequence. Specific polysaccharide lyases were described as active on neutral polysaccharides 

(i.e. α-(1,4)-glucan). These enzymes act through an eliminase mechanism rather than through 

hydrolysis (Coutinho and Henrissat, 1999; Da Costa et al., 2003; Linhardt et al., 1986; Pagès 

et al., 2003; Sutherland, 1995). The lyase cleaving mechanism consist of a β-elimination 

leading to the formation of a double bond in the newly generated non-reducing end, either 

between C-4 and C-5 in uronic polymers or C-1 and C-2 in neutral α-(1,4)-glucans. For at 

least some polysaccharide lyases, this process is based on the proton acceptance and donation 

mechanism described by Li et al. (Li et al., 2000) (fig. 1.3). 
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Figure 1.3. Proton acceptance and donation mechanism. The mechanism is characteristic 

of polysaccharide lyases utilizing the β-elimination reaction to degrade polysaccharides. 

 

 The catalysis through this mechanism involves several steps: 

(A) The polysaccharide substrate binds in the cleft. 

(B) The C5 carbon atom is acidified. 

(C) A proton from the C5 carbon is extracted and an unsaturated bond is formed between C4 

 and C5 of the leaving polysaccharide group. 

(D) The glycosidic bond is broken after a proton is donated by the protein. 

(E) The product leaves the active site of the lyase and protons are balanced by exchange with 

the water environment (Li et al., 2000; Ponnuraj and Jedrzejas, 2000). 

 Polysaccharide lyases tested on neutral or anionic polymers led to the production of 

oligosaccharides with a degree of polymerization ranging from 2 to 5. These enzymes have 

selection mechanisms for the cleaved glycosidic bonds that range from very specific to 

random selection of the cleavable bond (Da Costa et al., 2003; Jedrzejas, 2000; Linhardt et al., 

1986). 
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 1.4.4  Alginate lyases 

 As alginate is such an important component of the outer surface in the context of 

chronic P. aeruginosa lung infections in CF, it makes an ideal target for therapeutic 

interventions. The researchers that first identified alginate on the surface of P. aeruginosa 

recognized enzymes that degrade this polysaccharide (Linker and Evans, 1984). Alginates are 

enzymatically depolymerized by alginate lyases (EC 4.2.2.3), which cleave the β-1,4 

glycosidic linkage by β-elimination, resulting in an 4,5-unsaturated, nonreducing terminus 

(Rehm, 1998). Polysaccharide lyase activity was described to be reduced on highly acetylated 

alginate (Da Costa et al., 2003), and deacetylation increased of 15-fold its susceptibility to 

lyase (Sutherland, 1995). 

 An alginate lyase has been shown to decrease adherence of P. aeruginosa to an abiotic 

surface (Mai et al., 1993a). Others have found that an aminoglycoside diffusion barrier 

generated by the addition of alginate could be disrupted with a preparation of P. aeruginosa 

alginate lyase (Hatch and Schiller, 1998). Most importantly, treatment of bacterial infections 

caused by mucoid strains of P. aeruginosa with alginate lyase has been shown to improve the 

efficacy of antibiotics (Bayer et al., 1992). Altogether these findings suggested a role for 

alginate lyase as an adjunct to antibiotic treatment. However, the immunogenicity of enzyme 

administration to lungs of CF patients needs an extensive investigation. 

 

 1.4.5  A lyase active on cepacian, the polysaccharide produced by Burkholderia 

 cepacia complex 

 Cepacian is the EPS produced by the majority of bacteria belonging to the Bcc, and it 

is involved in bacteria persistence in host’s lungs (Chung et al., 2003). For this reason, 

enzymes that could degrade this polysaccharide are useful in the infection control. In fact, 

they could be used to obtain less viscous cepacian solutions, and in particular, they could be 

used ‘‘in vivo’’ to help the efficacy of antibacterial drug by diminishing the viscosity of the 

polysaccharidic network around microbial cells, as previously showed for alginate (Hatch and 

Schiller, 1998). In addition, specific enzymes for cepacian could be used to cut it into 

oligomers whose structure is much easier investigated by mass spectrometry and NMR thus 

evidencing fine details of the cepacian structure like the acetylation pattern, which might be 

relevant to clarify interaction of the EPS with component of the host immune system. 

 A few years ago, an enzyme active on cepacian was isolated in the Trieste laboratory 

from a Bacillus sp. and up to now, it is the only one available for this EPS. This enzyme is a 

lyase and it is synthesised by a Bacillus sp. only when it is grown in the presence of cepacian 
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as sole carbon source. The lyase cleaves the side chain β-D-Galp-(1→2)-α-D-Rhap-(1→ from 

the C-4 of the GlcA residue (see Fig. 1). Therefore, the products of the lyase action are the 

disaccharide β-D-Galp-(1→2)-D-Rha-OH, and the polysaccharide with a double bond 

between C-4 and C-5 of the GlcA residue. The latter still has a high molecular weight, but its 

viscosity is lower than that of native cepacian. For this reason, although this lyase does not 

cleave the main chain of the EPS, its activity is still interesting (Cescutti et al., 2006). 
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1.5  BACTERIAL POLYSACCHARIDES and HOST IMMUNE SISTEM 

 

 1.5.1  Innate and adaptive immunity 

 The mammalian immune system is composed of two main components: the innate and 

the adaptive immunity. Innate immunity, an ancient system of microbial recognition, activates 

defences through a fixed number of germ-line-encoded receptors that recognize structural 

components of microorganisms and viruses. The adaptive immune system is only present in 

vertebrates and cartilaginous fish and is a complex system by which the body learns to 

recognize a pathogen’s unique antigens and builds an antigen specific response to destroy it. 

The effective development of the overall immune response depends on careful interplay and 

regulation between innate and adaptive immunity. While it is clear that these two classes of 

responses evolved independently, it is now accepted that innate immune signals play a critical 

role in initiating and instructing the development of adaptive effectors mechanisms (Dempsey 

et al., 2003). 

 The innate immunity is the first line of defence against pathogens providing non-

specific microbial killing mediated by leukocytes and by the complement system. The 

adaptive immunity is involved in elimination of pathogens in the late phase of infection as 

well as the generation of immunological memory and it is mediated by antigen specific 

lymphocytes (Akira et al., 2006). 

 

 1.5.2  Bacterial escape from neutrophil responses 

 The immune system protects the body from microbes that invade and harm the host. 

Neutrophils play a pivotal role in the resolution of microbial infections (Urban et al., 2006). 

Neutrophils emerge from pluripotent hematopoietic stem cells in the bone marrow. Leaving 

the bone marrow, neutrophils are equipped with their antimicrobial arsenal to fight invading 

microbes. Upon contact, neutrophils engulf the microbes into a phagocytic vacuole, called 

phagosome. Subsequently, intracellular granules fuse with the phagosome and discarge their 

contents to form a phagolisosome. In these phagolisosomes, microbes are killed by 

combination of non-oxidative and oxidative mechanisms (Urban et al., 2006). 

 The oxigen-independent effectors are stored in different neutrophil granules. The 

azurophilic granules contain small antimicrobial peptides, α-defensins and other antimicrobial 

molecules (Urban et al., 2006). 
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 The oxigen-dependent mechanism involves a non-mitocondrial generation of reactive 

oxygen species (ROS) and is known as the respiratory burst. A diverse set of ROS are formed 

during this process, like superoxide (O2
-) and hypoclorous acid (HOCl), the most effective 

bactericidal oxidant in neutrophils (Urban et al., 2006).  

 A very efficient bacterial strategy to overcome killing by neutrophils is to prevent 

engulfment, using physical barriers such as polysaccharides. They have been shown to 

prevent recognition by neutrophils; to inhibit bacterial binding to macrophages, to interfere 

with opsonisation, for example, by precluding complement activation, to act as a diffusion 

barrier to positively charged antimicrobial peptides and to actively scavenge hypoclorite, a 

major oxidant generated by activated phagocyte (Aslam et al., 2008; Chan et al., 2004; Hornef 

et al., 2002; Learn et al., 1987; Urban et al., 2006). The biological properties of 

exopolysaccharides were also shown to be dependent on the structural integrity of the O-

acetyl groups substituents. For example, the capacity of alginate to suppress neutrophil and 

lymphocyte functions is dependent on its acetyl content and the physical properties of large 

size and viscosity and may provide part of the explanation for the propensity of mucoid P. 

aeruginosa to persist in the airways of patients with cystic fibrosis (Mai et al., 1993b; Pier et 

al., 2001). 

 

 1.5.3  Antimicrobial peptides 

 The phylogenetically oldest innate immune response is production of antimicrobial 

peptides (AMPs) (Dempsey et al., 2003). AMPs of several classes, including α- and β-

defensins and cathelicidins, are secreted from cellular components of the innate immune 

system. Some of these peptides are synthesized constitutively (i.e., human β-defensin 1), and 

others are upregulated in response to inflammatory mediators, such as human β-defensin 2 

and LL-37 (Gibson et al., 2003). 

 These antibiotic-like molecules have been shown to be directly toxic to a particular 

spectrum of bacteria, fungi or some enveloped viruses in vitro, and are therefore considered 

direct effectors of innate immunity. Antimicrobial peptides are rather small (2–6 kDa), and 

are believed to function by disruption of negatively charged components of microbial 

membranes (Gibson et al., 2003). The mechanism of action of cathelicidins has not been 

completely elucidated although a model based on a “carpet” interaction between AMP and 

bacterial membrane, possibly also involving the formation of “wormhole” or toroidal pores, 

has been proposed (Durr et al., 2006; Porcelli et al., 2008). 
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 The importance of AMPs extends beyond their direct antimicrobial activity, as their 

broad biological activities indicate they are effector molecules, providing communication 

between innate and adaptive immune systems. An important property of AMPs is their ability 

to bind avidly to many potentially pro-inflammatory molecules released from micro-

organisms, such as lipopolysaccharide (LPS), lipoteichoic acid (LTA) and DNA. By binding 

to these molecules, AMPs inhibit responses of host cells and damp-down an undesirable 

inflammatory response (Devine, 2003). 

 The critical role of this system in human disease is further highlighted by the recent 

understanding of the molecular basis of high susceptibility to upper-respiratory bacterial and 

fungal infections in patients with cystic fibrosis (CF). The abnormally high salt concentrations 

in airway surface liquid (ASL) in CF patients causes inactivation of antimicrobial peptides 

and permits initial bacterial colonization and abnormal growth of lung commensals (Dempsey 

et al., 2003; Gibson et al., 2003; Hutchinson and Govan, 1999).  

 The polysaccharidic capsule produced by many virulent bacterial pathogens is able to 

sequester cationic antimicrobial peptides, preventing the interaction of AMPs with the 

bacterial surface (Campos et al., 2004; Hornef et al., 2002). Preliminary studies on the EPS-

AMP interaction have been reported and a possible model of the molecular interaction of 

human and sheep cathelicidins with EPS, based on AMP association and complexation with 

the polysaccharidic chain, was proposed (Herasimenka et al., 2005). 

 

 1.5.4  Primate cathelicidins, a family of antimicrobial peptides 

 Cathelicidins comprise a family of mammalian proteins containing a C-terminal 

cationic antimicrobial domain that becomes active after being cut from the N-terminal portion 

of the holoprotein (Zanetti, 2004). The mature peptides generally show a wide spectrum of 

antimicrobial activity and, more recently, some of them have also been found to exert other 

biological activities. The human cathelicidin peptide LL-37 is chemotactic for neutrophils, 

monocytes, mast cells, and T-cells; it induces degranulation of mast cells; alters 

transcriptional responses in macrophages; stimulates wound vascularization and re-

epithelialization of healing skin (Zanetti, 2004). 

 Cathelicidin genes homologous to the human CAMP gene, coding for the host defense 

peptide LL-37, have been sequenced and analyzed in primate species. The region 

corresponding to the putative mature antimicrobial peptide is subject to a strong selective 

pressure for variation, with evidence for positive selection throughout the phylogenetic tree 

relating the peptides, which favours alterations in the charge while little affecting overall 
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hydrophobicity or amphipathicity (Zelezetsky et al., 2006). Three of these orthologues are 

included in this study: hssLL-37 form Homo Sapiens sapiens, ppyLL-37 from Pongo 

pygmaeus and pobRL-37 from Presbytis obscurus. The primary structure, net positive charge 

and amphipatic properties of AMPs used are reported in Table 1.1. In particular, hssLL-37 

and ppyLL-37 exhibit a moderate and low net positive charge (q) respectively, and possess a 

higher mean residue hydrophobicity (<H>) than the more highly cationic pobRL-37, whereas 

the amphipaticities (<Hrel>) are similar.  

 

Cathelicidin +q <H> <μHrel> 

Homo sapiens (hssLL-37)        

LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 
6 -1.83 0.59 

Pongo pygmaeus (ppyLL-37)   

LLGDFFRKAREKIGEEFKRIVQRIKDFLRNLVPRTES 
4 -1.70 0.59 

Presbitys obscurus (pobRL-37) 

RLGNEFRKAKKKIGRGLKKIGQKIKDFLGNLVPRTES 
10 -2.12 0.62 

 
Table 1.1: Primary structure, net positive charge and amphypatic properties of cathelicidins used in this study 

+q = net positive charge;  
<H> = mean residue hydrophobicity (the negative value indicate a prevalence of the hydrophilic character); 

<μHrel> = relative amphipaticity 
 

 These peptides showed different ability to assume a helical conformation in aqueous 

buffers. In the case of hssLL-37 and ppyLL-37 the formation of intramolecular salt-bridging 

stabilises helical formation in aqueous solution in the presence of physiological ions, whereas 

for pobRL-37 helix formation is normally observed only in the presence of a less polar 

membrane-like environment (Zelezetsky et al., 2006).  

 A schematic representation of the amphipaticity of these peptides is provided by their 

α-helical wheel projection, as shown for hssLL-37 in figure 1.4. 
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Figure 1.4: Helical wheel projection of human cathelicidin hssLL-37.  

Residues from 1 to 18 are reported in the internal ring; residues from 19 to 36 are reported 

in the external ring. Black squares indicate hydrophobic residues whereas white circles indicate 

hydrophilic residues. Amino acid residues are labelled as one-letter code. 
 

 1.5.5  The complement system and bacterial exopolysaccharides 

 The complement system is another efficient effector of innate immune system, 

composed of more than 20 serum proteins and cell surface receptors. Complement uses a 

cascade of serum proteases to assemble a membrane attack complex (MAC) that introduces 

pores into the membranes of activator surfaces such as bacteria. In assembling a MAC, the 

proteases release complement fragments that function as inflammatory regulators and attract 

lymphocytes. Initiation of the complement cascade depends on generation of an enzyme 

complex known as a C3 convertase. This is achieved, in the classical pathway activation, 

when natural immunoglobulin (Ig)M antibodies activate and fix the C1, C2 and C4 proteins. 

Alternative pathway activation results from the direct activation of C3. The complement-

tagged antigen can then enhance the humoral immune response by a number of methods. 

Access to complement activation is also achieved through mannose-binding lectin (MBL) 

(Dempsey et al., 2003). 

 Numerous studies have shown that surface polysaccharides play an important role in 

resistance to alternative pathway activation (Sahu et al., 1994). For example, capsule 

production by B. pseudomallei reduces the complement cascade activation by lowering the 

levels of complement factor C3b deposition, thereby contributing to the persistence of 

bacteria in the blood of the infected host (Reckseidler-Zenteno et al., 2005). 
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1.6  The CAPSULAR POLYSACCHARIDE FROM Neisseria meningitidis 

USED FOR VACCINE DEVELOPMENT 

 

 1.6.1  Lymphocytes, adaptive immunity and bacterial exopolysaccharides 

 Lymphocytes are the type of white blood cell responsible for acquired immunity. 

Typically, an acquired immune response begins when antibodies, produced by B cells (B 

lymphocytes), encounter antigen. Dendritic cells, cytokines, and the complement system 

(which enhances the effectiveness of antibodies) are also involved (Dempsey et al., 2003; 

Janeway and Medzhitov, 2002). 

 Owing to its extracellular location, bacterial exopolysaccharides would appear to 

represent a major antigenic target for mucoid bacteria. However, sugars have long been 

described as T-cell independent antigens that fail to induce immunologic memory and 

immunoglobulin class-switching. The prevailing theory is that T-independent antigens bind to 

polysaccharide-specific B cells and stimulate production of specific antibodies without 

recruitment of T-cell help or induction of immunological memory. In addition, although 

patients with CF generate a vigorous antibody response to alginate, these antibodies generally 

lack opsonic activity and are evidently ineffective at eliminating the bacteria. However, 

among a small subset of older, uninfected CF patients (ca. 5% of all patients) naturally 

acquired alginate-specific opsonic antibodies can be found and have been associated with 

resistance to infection (Theilacker et al., 2003). 

 Some problems have been found when trying to use polysaccharides as an immunogen 

for vaccine development (Pier et al., 1987; Vinderola et al., 2006). In general, polysaccharides 

are a T cell-independent (T-I) antigens inducing short-term immunity with little immune 

memory, and are not effective in infants younger than 2 years old. Polysaccharidic vaccines 

are used primarily in response to epidemics. Containment of epidemics requires good 

surveillance, laboratory facilities, a ready supply of vaccine, and the ability to rapidly execute 

immunization campaigns.  

 Only when covalently linked to a carrier protein, the resulting PS component in a 

conjugate vaccine becomes a T cell-dependent (T-D) antigen inducing long-term immunity 

with immune memory even in infants and young children (Ceesay et al., 1993; Greenwood et 

al., 1980; Grothaus et al., 2000; Schneerson et al., 1980). 
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 1.6.2  Glycoconjugate vaccines 

 The polysaccharide capsule, which surrounds bacterial species like Haemophilus 

influenzae, Streptococcus pneumoniae, Neisseria meningitidis, Salmonella typhi, is a potent 

virulence factor. It protects the bacterium from phagocytosis, but capsule specific antibodies 

plus complement binding to the capsule opsonise the organism for phagocytosis and 

elimination (Lindberg, 1999). Purified capsules elicit T-independent antibody responses 

without a memory function, and are often poorly immunogenic in infants where much of 

invasive H. influenzae type b (Hib) and pneumococcal infection is detected (Cescutti et al., 

1996; Lindberg, 1999; Pier et al., 1987; Vinderola et al., 2006). Children under 2 years 

frequently fail to demonstrate a specific antibody response following invasive infection with 

capsulate bacteria, due to their immature T-cell independent immune responses. Such a 

response does not induce immunologic memory, even at older ages (Buttery and Moxon, 

2002). 

 An immensely successful approach to enhance the immunogenicity of bacterial 

polysaccharides has been their conjugation to carrier proteins (Theilacker et al., 2003). 

Covalent linkage of polysaccharides, or their fragments, to immunogenic carrier proteins 

creates glycoconjugates (i.e. the H. influenzae type b (Hib) protein-polysaccharide conjugate 

vaccines) which are T-dependent antigens (Buttery and Moxon, 2002; Lindberg, 1999). By 

covalently linking capsular polysaccharide antigens with an immunogenic protein, the protein 

is also processed by antigen processing cells and is presented as a peptide in conjunction with 

MHC class II receptors, enabling T-cell help for the B-lymphocytes recognising the 

polysaccharide antigen epitopes. This has been shown to elicit strong responses to the 

capsular polysaccharide and induce memory, even in infants (Buttery and Moxon, 2002). 

Studies on model glyconjugates carried out with different oligosaccharide chain lengths have 

indicated that middle chain-length is necessary for optimal immunogenicity and functional 

activity of the elicited antibodies (Cescutti et al., 1996). 

 In the 1990s, four Hib glycoconjugate vaccines have been introduced and their success 

has been stunning in countries where the majority of children has been vaccinated. In 

countries with very high immunization coverage the disease has been virtually eliminated 

while there was a decline of over 95% in countries with lower vaccination rates. Worldwide 

pneumococcal (11 serotypes with coverage of approximately 85% of invasive disease) and 

meningococcal (A, C, W 135, Y but not B) glyconjugates are in pre-registration phases and 

offer the prospect of being as successful as the Hib glycoconjugates (Lindberg, 1999). 



 43

 1.6.3 Neisseria meningitidis 

 Neisseria meningitidis, a Gram-negative diplococcus, is an infrequent cause of 

community-acquired pneumonia. It causes an invasive disease in both non-industrialised and 

industrialised countries, mainly presenting septic shock and/or meningitis. 13 serogroups 

associated with the capsular polysaccharide were recognized, with 5 serogroups (A, B, C, 

W135 and Y) mainly causing the disease. In endemic regions, particularly sub-Saharan 

Africa, there are epidemic of disease in 4 yearly cycles, with attack rates as high as 500 per 

105 population (Buttery and Moxon, 2002). 

 N. meningitidis colonises the nasopharynx prior to invasion. Carriage of N. 

meningitidis peaks in adolescence and young adults, with up to 25% carrying 

asymptomatically at any one time. Adhesion to epithelial cells involves pili and outer 

membrane proteins, Opa and Opc. Capsule is involved in the evasion of complement fixation 

and subsequent phagocytosis. Lipopolysaccharide (endotoxin) stimulates release of 

inflammatory mediators, including TNF-alpha, IL-1, IL-6 and IL-8, and has a crucial role in 

the pathogenesis of meningococcal septic shock (Buttery and Moxon, 2002). 

 A plain polysaccharide tetravalent vaccine, containing capsular polysaccharide of 

serogroups A, C, W135 and Y has been licensed for over 30 years. It has been demonstrated 

to be efficacious in the prevention of invasive N. meningitidis disease in the setting of an 

outbreak. Like other polysaccharide vaccines, it is poorly immunogenic in children less than 2 

years of age (with the exception of serogroup A). In November 1999, a conjugate group C 

meningococcal vaccine was introduced into the UK immunisation schedule, with a catch-up 

programme targeting all young’s up to 18 years. In the groups first targeted, high short-term 

efficacy of 97% (95% CI 77-99) for teenagers and 92% (95% CI 65-98) for infants has been 

documented (Buttery and Moxon, 2002). 

 

 1.6.4  The capsular polysaccharide produced by Neisseria meningitidis 

 The capsular polysaccharide produced by N. meningitidis (hereafter called MnA) is a 

homopolyelectrolyte whose repeating unit structure is shown in figure 1.5 (Bundle et al., 

1974), where the conformational degrees of freedom are indicated by arrows. Acetyl groups 

are present on 85–90% of the repeating units in position 3 and 4. The polymer bears one net 

negative charge every saccharide repeating unit due to the presence of a phosphodiester 

glycosidic bond. The presence of the phosphodiester bond and the (1→6) inter-residue 

linkage suggests high flexibility of the polymer chain conformation. In fact, the polymer 
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contains two more rotational degrees of freedom with respect to those exhibited by a 

conventional (1→6) O-glycosidic bond (Fig. 1.5). 

 

 

 

 

 

 

 

 
Figure 1.5: Mn A repeating unit [→6)-α-D-ManpNAc(3/4OAc)-(1→OPO3→]n.   

The conformational degrees of freedom are represented by arrows. R are acetyl groups. 

 

 However, due to its polyelectrolyte character, the overall conformation of the polymer 

chain depends on the concentration of ionic species present in solution. On one hand, these 

species affect the solution dielectric constant (ionic strength effect) by lowering attractions 

and/or repulsions between electric charges. On the other hand, they can specifically interact 

with the polyelectrolyte chain possibly producing conformational constraints. Some ionic 

polysaccharides are known to interact with mono- and divalent cations to form aggregates that 

may result in gel formation. This is the case for algal polysaccharides, like the carrageenans 

interacting with monovalent cations and alginate interacting with Ca2+ ions (Morris et al., 

1980; Gacesa, 1988). Also, bacterial polysaccharides, such as gellan gum produced by 

Sphingomonas elodea, are able to form gels whose texture and quality depend on the 

concentration of the divalent cations present (Grasdalen and Smidsrød, 1987). 

 A general pre-requisite of ion-driven ionic polysaccharides association is the 

formation of regions of secondary structures having variable length, as reported in the gel 

formation models of carrageenans and alginate. The investigation of the conformational 

properties of MnA was based upon the above considerations. 
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1.7  AIMS OF THE STUDY 

 

 The experimental work of this thesis was focussed on different topics involving 

bacterial polysaccharides, to better understand their biological role. 

 Inquilinus limosus is able to produce a mixture of two different exopolysaccharides. 

The capability of these EPSs to assume different conformations can relate with the biological 

role of the EPSs mixture, for example in the inhibition of antimicrobial peptides (AMPs) 

activity. The conformational features of these two EPSs were investigated by means of 

circular dichroism, atomic force microscopy images and molecular modelling. 

 Cepacian is the major EPS produced by bacteria belonging to the Bcc and its repeating 

unit will be isolated from the inner membrane of a clinical strain and its mutant. This part of 

the research is involved in the study of genes involved in cepacian biosynthesis. 

 In order to sequence the enzyme able to cleave cepacian (a cepacian lyase) and then 

clone it in a suitable microorganism, the protocol for isolation and purification will be 

improved. The final purpose is to obtain it in larger quantities and more easily than from 

Bacillus. 

 A systematic study on the interaction of AMPs and EPSs was carried out including 

both the human and two orthologues peptides of the α-helix forming cathelicidin LL-37 in the 

presence of EPSs produced by bacteria involved in lung infections. The experimental work 

was done by means of biological test, CD measurements, fluorescence experiments and AFM 

images. 

 Finally, in order to investigate the conformational behaviour of MnA polymer chain, 

CD, viscometry, light scattering experiments and AFM images have been carried out in the 

presence of different counterions. 
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2.1  CONFORMATIONAL STUDIES ON EXOPOLYSACCHARIDES 

PRODUCED BY Inquilinus limosus 

 

 2.1.1  Exopolysaccharides production and isolation 

 I. limosus strain LMG 20952T [donated by Prof. P. Vandamme, Lab. of Microbiology, 

Univ. of Ghent, Ghent (Belgium)] was grown overnight in Luria-Bertani (LB) broth enriched 

with 0.2% glucose (LB+Glc), diluted 1000 times in NaCl 0.9% and 100 μL were then plated 

on Petri dishes containing Yeast Extract Mannitol (YEM) medium. Plates were incubated at 

37°C for 3 days, followed by 2 days at room temperature. The mucoid cultures were 

recovered by scraping the plates with 0.9% NaCl and the suspension was centrifuged at 

25,000 × g at 4°C for 30 min to remove the cells. The supernatant was precipitated in 4 

volumes of isopropanol at 4°C, the solid material was dissolved in water, dialysed first against 

0.1 M NaCl and then against water. Finally, the pH was adjusted to neutrality. UV spectra 

were recorded to check for the presence of protein and/or nucleic acid. The lyophilized 

polymers, in the form of sodium salt, were stored at 4°C.  

 

 2.1.2  Neutral sugars composition 

 To obtain the neutral sugars composition of the exopolysaccharides (EPSs), 2 mg of 

lyophilized polysaccharides were hydrolyzed, and the monosaccharides converted to alditol 

acetates and subjected to gas chromatography (GC). 

 Alditol acetates were prepared as reported by Albersheim et al. (Albersheim et al., 

1967) using inositol as internal standard. Hydrolysis of the EPSs was carried out with 2 M 

trifluoroacetic acid at 125°C for 1 h. The monosaccharides obtained were reduced to alditols 

by sodium borohydride overnight (o.n.) at room temperature, neutralized with 50% acetic acid 

and the borates were eliminated by washing with acetic acid and methanol (MeOH). The 

dried sample was acetylated with acetic anhydride in pyridine for 30 min at 95°C and o.n. at 

room temperature. Alditol acetates were purified by extraction in chloroform (CHCl3)/water. 

To avoid the presence of water in the final sample, the chloroformic phase was treated with 

anhydrous sodium sulphate.  

 The derivatives were separated by GC with an Autosystem XL (Perkin Elmer) gas 

chromatograph equipped with a flame ionisation detector and an SP2330 capillary column 

(Supelco, 30 m), using He as carrier gas. The temperature program used was 1 min at 200°C, 

200-245°C at 4°C/min, 20 min at 245°C. 
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 2.1.3  1H-NMR spectra 

 1H-NMR spectra were recorded to confirm the composition of EPSs. The lyophilized 

polymers were dissolved in water, sonicated to decrease the molecular weight, exchanged 

three times with 99.9% D2O and finally dissolved in 0.6 mL of 99.96% D2O. Spectra were 

acquired on a 500 MHz VARIAN spectrometer at 50°C. 

 

 2.1.4  Minimum inhibitory concentration assays 

 Escherichia coli strain ML-35 was grown overnight at 37°C in Tryptic Soy Broth 

(TSB). The cell density was determined by measuring the turbidity at 600 nm and referred to 

previously determined standards. Minimum inhibitory concentration (MIC) values for hssLL-

37, ppyLL-37 and pobRL-37, in the presence or absence of the mixture of EPSs produced by 

Inquilinus limosus (hereafter called IL mixture (1:1), contained mannan:glucan at the ratio 

1:1) at 0.5 mg/mL concentration, were determined by the microdilution susceptibility test in 

sterile polystyrene 96-well plates (Sarstedt). The assays were performed using 2.5·104 cfu per 

well of E. coli ML-35 in 40% TSB, 10 mM phosphate buffer, according to the NCCLS 

guidelines, as previously described (Ganz and Lehrer, 1998; Gennaro et al., 1989). The plates 

were incubated overnight at 37°C, and MIC values corresponded to the lowest peptide 

concentration capable of inhibiting bacterial growth upon visual inspection. 

 

 2.1.5  Circular dichroism measurements 

 Circular dichroism (CD) experiments were performed on a Jasco J-600 instrument, 

using 10 mm quartz cells and recording the spectra in the 190–320 nm wavelength region. 

Spectra were the result of the accumulation of at least two scans. Different batches of EPSs 

produced by Inquilinus limosus were used: IL mixture (1:1) contained mannan:glucan at the 

ratio 1:1, IL mixture (3:1) contained mannan:glucan at the ratio 3:1 and pure mannan obtained 

from the batch IL mixture (3:1) as described by Herashimenka et al. (Herasimenka et al., 

2007). 

 To evaluate the effect of ionic strength on the conformations of IL mixture, CD 

spectra were recorded on 1 mM aqueous solutions of IL (1:1, mannan:glucan) or of IL (3:1, 

mannan:glucan), increasing the concentration of NaClO4, from 0 to 170 mM, at room 

temperature. The EPS concentration was expressed as moles of repeating unit. 

 To evaluate the effect of the temperature, measurements were carried out on 1 mM 

solutions of IL mixture (1:1), of IL (3:1) or of pure mannan in 50 mM NaClO4, increasing the 

temperature of the samples from 17°C to 88°C. 
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 2.1.6  Atomic force microscopy images 

 The AFM images were obtained with a Multimode Scanning Probe (Veeco) coupled 

with a Nanoscope IIIa control device. The tips (Veeco) were made of phosphorus-doped 

silicon. Images were captured with 265 KHz drive frequency, and 100 mV drive amplitude. 

 Aqueous solutions of 15 μg/mL IL mixture (1:1) were filtered using 0.22 μm pore-size 

membranes (GP Millex, Millipore) and subsequently spray-dried onto a freshly cleaved mica 

surface 15 h prior AFM imaging. 
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2.2  IDENTIFICATION OF THE BIOLOGICAL 

REPEATING UNIT OF CEPACIAN 

 

 2.2.1  Bacterial growth 

 This study involved the clinical isolate Burkholderia pyrrocinia strain BTS7 (BTS7-

wt), a stable producer of cepacian (Lagatolla et al., 2002), and the mutant BTS7-C, obtained 

by the group of Dr. C. Lagatolla (Dept. of Life Sciences, Univ. of Trieste). BTS7-C carried a 

mutation on the gene bceQ, which codes for a flippase, a protein that translocates cepacian 

repeating unit (RU) from the inner side of the cytoplasmic membrane to the periplasmic 

space. 

 Bacteria were grown either in liquid or in solid medium. 

In liquid medium: BTS7-C was grown in liquid medium LB with 500 μg/mL of kanamycin to 

obtain 5.7 g of lyophilized cells. 

In solid medium: an overnight culture in LB+Glc was diluted 1000 times with NaCl 0.9% and 

100 μL were plated on YEM agar plates and left for two days at 30°C followed by 3 days at 

room temperature. In the case of the mutants, 500 μg/mL of kanamycin were added to the 

medium. The cell layer was scraped off the plates and centrifuged at 25,000 × g at 4°C for 30 

min and the cells were washed three times with 0.5% NaCl, to eliminate the EPS in the 

supenatant. 

 

 2.2.2  Isolation of cepacian repeating unit 

 The protocol adopted was the one presented by Oba et al. (Oba et al., 1999). The pellet 

of bacterial cells previously obtained was suspended in CHCl3 : MeOH : H2O (1.0 : 2.0 : 0.3 

by vol.) and subjected to sonication (10 bursts of 1 min each) in an ice bath. The suspension 

was centrifuged at 3,000 × g at 4°C for 10 min, the supernatant was recovered and the pellet 

was sonicated again as reported above. After centrifugation, the supernatants were pooled 

together and concentrated in a rotary evaporator.  

 Mild acid hydrolysis of the extract was performed in 10 mM HCl at 100°C for 20 min 

to cleave phosphodiester bonds of compounds present in this extract. After the acid treatment, 

the hydrolysate was neutralized with sodium hydroxide to stop the reaction, and subjected to 

two-phase extraction by addition of CHCl3. Hydrophilic and hydrophobic compounds were 

thus recovered in the aqueous phase and in the chloroformic phase, respectively. The 
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absorption spectrum of the aqueous phase was obtained from 190 nm to 350 nm, to evaluate 

the presence of contaminants, and then this phase was concentrated under reduced pressure. 

 

 2.2.3  Purification of cepacian repeating unit 

 The lyophilized aqueous phases obtained from BTS7-C and BTS7-wt were separated 

by gel-filtration chromatography. Approximately 30 mg of sample were dissolved in 1.9 mL 

of 0.05 M sodium nitrate (NaNO3), centrifuged to remove insoluble material and separated on 

a Bio Gel P2 column (1.6 cm id, 90 cm), using 0.05 M NaNO3 as eluent and a flow rate of 6 

mL/min. The elution was monitored with a Refractive Index detector (WGE Dr. Bures, 

LabService Analytica). Fractions were collected at 15 min intervals and lyophilized  prior the 

derivatisation process. 

 Once the peak containing the RU was identified, desalting was performed on a small 

Bio Gel P2 column (0.6 cm id, 22 cm), and the sample was recovered by freeze-drying and 

subjected to ESI-MS. In order to obtain the ammonium form of the RU, an aliquot of native 

desalted RU was dissolved in 100 μL of water and exchanged to the ammonium form by 

mixing it in a Microcon® Ultracel YM-10 (Millipore) with 100 μL of Dowex® 50WX2-400 

in NH4
+ form. The sample was recovered by centrifugation and then subjected to ESI-MS 

analysis. 

 

 2.2.4  Derivatisation of cepacian repeating unit 

 The lyophilized fractions, obtained by separation of the sample on a Biogel P2 

column, were permethylated prior ESI-MS analysis, following the protocol described by Dell 

(Dell, 1990). 

 Sodium hydroxide was ground in dry dimethylsulfoxide (DMSO) to form a slurry. An 

aliquot of 1.0 mL of the slurry was added to the lyophilized sample, followed by 0.5 mL of 

methyl iodide. After mixing vigorously, the reaction mixture was shaken for 10 min, and then 

it was let at room temperature for 30 min. The reaction was stopped adding 1.0 mL of water 

in an ice bath. The derivatised sample was purified and extracted with chloroform, washing 

several times the organic phase, and dried under a nitrogen stream. In order to achieve 

complete permethylation, samples were subjected to a second permethylation reaction after 

the purification step, and subsequently analysed via ESI-MS. 

 Labelling of oligosaccharide reducing end was achieved with reduction of the 

aldehyde to primary alcohol; a sample of RU isolated via size exclusion chromatography was 

reduced with NaBH4 overnight at room temperature, the reaction was quenched by adding 



 52

50% acetic acid and the sample was rotovaporated to dryness. Borates were removed by 

adding 10% acetic acid in MeOH (three times) and MeOH (three times), each addition step 

being followed by rotovaporation to dryness of the sample. Without desalting, the sample was 

subsequently permethylated, as reported above, and analysed by ESI-MS. 

 

 2.2.5  Electrospray mass spectrometry 

 ESI mass spectra were recorded on a Bruker Esquire 4000 ion trap mass spectrometer 

connected to a syringe pump for the injection of the samples. The instrument was calibrated 

using a tune mixture provided by Bruker. Samples were dissolved in 50% aqueous 

methanol/11 mM NH4OAc and injected at 180 μL/h. Samples in the NH4
+ form were diluted 

to a proper concentration with the same solvent. Detection was always performed in the 

positive ion mode. 
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2.3  ENZYMES DEGRADING CEPACIAN, THE POLYSACCHARIDE  

PRODUCED BY Burkholderia cepacia COMPLEX BACTERIA 

 

 2.3.1  Production of lyase 

 A mixture of environmental bacteria producing a lyase specific for cepacian was 

isolated from a water tank (Cescutti et al., 2006). Production of lyase was successful only 

when the different bacteria species were product together. The mixture of environmental 

bacteria was grown on LB+Glc agar plate at 30°C. The cells were recovered with NaCl 0.9%, 

and 10 μL were used to inoculate 1.0 mL of Vogel Bonner minimum medium supplemented 

either with 0.2% cepacian (VB+cep) or with 0.2% glucose (VB+Glc). Bacteria were grown 

with shaking for 24 h at 30°C, and then 200 μL were transferred in 2.0 mL of fresh broth, 

either VB+cep or VB+Glc, and grown with shaking for 48 h. 

 After this growth, the presence of lyase in the supernatant was evaluated: 200 μL were 

centrifuged to remove cells, diluted six times with water, and subjected to UV spectroscopy. 

The lyase presence was evaluated measuring the increase of absorbance at 230 nm due to the 

formation of an unsaturated bond on the GlcA residue. This activity was present in flasks 

containing cepacian as sole source of carbon, while bacteria grown on VB+Glc did not show 

an increase in absorption at 230 nm. After recording these spectra, an aliquot of 1 mL of these 

bacterial cultures was inoculated in 5 flasks containing 20 mL each of either VB+cep or 

VB+Glc broth and incubated with shaking for 3 days at 30°C. After the time, the lyase 

activity was monitored as previously reported. The cultures were centrifuged and the 

supernatants, that contained the enzyme, were filtered using 0.22 μm pore-size membranes 

(GP Millex, Millipore). After a rapid dialysis at 4°C, the supernatants were re-filtered and 

lyophilized. 

 

 2.3.2  Isolation of lyase 

 The lyophilized culture supernatants were subjected to size-exclusion 

chromatography. An aliquot of 30 mg was dissolved in 1.9 mL of the eluent 0.05 M 

ammonium acetate and 0.02% NaN3, centrifuged to remove insoluble material and separated 

on a Sephacryl S-400 column, at a flow rate of 6 mL/min. The elution was monitored with a 

Refractive Index detector (WGE Dr. Bures, LabService Analytica). Fractions were collected 

at 15 min intervals. 
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 To evaluate in which fractions the lyase was eluted, its activity was tested. An aliquot 

of 100 μL of a single fraction was mixed with a solution of cepacian in acetate buffer and then 

the increase of absorbance at 230 nm was monitored for 15 min. Fractions positive to this test 

were pooled together, desalted by ultrafiltration and lyophilized  and subjected to sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), which was carried out by 

the group of Prof. G. Manfioletti (Dip. Scienze della Vita, Università di Trieste). 
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2.4  INTERACTION OF BACTERIAL EXOPOLYSACCHARIDES WITH 

ANTIMICROBIAL PEPTIDES 

 

 2.4.1  Bacterial strains 

 I. limosus LMG 20952T and B. pyrrocinia BTS7 were the same strains used for 

experiments described in paragraphs 2.1 and 2.2. P. aeruginosa strain PAO1 was a kind gift 

of Prof. J. Govan (Centre for Infectious Diseases, Univ. of Edinburgh), while the mixture of 

three different EPS [cepacian, PS-I (Cérantola et al., 1996) and dextran] produced by B. 

cenocepacia strain C9343 (Conway et al., 2004) was a kind gift of Prof. D. Speert (Dept. of 

Pediatrics, Univ. of British Columbia). 

 

 2.4.2  Antimicrobial peptides 

 Professor A. Tossi (Trieste) donated the cathelicidins from man (Homo sapiens 

sapiens), orangutan (Pongo pygmaeus) and dusky leaf monkey (Presbitys obscurus); they 

were named hssLL-37, ppyLL-37 and pobRL-37, respectively. 

 

 2.4.3  Growth of microorganisms for exopolysaccharide production  

 Burkholderia pyrrocinia strain BTS7 and I. limosus strain LMG 20952T were grown 

overnight in LB+Glc, diluted 1000 times in NaCl 0.9% and 100 μL were then plated on YEM 

solid medium. B. pyrrocinia was incubated at 30°C, while I. limosus at 37°C, both for 3 days 

followed by 2 days at room temperature. P. aeruginosa strain PAO1 was grown directly on a 

Pseudomonas Isolation Agar (PIA) plate and this culture was used to inoculate several PIA 

plates, which were incubated at 37°C for one night followed by 2 days at room temperature. 

The mucoid cultures were recovered by scraping the plates with 0.9% NaCl, the viscous 

material was centrifuged at 25,000 × g at 4°C for 30 min to remove the cells. All supernatants 

were precipitated in 4 volumes of isopropanol at 4°C, the solid material was dissolved in 

water, dialysed first against 0.1 M NaCl and then against water. Finally, the pH was adjusted 

to neutrality. Only the solution of EPS produced by P. aeruginosa was heated at 100°C for 10 

min, followed by cooling and filtration. UV spectra were recorded to check for the presence 

of protein and/or nucleic acid. The lyophilized polymers, in the form of sodium salt, were 

stored at 4°C.  
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 2.4.4  Characterization of exopolysaccharide composition 

 The alditol acetates analysis verified the neutral sugar compositions of EPSs; the 

protocol used was the one reported in paragraph 2.1.2. 

 Quantitative determination of uronic acids (Blumenkrantz and Asboe-Hansen, 1973) 

was performed only for alginate. To 0.2 mL of sample containing from 0.5 to 20 μg alginate, 

1.2 mL of sulfuric acid/tetraborate was added. The tubes were refrigerated in crushed ice. The 

mixture was shaken in a Vortex mixer and the tubes heated in a water bath at 100°C for 5 

min. After cooling in a water-ice bath, 20 μL of the m-hydroxydiphenyl reagent in 0.5% 

NaOH was added. The tubes were shaken and the absorbance at 520 nm was recorded within 

5 min. As neutral carbohydrates produce a chromogen with sulfuric acid/tetraborate at 100°C, 

control samples were prepared by replacing the reagent m-hydroxydiphenyl with 20 μL of 

0.5% NaOH. The absorbance of each control sample was subtracted from the absorbance 

value of each sample containing the reagent. A solution of mannuronan was used as standard. 

 1H-NMR spectra were recorded to confirm the composition of EPSs. Alginate, 

cepacian and IL mixture (1:1, mannan:glucan) were dissolved in water, sonicated to decrease 

the molecular weight, exchanged three times with 99.9% D2O and finally dissolved in 0.6 mL 

99.96% D2O. Spectra were acquired on a 500 MHz VARIAN spectrometer at 50°C. Alginate 

and cepacian were de-acetylated by treatment with 10 mM NaOH for 5 h under a stream of 

nitrogen at room temperature (Amemura et al., 1983). After dialysis and neutralisation, the 

de-acetylated EPSs were recovered by freeze-drying and prepared for 1H-NMR analysis as 

described above. 

 

 2.4.5  Minimum inhibitory concentration assays 

 MIC assays were carried out with alginate, cepacian, IL mixture (1:1, mannan:glucan) 

and C9343 mixture as described in paragraph 2.1.4. 

 

 2.4.6  Circular dichroism measurements 

 CD experiments were performed on a Jasco J-600 instrument, using 10 mm quartz 

cells and recording the spectra in the 200–250 nm wavelength region. Spectra were the result 

of the accumulation of at least two scans. CD spectra were recorded at room temperature on 

10 mM peptide solution in water, followed by the addition of aliquots of EPS aqueous 

solution to give a saccharide final concentration ranging from 0 to 0.3 M. The concentration 

of AMP was expressed in moles, while the concentration of the EPS was expressed in moles 

of EPS repeating unit. For the EPS mixture produced by the C9343 B. cenocepacia strain, the 
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mass of the repeating unit was calculated taking into account the mass of the repeating unit of 

each component normalized by its weight percentage in the mixture. The percentage of α-

helix content in AMP was determined as previously described (Ganz and Lehrer, 1998; Juban 

et al., 1997). 

 

 2.4.7  Fluorescence spectroscopy 

 Fluorescence measurements were performed using a Perkin-Elmer LS50B 

luminescence spectrometer, using 10 mm quartz cells at room temperature. The emission at 

282 nm was measured using an excitation wavelength of 257 nm and a slit width of 7 nm. The 

fluorescence intensity of phenylalanine residues in AMP was recorded using 10 mM water 

solution of peptides, followed by the addition of polysaccharides to a final saccharide 

concentration in the range of  0 – 0.3 M. 

 The concentrations of AMP and EPS were expressed as reported in the previous 

paragraph. 

 

 2.4.8  Atomic force microscopy 

 The AFM images were obtained with a Multimode Scanning Probe (Veeco) coupled 

with a Nanoscope IIIa control device. The tips (Veeco) were made of phosphorus-doped 

silicon. Images were captured with 260-265 KHz drive frequency, and 50-100 mV drive 

amplitude. 

 Aqueous solutions of EPS having the desired concentrations (5 or 30 μg/mL) were 

filtered using 0.22 μm pore-size membranes (GP Millex, Millipore), subsequently spray-dried 

onto a freshly cleaved mica surface 15 h prior AFM imaging. Solutions with (EPS)/(AMP) 

concentration ratios equal to 5 and 10 were used to detect polymer–peptide interactions. 
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2.5 CONFORMATIONAL STUDIES OF THE CAPSULAR POLYSACCHARIDE 

PRODUCED BY Neisseria meningitidis group A 

 

 2.5.1  Preparation of polysaccharides samples 

 The capsular polysaccharide produced by N. meningitidis group A was received in the 

Ca2+ form. To convert it into the sodium or ammonium salt forms, it was dissolved in 100 

mM sodium or ammonium phosphate buffers, respectively, to give a concentration of 10 

mg/mL. In both cases, a precipitate constituted of calcium phosphate was formed and the 

suspensions were allowed to stand at 4 °C overnight to assure complete precipitation. The 

precipitates were removed by centrifugation and the supernatants were subjected to a 

colorimetric determination of total carbohydrates using the phenol–sulphuric acid test (Dubois 

et al., 1951), reported in chapter 2.5.2. The test confirmed that the polysaccharide was in the 

supernatants. The supernatants were then dialyzed at 4 °C against 0.1 M NaCl or ammonium 

chloride (NH4Cl), followed by water. The pH of the solutions was adjusted to 7 by addition of 

1 M NaOH or NH4OH. The samples were recovered by liophylisation to give the 

polysaccharide in the Na+ (MnA-Na+) or NH4
+ salt form (MnA-NH4

+). 

 A solution of CaCl2 in water was prepared and its concentration was determined via 

titration (Calcium-Test Aquamerck®, Merck) to be 92.16 mN. This solution was then diluted 

with 0.5 M NaCl in order to obtain a 82.9 mN CaCl2 solution in 0.05 M NaCl. 

 

 2.5.2  Phenol–sulphuric acid test 

 The carbohydrate assay (Dubois et al., 1951) was performed to verify the presence of 

sugars during the preparation of MnA-Na+ and MnA-NH4
+ forms, after the precipitation step. 

An aliquot of 0.2 mL of phenol in water (5% w/v) was added to 0.2 mL of the supernatant, to 

the standard (glucose) and to the control (distilled water). After mixing, 1.0 mL of 

concentrated sulphuric acid was added rapidly and directly to the solutions surface without 

allowing it to touch the slides of the tube. The solutions were left undisturbed for 10 min 

before shaking vigorously. The absorbance of the sample was measured at 490 nm after 30 

min, and was compared with the control. 

 

 2.5.3  Light scattering experiments 

 Light scattering measurements were obtained at 25 °C with a Perkin–Elmer LS50B 

luminescence spectrometer, detecting the emitted radiation at 90°. Excitation and emission 
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wavelengths were set at 600 nm (7.5 nm slit width). All solutions were filtered through 0.45 

μm pore-size membranes (HA Membrane, Millipore) before being used. Analyses were 

performed using a solution of MnA-Na+ 2 mg/mL in 0.05 M NaCl, corresponding to a 

concentration of 5.8·10-3 N (normality refers to concentration of polymer repeating units). 

Aliquots of the 82.9 mN CaCl2 solution in 0.05 M NaCl were added to the MnA-Na+ solution 

maintaining the value of the ratio R = [Ca2+]/[MnA] between 0 and 3. 

 

 2.5.4  Circular dichroism measurements 

 Circular dichroism spectra were recorded with a Jasco J-600 instrument in the 

wavelength region from 190 to 260 nm at room temperature. A correction for the solvent 

baseline was made digitally in each case. All solutions were filtered through 0.45 μm pore-

size membranes (HA Membrane, Millipore) before being used. The analyses were performed 

using 10-4 N aqueous solutions of MnA-Na+ and MnA-NH4
+. Aliquots of the 82.9 mN CaCl2 

solution in 0.05 M NaCl were added to the MnA-Na+ solution maintaining the value of the 

ratio R = [Ca2+]/[MnA] between 0 and 3. The results were expressed as molar ellipticity at 

200 nm ([θ]200 nm). 

 

 2.5.5  Atomic force microscopy 

 AFM topography images were obtained with a Multimode Scanning Probe (Veeco) 

coupled with a Nanoscope IIIa control device. Tips, purchased from Veeco, were made of 

phosphorus-doped silicon. Images were captured with 265 KHz of drive frequency, and 50-

100 mV of drive amplitude. 

 Aqueous solutions of MnA-Ca2+, MnA-Na+, MnA-NH4
+ and dextran at a 

concentration of 5 μg/mL were filtered with a 0.22 μm pore-size membranes (GP Millex, 

Millipore), before being spray-dried onto a freshly cleaved mica surface 15 h prior to 

imaging. 

 

 2.5.6  Viscosity measurements 

 Viscosity measurements were carried out with an Ubbelohde Viscometer from 

SCHOTT-GERÄTE using a capillary of 0.46 mm internal diameter. The flowing time was 

measured at 25°C for a 1 mg/mL filtered solution of MnA-Na+ in 50 mM NaCl, adding 

increasing volumes of 82.9 mN CaCl2 solution in 0.05 M NaCl. The ratio R = [Ca2+]/[MnA] 

was maintained between 0 and 1.5 and the data were reported as the ratio between the 

solution and solvent flowing time (t/t0) normalised by polymer concentration. 
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3.1  BIOLOGICAL ACTIVITY and CONFORMATIONAL STUDIES ON 

EXOPOLYSACCHARIDES PRODUCED BY Inquilinus limosus 

 
 3.1.1 Structural features of the exopolysaccharides mixture produced by 

 Inquilinus limosus 

 The multi-resistant bacterium Inquilinus limosus is able to produce a mixture of two 

different exopolysaccharides (IL mixture) (Herasimenka et al., 2007): 

a glucan:  [3)-[4,6-O-(1-carboxyethylidene)]-β-D-Glcp(1→]n  

and a mannan:  [2)-[4,6-O-(1-carboxyethylidene)]-α-D-Manp(1→]n.  

 Different batches of the IL mixture have been obtained from Inquilinus limosus 

cultures growth in the same conditions. Two batches contained the two EPSs in the ratio 

mannan:glucan 1:1, while the third batch exhibited a 3:1 ratio. 

 The production of an EPS mixture by a single bacterium could imply a EPSs 

synergistic effect when they exert their biological role. A conformational study on the IL 

mixture was carried out to define the structural and conformational features, which might be 

relevant for the clarification of the structure–function relationships of the biopolymers. 

 Both native polymers are completely substituted with pyruvyl ketal groups, conferring 

a high negatively charged density to the mixture. It was reported that EPSs negative charge 

groups is associated with inactivation of the host innate immune system through interactions 

with antimicrobial peptides (AMPs) (Herasimenka et al., 2005). The charge density has to be 

considered as an index of the strength of the ionic interactions between the polysaccharides 

and positively charged species, in this case AMPs. Specific chemical and conformational 

motifs possessed by the polysaccharides might also largely contribute to the formation of 

peptide–polysaccharide complexes (Herasimenka et al., 2005).  

 The two polymers in the IL mixture exhibit the same charge per sugar residue present 

in alginate produced by Pseudomonas aeruginosa. A number of investigations carried out on 

alginate pointed to the role of the polymer in sustaining bacterial infection (Govan and 

Deretic, 1996). Similar structural features in these polymers could indicate similar role in 

bacterial protection from external agents. 

 Due to their very similar structure, the separation of the two EPSs was difficult. 

Nevertheless, pure mannan in small amount was obtained from the IL (3:1) mixture 

(Herasimenka et al., 2007). This purification involved several steps resorting to ion-exchange 

chromatography. For this reason, most experiments of this thesis were carried out using the 

mixture mannan:glucan 1:1 (IL 1:1) and, to a less extent, the mixture IL (3:1). 
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 3.1.2  Minimum inhibitory concentration assays 

 The first step of this study was the evaluation of a possible inhibition of the 

antibacterial activity of three antimicrobial peptides (AMPs) by IL mixture (1:1). In fact, 

previous experiments carried out with alginate from P. aeruginosa on sheep (SMAP-29) and 

human (hssLL-37) cathelicidins showed a potent inhibitory effect of the AMPs activity by the 

EPS, with an increase in the MIC value of 64- and 8-fold respectively (Herasimenka et al., 

2005). 

 Similarly to alginate, minimum inhibiting concentration experiments were carried out 

on a reference E. coli strain in the presence of antimicrobial peptides (AMPs) of the innate 

immune system. For these experiments, three primate cathelicidins were taken in account: the 

human hssLL-37, ppyLL-37 from Pongo pygmaeus and pobRL-37 from Presbytis obscurus. 

The three peptides presented similar amphipaticity and hydrophobicity, but different net 

positive charge (q) (table 1.1). The presence of negative charge in EPSs and positive net 

charge in AMPs could favour interactions by the two species.  

 The experiments were carried out in the absence and in the presence of alginate (as a 

reference) and of IL mixture (1:1) at the final concentration of 0.5 mg/mL. The results are 

reported in figure 3.1, as MIC in the presence of EPSs relative to the MIC in the absence of 

polymers. 

 

 

 

 

 

 

 

 
Figure 3.1: Minimum inhibiting concentration (MIC) experiments for hssLL-37; pobRL-37 and 

ppyLL-37 in presence of 0.5 mg/mL of alginate and IL mixture (1:1). 

The MIC values were normalized for the MIC obtained in the absence of EPSs. 

 

 The data showed an inhibition of antibacterial activity of cathelicidins by IL (1:1) to a 

different extent. The activity of pobRL-37, the cathelicidin with higher positive charge 

density (q = +10), was inhibited of 16- fold; while hssLL-37 (q = +6) and ppyLL-37 (q = +4) 

activities were inhibited of 8- and 4- fold respectively.  
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 Relative MICs indicated that the EPSs produced by I. limosus promoted inhibition of 

AMPs activity similarly to alginate. Alginate behaviour was the same of IL mixture in the 

case of pobRL-37 and hssLL-37, but it can inhibit ppyLL-37 activity more than IL mixture. 

The explanation of these behaviours could relate not only on the charge density of polymers, 

but also on the conformational features adopted by polymers in solution. In fact, opposite 

charge interactions suggested the formation of complexes between AMPs and EPSs, as 

reported by Herasimenka et al. (Herasimenka et al., 2005). However, specific conformational 

motifs might further stabilize the complex formation helping to prevent the interaction of 

AMPs with bacterial cell membrane and eventually inhibiting the possibility that peptides 

reach the outer bacterial membrane. A more detailed study on EPSs-AMPs is reported in 

chapter 3.4. 

 Conformational study on the IL mixture was carried out to define the structural and 

conformational features, which might be relevant for clarification of the structure–function 

relationships of the polymer. 

 

 3.1.3  Circular dichroism experiments 

 The linear homopolysaccharidic nature of the two polymers suggested the possible 

formation of secondary structures where pyruvate substituents could stabilize ordered 

conformations (Kumar et al., 2007). 

 In order to study the conformational behaviour of IL mixtures, circular dichroism 

experiments were carried out in different conditions of ionic strength and temperature. The 

effect of pH was not evaluated because slight acidic pH caused the loss of pyruvate 

substituents, which could play a fundamental role of the conformational properties of the 

EPSs. 

 The polyelectrolyte nature of the two polysaccharides in IL mixture suggested a 

possible role of the ionic strength in driving conformational transitions of the disorder-to-

order type. The effect of ionic strength was tested on a 1mM aqueous solution of IL mixture 

(1:1) adding increasing concentrations of NaClO4, from 0 to 170 mM (fig. 3.2).  



 64

 

 

 

 

 

 

 

 
Figure 3.2: Circular dichroism experiment on the addition of NaClO4  

(from 0 to 170 mM) to an aqueous solution of IL (1:1) mixture. 

 

 The addition of increasing concentration of NaClO4 in IL mixture (1:1) aqueous 

solutions did not induce any variation of the dichroic band in the 190-320 nm range, attributed 

to the presence of pyruvate chromophore groups. For this reason, there were no indications of 

possible conformational transition induced by the addition of NaClO4. A similar experiment, 

carried out on the IL mixture (3:1, mannan:glucan), didn’t showed any conformational 

changes too. Therefore, conformational behaviour of the IL mixture resulted to be 

independent of ionic strength. Two opposite behaviours can explain these evidences: the 

polymers in aqueous solution can assume a random coil conformation and the addition of Na+ 

ions did not help to assume ordered structure. Alternatively, the polymer may assume an 

ordered conformation in aqueous solution, and Na+ ions only stabilized this structure, without 

any evident conformational changes. 

 In order to investigate the effect of temperature on the conformations of 

polysaccharides in the IL mixture, CD measurements were carried out on a solution of 1mM 

of IL mixture (1:1) in NaClO4 50 mM at temperatures ranging from 17°C to 88°C (fig. 3.3). 

 

 

 

 

 

 

 

 
Figure 3.3: Circular dichroism experiment on a solution of IL (1:1) mixture 

in NaClO4 50 mM at different temperature. 
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 In this case, the increase in temperature induced a spectral change traceable back to a 

conformational transition of the two polymers. Many microbial polysaccharides in presence 

of ions undergo a transition from an ordered state at lower temperature, to a disordered state 

at higher temperature under low ionic environments (Nisbet et al., 1984). In general, an 

increase of temperature leads to denaturation of the polymer structuration with the loss of 

hydrogen bonds and other weak interactions. The formation of a disordered structure leads to 

an increase of rotational mobility of chromophore groups detectable with CD technique. The 

negative peak near 190 nm at 25 °C decreased in its intensity and it moved to high 

wavelength when the temperature increased gradually to 88 °C. 

 In order to better understand the temperature conformational effects on each polymer 

constituting the mixture, the same experiment was carried out on the IL mixture (3:1, 

mannan:glucan) and on pure mannan both in 50 mM NaClO4 solution(fig. 3.4). 

 

 

 

 

 

 

 

 
Figure 3.4: Circular dichroism experiments on a solution of IL (3:1) mixture (left)  

and pure mannan (right) in NaClO4 50 mM at different temperature. 
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behaviours was observed. 

 To evaluate the contribution of the glucan polysaccharide, the values of molar 

ellipticity at 191 nm for the mannan and the IL (1:1) mixture were measured at different 

temperatures and the data fitting is reported in fig. 3.5. The concentration of the IL (1:1) 

mixture was normalized to the concentration of mannan. The contribution of glucan 

polysaccharide was then evaluated as the difference between IL mixture and mannan 

contributions. 
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Figure 3.5: Fitting of molar ellipticity values obtained at 191 nm of CD measurements  

at different temperature of (a) pure mannan,  

(b) IL (1:1) mixture and (c) the calculated glucan contribution. 
 

 The behaviour of the IL (1:1) mixture was linear over the entire temperature range 

investigated, given by the sum of mannan and glucan contributions; while mannan and glucan 

undergo to conformational transition temperature dependent with a sigmoid behaviour, but of 

opposite sign. Their sigmoidal behaviour indicates a conformational transition of the 

polysaccharide backbone. 

 In conclusion, the two polymers, mannan and glucan, showed ordered structuring both 

in aqueous and salt solutions and they structured in different way. 

 

 3.1.4  Molecular modelling 

 Molecular modelling of the two EPSs produced by I. limosus was performed by Dr. 

M. Kuttel, Dep. of Computer Science, Univ. of Cape Town, in the course of a collaboration. 

 Fully relaxed Ramachandran-like maps of the dimers constituting the two 

polysaccharides showed that the presence of pyruvate groups produces different energy 

minima (figs 3.6 and 3.7) and lowers the energy barrier between some of the minima. 
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-45, -20:
left-handed 
extended 
helix
n=2.666, 
p=9.1

30,30:
left-handed 
compressed 
helix
n=4.5, p=5.9

-40, 30:
left-
handed 
extended 
helix
n=4, 
p=11.3 Å

30,15:
right-handed 
hollow helix
n = 5, p ≈ -18.32, 
h ≈ -3.66

70,55:
right-handed 
extended helix
n=3, p=-13.4, h=-4.46

0,0:
right-handed hollow 
helix
n=6, p ≈ 5.9 Å, h ≈ 1

-30, -15:
right-handed 
hollow helix
n=5, p ≈ 4.6 Å, 
h ≈ 0.9

30, -20:
right-handed hollow 
helix
n = 7, h ≈ .85

172,5:
right-handed 
helix
n=2.33, p ≈ 10 
Å, h ≈ 2.88

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.6: Molecular modelling of [2)-[4,6-O-(1-carboxyethylidene)]-β-D-Manp-(1→]n 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.7: Molecular modelling of [3)-[4,6-O-(1-carboxyethylidene)]-α-D-Glcp-(1→]n 
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 The conformational motifs showed a large variability and the two dimers  

[2)-[4,6-O-(1-carboxyethylidene)]-β-D-Manp-(1→]2 

[3)-[4,6-O-(1-carboxyethylidene)]-α-D-Glcp-(1→]2 

structured in different ways.  

 If the conformation assumed by dimers were extended for all the sugars composing the 

polysaccharides, the mannan and the glucan resulted to assume a helix conformation. In 

particular, the mannan polysaccharide may structure in left-handed helix, while the glucan 

polysaccharide mainly in right-handed helix. These models confirm EPSs ordered 

conformations of opposite sign reveals by CD data. 

 The secondary structures in vacuum are stabilised by hydrogen bonding between 

hydroxyl groups in the internal helix cavity and bear pyruvate groups on the outer helical 

surface. The presence of hydrogen bonds to stabilize these structures was in agreement to the 

CD data, where an increased of temperature involved conformational changes. Moreover, the 

helixes bear pyruvate carboxylate groups towards the solvent almost perpendicular to the 

plane of the saccharidic ring and render them unable to interact with other neighbouring 

saccharidic units. 
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 3.1.5  Atomic force microscopy investigations 

 Further information on the conformational features of I. limosus EPSs were obtained 

by means of atomic force microscopy (AFM). In this technique, the surface of the sample is 

scanned by a tip-shaped probe, following parallel lines, measuring local interactions in the 

near-field region (detection of repulsive and attractive surface forces), and registering its 

value for each position. The main objective of AFM topological application consists in getting 

an image of the sample surface, for its structural or dynamic characterization. Some of AFM 

studies have been dedicated to the elucidation of the structure of bacteria polysaccharides. In 

this area, one of the most interesting recent studies involves the visualization of individual 

polysaccharide molecules in solution, a feature that cannot be carried out by the other 

available techniques (Santos and Castanho, 2004). 

 In the AFM study of biological samples, it is important to find a method that binds the 

sample to the substrate, so that the binding is strong enough to avoid the dragging by the tip 

but simultaneously, does not cause structural alterations in the system. These alterations can 

also result from other factors, such as the collapse that can be induced in a sample by the 

change of surface tension during drying or freezing, or the topography distortion caused by 

any type of coating (Santos and Castanho, 2004). In our case, 50 μL of IL (1:1) 15μg/mL 

aqueous solution was spray dried on fresh cleaved mica. In this way the mica surface resulted 

smooth at the atomic level (important to avoid incorrect interpretations of the topography of 

the sample) and permitted polysaccharides adsorption through physical interactions (mainly 

van der Waals interactions). Mica is a salt and its positive charges on the surface can interact 

with negative charges of polysaccharides, inducing artefacts. The images were obtained using 

the tapping mode AFM that leads to higher resolution images, minimizing the damages in soft 

samples occurring in the contact mode.  

 

 

 

 

 

 

 

 

 
Figure 3.8: AFM image of IL (1:1) mixture 15 μg/mL. 
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 Atomic force microscopy images showed the extended chain structure of I. limosus 

EPSs (fig. 3.8 and 3.9) confirming the possible presence of ordered secondary structures as 

described from molecular modelling. The average lateral dimension evaluated on the totality 

of the chains considered was 1.04 ± 0.2 nm, which might be compatible with a single chain 

structure decorated with pyruvated groups. 

 

 

 

 

 

 

 

 
 

Figure 3.9: an enlargement of AFM image of IL (1:1) mixture 15 μg/mL. 
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3.2  THE RESEARCH AND IDENTIFICATION OF THE BIOLOGICAL  

CEPACIAN REPEATING UNIT 

 

 3.2.1  The research of genes involved in cepacian biosynthesis 

 The genes involved in biosynthesis of the exopolysaccharide cepacian produced by the 

clinical strain Burkholderia pyrrocinia BTS7 (fig. 3.10,A) have been studied in the laboratory 

of dr. C. Lagatolla, Department of Life Science, University of Trieste. Two clusters have been 

identified in the chromosome 2 containing genes for the cepacian biosynthesis (Furlan, 2009; 

Moreira et al., 2003).  

 First, several BTS7 mutants have been isolated by transposon mutagenesis. Most of 

them were mucoid and only few mutants showed a non-mucoid phenotype on agar plates. In 

order to identify the genes involved in cepacian biosynthesis, the transposon flanking regions 

were cloned and sequenced. In particular, genes mutated in one clone, BTS7-C, were 

characterized. 

 BTS7-C (fig. 3.10,B) carried a mutation in a gene involved in production of a 

membrane protein “flippase” (Feldman et al., 1999; Liu et al., 1996). The absence of the 

“flippase” function hindered the transmembrane migration of donor lipid phosphate-linked 

cepacian repeating unit (RU) (Videira et al., 2005) to the periplasmic face of the membrane.  

 

 

 

 

 

 

 
Figure 3.10: A) isolation of mucoid BTS7-wild type on agar medium;  

B) isolation of the non-mucoid mutant BTS7-C on agar medium. 

 

 To elucidate the effects of the inactivated gene on biosynthesis and export of cepacian, 

the presence of cepacian repeating unit bound on a membrane lipid donor has been searched 

within the work done in this thesis. The initial hypothesis foresaid an abundant presence of 

repeating unit bound on the inner membrane in the mutant BTS7-C, while a lower content of 

the RU was expected in the wild type bacterium BTS7 (BTS7-wt). In fact, if the protein 

flippase did not work, the RU should be accumulated on the donor lipid in the inner 
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membrane of the mutant BTS7-C. In the wild type BTS7, on the other hand, the repeating unit 

should be translocated and polymerized, so a low quantity should be detected in the aqueous 

phase of the extract. 

 

 3.2.2  The research of the cepacian repeating unit in the inner membrane in 

 BTS7-C 

 The protocol reported by Oba et al. (Oba et al., 1999) was followed to isolate and 

identify the repeating unit present on the cytoplasmic side of the inner membrane. At the 

beginning, experiments were carried out on BTS7-C and then the study was extended to the 

wild type. 

 Early experiments were carried out growing bacteria in liquid medium Luria-Bertani 

to obtain 5.7 g of lyophilized cells. An aqueous extract was obtained following the Oba 

protocol. In figure 3.11 it was reported the chromatographic profile of 25 mg of the extract 

loaded on a gel permeation column Bio-Gel P2. Each fractions belonging to the separated 

chromatographic peaks obtained were permethylated by the protocol reported by Dell A. 

(Dell, 1990). The permethylation step, increasing the sugars volatility and eliminating salts, 

was useful for Electrospray Ionization-Mass Spectrometric (ESI-MS) analysis. This analysis 

revealed the presence of hexose oligosaccharides in the aqueous phase, but the absence of the 

cepacian RU.  

 

 

 

 

 

 

 

 

 

 
Figure 3.11: Chromatographic profile of the aqueous extract obtained from BTS7-C growth in liquid medium,  

loaded on a gel permeation column Bio-Gel P2. The identified eluted species are reported. 

 

 After this first attempt, the Oba protocol was followed growing the mutant BTS7-C on 

Yeast Extract medium (YEM) agar plate, to better understand if the medium influenced the 

0 5 10 15 20 25 30 35
0

20

40

60

80

100

120

140

160

IR
 [m

V]

Time [hr]

2Hex

3Hex

4-5Hex

6Hex

no sugar

NaNO3

Hex



 73

repeating unit production. In previous studies, BTS7 wild type resulted to produce a lot of 

exopolysaccharide on this solid medium.  

 An aliquot of 30.6 mg of the aqueous extract obtained by this procedure were loaded 

on a size exclusion chromatography column with Bio-Gel P2 (fig 3.12). Fractions belonging 

to separated peaks were permethylated by the Dell protocol. The fractions with high 

molecular weight were permethylated two times, to avoid a possible undermethylation. ESI-

MS analysis revealed the presence of hexose oligosaccharides, as in the aqueous phase 

obtained from liquid medium, but in this case we found the cepacian RU (fig. 3.13 A and 3.13 

B). The quantity of the repeat unit in the whole aqueous phase was calculated to be 0.46% 

w/w. 

 

 

 
 

 

 

 

 

 

 

 

 
Figure 3.12: Chromatographic profile of the aqueous extract obtained from BTS7-C growth in solid medium, 

loaded on a gel permeation column Bio-Gel P2. The identified peak pertaining to cepacian repeating unit is 

indicated. 

 

 

 

 

 

 

 

 
 

Figure 3.13: Mass spectrum of the chromatographic peak pertaining to the cepacian repeating unit. 
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Figure 3.14: Mass spectra of the fragmentation of cepacian RU. 

(A) ESI MS2 of 1481.6 ion; (B) ESI MS3 of 667.3 ion. 
 

 The ESI mass spectrum of the permethylated chromatographic band (fig. 3.13) showed 

a peak with molecular mass m/z of 1481.6, corresponding to the permethylated repeating unit 

of cepacian in the sodium form and constituted of 5 Hex (hexose), 1 HexA (hexuronic acid), 

and 1 dHex (desossihexose). The peak with m/z 1476.6 corresponded to the ammonium 

adduct. 

 The ESI MS2 of the 1481.6 ion (fig. 3.14,A) showed fragmentations due to the 

breakage of the glycosidic linkages and to loss of sugars. Taking into account that the most 

intense ions usually arise by cleavages of the glycosidic linkage and still containing the 

reducing sugar unit (Y type ions, (Domon and Costello, 1988)), the MS2 spectrum was in 

good agreement with the structures of the cepacian RU. Fragmentation of the oligosaccharide 

gave primarily Y type fragments with subsequent loss of a terminal hexose (218 Da), a 

linked-rhamnose (174 Da), another terminal hexose (218 Da) and linked hexose (204 Da).  

 The ESI-MS3 of the 667.3 ion (fig. 3.14,B) showed the loss of the third terminal 

hexose (218 Da). The fragmentation pattern is in agreement with the composition of cepacian 

RU but it could not undoubtedly establish its primary structure. 

 

 3.2.3  The research of the cepacian repeating unit in the inner membrane in BTS7 

 wild type 

 In the next step, the cepacian repeating unit has been searched in BTS7 wild type 

(BTS7wt). The previous protocol was applied on BTS7wt, and 31.6 mg of the aqueous phase 

obtained were separated by size exclusion chromatography on Bio-Gel P2 column (fig. 3.15).  
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Figure 3.15: Chromatographic profile of the aqueous extract from BTS7-wt,  

loaded on a gel permeation column Bio-Gel P2. The identified cepacian repeating unit is reported. 

 

 Permethylation and ESI-MS analysis on the peak marked in fig. 3.15 revealed the 

presence of the cepacian repeating unit in the aqueous phase. The quantity of the repeat unit in 

the aqueous phase from BTS7-wt was calculated to be 0.97% w/w. 

 The quantity of the RU resulted higher in BTS7-wt than in BTS7-C. A possible 

explanation of this unexpected result could be the presence of a negative feedback 

mechanism, in which synthesis and export of the bacterial polysaccharides are coupled, as 

already suggested by Dong et al. for another protein involved in the export (Dong et al., 

2006). 

 In order to verify this hypothesis, the activity of the UDP-glucose dehydrogenase, an 

enzyme involved in the biosynthesis of one of the precursors of the RU, was tested in the 

mutant and in the wild type strain in the laboratory of Dr. C. Lagatolla. This activity resulted 

four times lower in the mutant than in the wild type. As the integrity of the gene coding for 

UDP-glucose dehydrogenase was verified, the reduced dehydrogenase activity in BTS7-C 

was in accord with the hypothesis of a negative feedback mechanism.  

 

 3.2.4  The study of the structure of the biological repeating unit of cepacian 

 Isolation of cepacian repeating unit permitted the study of the biological RU namely, 

the sequence of sugars bounded by the bacteria on the lipid donor in the inner membrane. The 

cepacian repeating unit presents a backbone of three sugars: glucose (Glc), mannose (Man) 

and glucuronic acid (GlcA). Therefore, there was three possible biological RU (fig. 3.16).  
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Figure 3.16: Three hypothetical biological cepacian RU bounded on lipid carrier. 

 

 The mass spectra of the permethylated RU obtained from the aqueous extracts were 

compatible with all three possible repeating units. To individuate the right structure, a 

modification of the RU identification protocol was developed.  

 The RU isolated from BTS7-wt was reduced at the reducing end with sodium 

borohydride, prior to permethylation. This step involved the acquisition of 2 amu in the 

molecular mass of the molecule prior to permethylation and of 14 amu after permethylation. 

In fact, ESI-MS analysis revealed a peak with molecular mass m/z of 1497.7, corresponding 

to sodium adduct and two peaks with m/z 1492.6 and 1527.7 corresponding to the ammonium 

and potassium adducts, respectively (fig. 3.17). 

 

 

 

 

 

 

 
Figure 3.17: Reduction, permethylation and mass spectrometric analysis  

of cepacian repeating unit. 

 

 The ESI MS2 of the 1497.7 ion showed the loss of a terminal galactose (Gal) (218 Da) 

followed by rhamnose (Rha) (174 Da) and by a second terminal Gal (218 Da). The 887.4 ion 

obtained loosed a linked hexose (204 Da). The presence of this fragment is not compatible 
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with a RU having a mannose at the reducing end (fig. 3.16,A), and therefore, the presence of 

this structure was excluded. 

 The ESI-MS3 of the 683.4 ion (a trimer composed by mannose, glucose and 

glucuronic acid) was carried on to better understand if the sugar at the reducing end is glucose 

or glucuronic acid. In fact, different fragments were obtained by the degradation of this trimer 

based on the sequence of bound sugars, as shown in figure 3.19. The mass spectrum of the 

fragmentation of the trimer is shown in figure 3.18,B. The 465.1 ion correspond to [Man-Glc-

ol Na+], the 449 ion correspond to [Gal-Man-OH Na+] and the 275.1 ion correspond to [Glc-ol 

Na+]. In the spectra was not present the 479.0 ion, corresponding to [Gal-GlcA-ol Na+], 

therefore this ESI/MS data were not compatible with the RU structure reported in figure 

3.17,B. This results indicated that cepacian biological RU structure exhibits the glucose 

residue at the reducing end (fig. 3.16,C and fig. 3.19,right). 

 

 

 

 

 

 

 

 

 
Figure 3.18: Mass spectrum of the reduced and permethylated RU. 

(A) ESI MS2 of 1498.6 ion; (B) ESI MS3 of 667.3 ion. 

 

 

 

 

 

 

 

 
Figure 3.19: Hypothetical fragmentations of the 667.3 ion (Man-GlcA-Glc) with 

(left) GlcA at the reducing end or (right) Glc at the reducing end. 
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 The reduction and permethylation of the repeating unit obtained from bacteria inner 

membrane was useful to evaluate the sugar at the reducing end. This sugar corresponds to the 

first sugar bound on the lipid carrier.  

 Analysis on the reduced and permethylated RU excluded the existence of the 

oligosaccharide with the GlcA or Man at the reducing end. Therefore, the primary structure of 

cepacian RU isolated from the inner membrane of bacterial cells is the following: 

 

 

 

 

 

 These data are in good agreement with a previous paper on the function of the 

Burkholderia cenocepacia glucosyltransferase coded by the gene bceB (Videira et al., 2005), 

where it was only demonstrated that the first sugar to be linked to the lipid carrier was 

glucose. The authors also reported that the α-anomeric configuration of the substrate UDP-

Glc was maintained in the product, the lipid linked glucose, thus indicating that the 

glucosyltransferases catalyse the transfer of Glc-1-P to the monophosphorilated lipid carrier. 

Since the anomeric configuration of Glc in cepacian is β, it follows that there should be an 

inversion of the configuration in the polymerisation step. 

 

 3.2.5  The determination of the O-acetyl positions in the repeating unit 

 Native cepacian is substituted with O-Acetyl groups and in particular, the 

polysaccharide produced by strain BTS7 bears on average 3 O-acetyl groups for RU, 

calculated from 1H-NMR spectra of the sonicated polymer. These spectra indicated O-

acetylation on C-6 of the Gal residue bound to the glucuronic acid, but the position of the 

other substituents was difficult to determine by this technique. A more complete study on the 

cepacian acetylation was permitted by the recovery of non-polymerized repeating units (see 

previous section). 

 A small amount of the material relative to the peak corresponding to native RU was 

desalted on a Bio-Gel P2 column, exchanged with a NH4
+-form resin and subjected to ESI-

MS analysis. The sample was not permethylated to avoid the loss of the acetyl substituents. 

The mass spectrum obtained is reported in Figure 3.20 and it showed mainly NH4
+ adducts of 

RU oligosaccharides bearing from 0 to 4 O-Ac groups.  

 

β-D-Galp-(1→2)-α-D-Rhap-(1→4)-α-D-GlcpA-(1→3)-α-D-Manp-(1→3)-D-Glc∼OH 
 2 6 
 ↑ ↑ 
 1 1 
 α-D-Galp β-D-Galp 
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Figure 3.20: Mass spectrum of the acetylated repeating units. 

 

The calculation of the O-Ac content weighted mean was performed using the formula: 

∑
=

=
4

0
i   

i
iAc ω  

where ωi is the fraction of the species with i acetyl groups. A value of 2.1 was obtained, 

which is less than 3 O-Ac per RU, the value obtained by 1H-NMR for the native polymeric 

material. However, it had to be taken into account some loss of acetyl groups during the 

acidic treatment performed to cleave the phosphodiester linkages to the lipid carrier. To prove 

this, a sample of cepacian containing about 3.1 O-Ac per RU, as determined by 1H-NMR 

(data not shown), was sonicated and incubated in 10 mM HCl at 100°C for 20 min (4 mg of 

EPS in 5 mL of HCl). Comparison of 1H-NMR spectra before and after the acidic reaction 

established that about 20% of O-Ac groups were cleaved by HCl. Taking into account this 

loss, the amount of calculated O-Ac substitution in the RU reaches 2.5/RU, a value still lower 

than 3 found in the mature native EPS. One possible explanation is that, in a short time 

hydrolysis like the one performed, acetyl groups are more accessible in the oligosaccharide 

than in the polymer, because of the high viscosity of cepacian solution on one hand and of 

chain aggregation on the other hand. In fact it was demonstrated (Herashimenka et al., 2008) 

that cepacian easily forms complexes constituted of two chains and that O-Ac groups are 

involved in this interaction. Another reason of the lower acetyl substitution of the RU than of 

the EPS might be attributed to incomplete biosynthesis. In fact, as reported for other 

exopolysaccharides (Ielpi et al., 1983), acetylation occurs before polymerisation of the RU in 

the periplasmic space. Nevertheless, in spite of the difference in the acetylation degree of the 

RU and the native polymer, the evaluation of the acetylation measured on the RU gave a good 

qualitative estimation of the statistical distribution of acetyl groups. 
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 In order to evaluate the specific position of O-acetyl substituents, ESI MS2 of NH4
+ 

adducts of RU oligosaccharides were obtained. ESI-MS2 analysis showed instability of the 

ammonium adducts, which change into sodium adducts, with a sensible decreasing of peaks 

intensity. To avoid this, the native RU was desalted on a Bio-Gel P2 column, without 

subsequent exchanging with a NH4
+ form resin, and subjected directly to ESI-MS analysis. In 

this case, sodium and ammonium adducts were both present (fig. 3.21), and sodium adducts 

were used for fragmentations. 

 

 

 

 

 

 

 

 
Figure 3.21: Mass spectrum of the acetylated repeating units. 

 

 The ESI-MS2 of the ion at 1173.6, confirmed the absence of acetyl substituents on the 

RU, and showed peaks corresponding to the loss of the Gal-Rha dimer, followed by a hexose 

(Gal) and a glucuronic acid cleavage (fig. 3.22). 

 
 

 

 

 

 

 

 

 

 
Figure 3.22: Mass spectrum ESI-MS2 of the 1173.6 ion (*) (RU lacking of acetyl substituents) 

 

 The ESI-MS2 of the ion at 1257.6 (fig. 3.23,A), corresponding to RU with 2 acetyl 

substituents, showed the presence of the 949.5 ion and 907.5 ion. They corresponded to the 

loss of the dimer Gal-Rha and the dimer Gal-Rha mono-acetylated. The most intense 
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fragmentation peak was a pentamer with two O-Ac, indicating that the majority of Gal-Rha 

dimers did not bear acetyl substituents. Fragmentations showed the loss of the hexose (Gal) 

with and without acetyl. The glucuronic acid did not bear any acetyl substituents. The 569.3 

ion was the trimer [Gal-Man-Glc-OH] with one acetyl substituent. This trimer loosed its 

acetyl, but it was impossible to detect the sugar bearing that acetyl group. 

 In Figure 3.23,B are reported potential sites of acetylation in cepacian RU based on the 

fragmentation pattern above reported. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.23: A) Mass spectrum ESI-MS2 of the 1257.6 ion (*) (RU with 2 acetyl substituents); 

 B 1, 2 and 3) Potential sites of acetylation in cepacian RU. 

 

 

 

 

 

 The ESI-MS2 of the ion at 1299.6 (fig. 3.24,A), corresponding to RU with 3 acetyl 

substituents, showed the presence of one acetyl bound on the [Gal-Rha] dimer and one on the 

[Gal-Man-Glc-OH] trimer. The glucuronic acid can’t bear any acetyl substituents. The 

terminal Gal, bound to the GlcA, bear one or two acetyl groups (fig. 3.24,B2). 
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Figure 3.24: Mass spectrum ESI-MS2 of the 1299.6 ion (*) (RU with 3 acetyl substituents) 

B 1 , 2 and 3) Potential sites of acetylation in cepacian RU. 

 

 The above data suggested a non-stochiometric substitution of acetyl groups on the 

cepacian RU. The acetyl substituents were founded on the dimer Gal-Rha, on the trimer Glc-

Man-Gal, and one or two acetyl were bound on the terminal α-D-Gal. These fragments of RU 

lost O-Ac in the mass fragmentation step, and it was impossible to define exactly on which 

sugars these substituents were bounded. The pattern of acetylation found is reported in figure 

3.25. 

 

 

 

 

 

 

 
Fig. 3.25: The pattern of acetylation of cepacian repeating unit. 
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 3.2.6  Cepacian repeating unit biosynthetic pathway 

 Information on the biosynthetic pathway of the cepacian RU was achieved by 

examining the ESI-MS of the native RU sample. In fact, the spectrum of the native sample in 

the ammonium form contained also pseudomolecular ions originating from oligosaccharides, 

which corresponded to biosynthetic precursors of the RU, but it was of low quality. On the 

contrary, the sample that was not exchanged in the ammonium form gave a more informative 

spectrum (fig. 3.26).  

 

 

 

 

 

 

 

 

 

 
Figure 3.26: Mass spectrum ESI-MS of the native RU sample. 

 

 Ions belonging to tri- tetra-, penta- and hexasaccharide were present, as reported in 

Table 3.1).  

 

 

 

 

 

 

 

 

 
Table 3.1: Assignment of oligosaccharides co-eluting with the native repeating unit. 

 

 

Observed m/z Assignment 

569.4 [3Hex, 1OAc + Na]+ 

745.4 [3Hex, 1HexA, 1 OAc + Na]+ 

865.5 [4Hex, 1HexA + Na]+ 

907.5 [4Hex, 1HexA, 1 OAc + Na]+ 

949.5 [4Hex, 1HexA, 2 OAc + Na]+ 

1011.6 [4Hex, 1HexA, 1 dHex, + Na]+ 

1053.6 [4Hex, 1HexA, 1 dHex, 1 OAc + Na]+ 

1095.6 [4Hex, 1HexA, 1 dHex, 2 OAc + Na]+ 

1137.6 [4Hex, 1HexA, 1 dHex, 3 OAc + Na]+ 
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 Their identification gave indication of the biosynthetic pathway of the repeating unit 

(fig. 3.27). 

 

 

 

 

 

 

 

 

 
Figure 3.27: Cepacian repeating unit biosynthetic pathways proposed. 

 

The presence of these oligosaccharides shorter than the RU, but co-eluting with it, might be 

explained again with aggregation, an effect that was observed also in size exclusion 

chromatography separations of other carbohydrates (Cescutti and Rizzo, 2001). 

 In conclusion, the isolation of incomplete RU, permitted to obtain information on the 

biosynthetic sequence and to complement genetic data on the gene clusters involved in this 

process. 
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3.3  ENZYMES DEGRADING CEPACIAN, THE POLYSACCHARIDE PRODUCED 

BY Burkholderia cepacia COMPLEX BACTERIA 

 

 3.3.1  Cepacian lyase purification protocol 

 The only enzyme available for cepacian degradation was isolated from a Bacillus sp. 

few years ago by Cescutti et al. (Cescutti et al., 2006). It was a lyase responsible for the 

cleavage of the Gal-Rha lateral chain bond to the GlcA residue in position 4. To obtain pure 

lyase, the protocol of purification previously reported was improved during the work of this 

thesis. 

 During the experiments, it was noted that the culture of Bacillus sp. was not pure, but 

contained two other types of colonies. Any effort of establishing which species was 

responsible for the production of the lyase was useless, because each isolated species was 

growing far too slow, thus rendering the experimental work almost impossible. It was 

reported (Hofsten et al., 1971) that environmental strains grow better when they are together, 

as in their natural environment, then when they are separated. Therefore, it was decided to 

modify slightly the experimental protocol for the lyase production: bacteria were plated on 

three Petri dishes from a -80° C culture. After one day at 30°C and 5 days at room 

temperature, the cells were scraped from the dishes, mixed together and used for the lyase 

production. 

 A volume of 10 μL of the bacterial mixture was used to inoculate 1 mL of liquid 

medium constituted of Vogel Bonner medium plus cepacian 0.2% and, after the over night 

growth, 200 μL of this second culture were inoculated in fresh VB plus cepacian. In order to 

obtain a sufficient amount of lyase, in the last step 5 mL of bacteria were grown in 100 mL of 

VB plus cepacian. The lyophilized culture supernatant was subject to size-exclusion 

chromatography on a Sephacryl S-400 column. Fractions were tested for the presence of lyase 

by mixing 100 μL of a single fraction with a solution of cepacian in acetate buffer. The 

enzyme activity was monitored following the increase in absorbance at 230 nm, the 

wavelength at which unsaturated bonds on the GlcA residue absorb. Fractions positive to this 

test were pooled together, desalted and lyophilized. 

 The same experiment was carried out growing bacteria in VB added with glucose as 

carbon source. In this medium the lyase was not produced, as reported previously (Cescutti et 

al., 2006). This sample was used as a control in the subsequent electrophoretic separation. 
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 The group of Prof. G. Manfioletti (Dip. Scienze della Vita, Università di Trieste) 

carried out SDS-PAGE analysis on the lyase sample and on the control (fig. 3.28). The band 

between 30 and 45 KDa, present only in the sample lane after staining with Coomassie 

Brilliant Blue (fig. 3.28,A), could be attributed to the lyase, since its MW was previously 

calculated to be 32,700 ± 1500 Da by size-exclusion chromatography. 

 This enzyme containing band was removed from the gel before Silver staining (fig. 

3.28,B) and was stored for a primary structure analysis. The electrophoretic band could be 

quantitatively compared to the second band downwards in LMW lane (20 KDa) and, after 

Silver staining, probably resulted stained like this one. In this case, the lyase band resulted the 

most abundant protein in the sample and was absent in the control. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.28: SDS-PAGE analysis of the sample and the control. Staining:  

A) Coomassie Brilliant Blu. B) Silver stain. 
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3.4  INTERACTION OF BACTERIAL EXOPOLYSACCHARIDES WITH 

ANTIMICROBIAL PEPTIDES 

 

 3.4.1 Study on the interaction between exopolysaccharides and antimicrobial 

 peptides 

 Preliminary studies on the EPS-AMP interaction have been reported by Herashimenka 

et al. (Herasimenka et al., 2005). In order to go more in detail on these interactions, three 

cathelicidins peptide with different cationic net charge and EPSs with different features were 

considered. The three cathelicidins were hssLL-37 form Homo Sapiens sapiens, ppyLL-37 

from Pongo pygmaeus and pobRL-37 from Presbytis obscurus. The EPSs considered were 

alginate produced by Pseudomonas aeruginosa strain PAO1; cepacian produced by 

Burkholderia pyrrocinia strain BTS7 (Lagatolla et al., 2002); a mixture composed by a 

mannan and a glucan, both fully pyruvilated, produced by Inquilinus limosus, hereafter 

referred as IL (1:1) (Herasimenka et al., 2007); and a mixture of cepacian, PS-I and dextran, 

hereafter referred as C9343, produced by Burkholderia cenocepacia strain C9343 (Conway et 

al., 2004). This mixture of different EPS co-synthesized by bacteria was included in this study 

to try to asses how this characteristic influences the biological activity of AMP. 

 All EPS investigated are negatively charged due to the presence of carboxylate 

moieties, except for dextran, which is part of the C9343 mixture. The number of electric 

charges present on a polyelectrolyte is often indicated as the charge density, which 

corresponds to the number of charges in the polymer repeating unit divided by its contour 

length. Alginate and EPSs from I. limosus exhibit a high charge density, since every sugar 

unit bears a carboxylate group, whilst cepacian contains only one glucuronic acid per 

repeating unit, which is composed of three sugar residues in the polymer backbone and 4 

residues located in three lateral chains. The charge density of the mixture C9343 is less easy 

to evaluate. The mixture is composed of cepacian (38.5%, weight percent), PS-I (23.0%), 

which bears one negative charge every two residues, and the neutral dextran (38.5%). 

Therefore, considering the mean overall charge density of the three polymers, the mixture 

C9343 should exhibit a value similar to or slightly higher than that of cepacian.  

 On the other hand, all the three cathelicidin peptides investigated presented a net 

positive charge: +6 for the human hssLL-37, +4 for ppyLL-37 and +10 for pobRL-37. 

 The presence of net charge of opposite sign on the two types of molecules indicated 

that AMPs and EPSs interact typically by electrostatic interactions. 
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 Inhibition of the antimicrobial activity of peptides was assessed using minimum 

inhibitory concentration (MIC) assays on a reference E. coli strain in the presence and 

absence of exopolysaccharides. Complex formation between peptides and exopolysaccharides 

was investigated by means of circular dichroism, fluorescence spectroscopy and atomic force 

microscopy. 

 

 3.4.2  Minimum Inhibitory Concentration assays 

 The evaluation of the minimum amount of AMP required to inhibit the growth of E. 

coli strain ML-35 in the presence of bacterial EPS gave the data shown in Figure 3.29. The 

four EPS investigated had different effects on the antibacterial activity of a specific 

cathelicidin, but the three cathelicidins showed a similar behaviour in the presence of a given 

EPS. In particular, alginate afforded the highest peptide inhibition activity, while cepacian 

gave the lowest. IL mixture (1:1) had an activity similar to alginate, while C9343 exhibited an 

effect similar to cepacian. The addition of C9343 to AMP solutions caused some 

precipitation, which on one hand might induce artefacts in the experimental data, but on the 

other hand may indicate strong capacity to segregate AMPs. 

 

 

 

 

 

 

 

 
Figure 3.29: MIC experiments for hssLL-37; pobRL-37 and ppyLL-37 in the presence  

of 0.5 mg/mL of alginate, cepacian, IL and C9343.  

 

 The influence of EPSs on AMPs activity correlated well with the amount of negative 

charge carried by the different EPSs. In fact, alginate and IL (1:1) bear the highest number of 

charge per chemical repeating unit, cepacian exhibits the lowest charge density and the 

mixture C9343 should exhibit a value similar or slightly higher than that of cepacian, as 

already discussed. 

 The different behaviour of ppyLL-37, in the presence of alginate and IL, suggested 

that, besides the charge density, the specific conformational features of a given EPS and/or 
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AMP play an additional role in modulating the AMP activity. In fact, alginate has a fully 

extended polymer chain conformation due to the 1→4 glycosidic linkages, while the two EPS 

produced by I. limosus exhibit a more folded chain conformation due to the presence of 1→2 

and 1→3 glycosidic bond, respectively (Herasimenka et al., 2007) as also shown in the 

section concerning the I. limosus conformational study. The different behaviour of ppyLL-37 

in the presence of EPS was also observed by spectroscopic studies. 

 

 3.4.3  Circular dichroism experiments 

 Circular dichroism (CD) spectroscopy was used to investigate the ability of EPS to 

induce the α-helical conformation in AMP. The data obtained by means of CD spectroscopy 

of EPS-AMP systems are reported in Figure 3.30, where the molar ellipticity was transformed 

into percentage of α-helix conformation in AMP. The percentage of α-helix content was 

determined as [Θ]/[Θ]α . [Θ] is the observed molar ellipticity at 222nm and [Θ]α is the molar 

ellipticity of a fully structured peptide, calculated using the equation [Θ]α = - 40,000·(1 - 

2.5/n), while n is the number of amino acid residues in the peptide (in our case 37 for all 

peptides) (Juban et al., 1997).  

 ppyLL-37 and, to a lesser extent, hssLL-37 exhibited a low but significant amount of 

α-helix formation in water even in the absence on EPS (about 17% for ppyLL-37 and 7 % for 

hssLL-37), as they are known to structure in bulk solution in a salt-dependent manner 

(Johansson et al., 1998; Zelezetsky et al., 2006) 

 Alginate was the EPS with the greatest effect on the structure of all AMPs examined 

causing the maximum α-helical formation upon its addition. ppyLL-37 showed the highest 

percentage of α-helix conformation (about 70%), whereas both pobRL-37 and hssLL-37 

reached a value of about 40% at their best.  

 pobRL-37 and hssLL-37 in presence of IL (1:1) mixture showed a behaviour similar to 

that in the presence of alginate, while ppyLL-37 presented a low degree of α-helix formation. 

 The addition of cepacian in AMPs solutions induced small structuration for hssLL-37 

and pobRL-37, while caused a significant amount of α-helix formation in ppyLL-37. 

 C9343 induced a very low structuration in all examined peptides. As already stated, it 

was noted that the addition of C9343 caused some precipitation in AMP solutions. 

 Although the different EPSs have diverse effects on AMP, the maximum content of α-

helix was obtained at an EPS/AMP concentration ratio between 5 and 10. Considering ppyLL-

37 and hssLL-37, it is worth noting that the percentage of α-helix decreased upon further 

addition of some EPSs, a feature which will be better clarified when discussing the data of 
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fluorescence spectroscopy, but which can safely be traced back to a different EPS/AMP 

interaction. 

 CD data for pobRL-37 and hssLL-37 paralleled the MIC findings. Alginate and IL had 

the strongest effect on AMP conformation, while cepacian and C9343 exhibited a low 

influence on hssLL-37 and very little or no influence in the case of pobRL-37. Although the 

addition of C9343 caused some precipitation in AMP solutions, its CD data were also 

included in the discussion since some structural information could still be obtained. 

 Experiments carried out using ppyLL-37 showed that cepacian caused an α-helix 

induction as high as that observed in the presence of alginate, although its influence on 

ppyLL-37 activity was relatively low, as evidenced by the MIC data. This behaviour might be 

explained considering the physico-chemical properties of ppyLL-37; it has the lowest positive 

net charge (q) and the highest mean hydrophobic character among the three peptides, as 

indicated by the least negative value of <H> (see Table 1.1). The rather low positive net 

charge may render the induction of the α-helix conformation easier since the electrostatic 

repulsions between positive charges are weaker. Besides electrostatic effects, peculiar 

structural characteristics of both EPS and AMP influenced the transition to the ordered α-

helix conformation. This was confirmed by the fact that the highly charged IL had an effect 

on ppyLL-37 lower than that of cepacian. Probably, the cepacian self-aggregation ability 

indicates the presence of more “hydrophobic” domains on its polymer chain that can loosely 

interact with ppyLL-37 contributing to induce the α-helical conformation. 

 In order to further investigate the interaction between AMP and EPS, and correlate the 

MIC and CD data with a molecular interaction between these two species, fluorescence 

experiments were carried out. 
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Figure 3.30: Circular dichroism data, 

expressed in percent of α-helix calculated at 

222 nm, of AMP interactions with EPS.  

a) hssLL-37, b) pobRL-37, c) ppyLL-37. 

The abscissa refers to the ratio between EPS 

and AMP concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.31: Fluorescence data of the 

interactions between AMP and EPS.  

a) hssLL-37, b) pobRL-37, c) ppyLL-37.  

The abscissa refers to the ratio between EPS 

and AMP concentration. 
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 3.4.4  Fluorescence spectroscopy 

 When a fluorophore, like the aromatic side chain of Phe residues present in an AMP, 

is masked from solvent interactions by the formation of macromolecular complexes, its 

fluorescence yield increases. This property is often used to detect binding within interactive 

species. The binding of EPSs with the three investigated AMPs could thus be estimated by 

looking at the emission spectrum around 282 nm, since hssLL-37 and ppyLL-37 both contain 

four phenylalanine residues, and pobRL-37 contains three. As found for CD spectroscopy 

data, the fluorescence results paralleled those obtained with the MIC assays. 

 Alginate and IL gave higher fluorescence increases than that provided by cepacian and 

C9343 (fig. 3.31). An oscillating behaviour observed for hssLL-37 and ppyLL-37 in the 

presence of C9343 might be due to partial precipitation, as already described, because light 

scattering effects in the presence of relatively large particles in solution produce an apparent 

reduction in fluorescence intensity with a decrease of the signal-to-noise ratio. 

 The high increase of fluorescence yield of all investigated AMPs in the presence of 

alginate and IL clearly supported the formation of complexes between the two interacting 

species, while cepacian and C9343 seemed to complex to a lesser extent. It is worth stressing 

that ppyLL-37 showed the highest degree of complex formation with all the EPSs considered, 

again confirming its peculiar behaviour. Moreover, fluorescence data showed that the 

interaction between ppyLL-37 and cepacian was stronger than that of cepacian with hssLL-37 

and ppyLL-37 (higher observed fluorescence intensity), thus supporting the CD data, but not 

as strong as the interactions with alginate and IL, in agreement with MIC data. 

 EPS/AMP concentration ratios between 4 and 10 gave the maximum of fluorescence 

emission, the same values that induced the highest α-helix formation. High ratios induced a 

decrease of fluorescence intensity, in agreement with CD data. The amphipathic nature of the 

cathelicidin α-helix can explain this effect (fig. 3.32). Structured peptides exhibit two 

chemically different surfaces on the helix: one polar, and positively charged, and the other 

apolar and rich in phenylalanine (Phe, F) residues.  

 

 

 

 

 
Figure 3.32: Amphipathic nature of the cathelicidin α-helix (Tossi et al., 2000). 
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 At the beginning, complexes between negatively charged EPS and positively charged 

AMP were formed throughout interaction of the hydrophilic surface of the α-helix. When 

complex were formed, the aromatic Phe (F) residues resulted exposed to the solvent being on 

the opposite surface of the α-helical structure with respect to that interacting with the EPS 

chain. The interaction of the non-polar surface of the α-helix and the polar solvent molecules 

resulted in an energy unfavourable configuration. At low EPS/AMP ratio, this would promote 

the complexation with a second peptide molecule, which assumes a helical conformation. The 

hydrophobic surfaces of the second peptide would interact and mask Phe residues from the 

aqueous medium. In this way, a single negatively charged stretch of the EPS could complex a 

peptide dimer or multimer, which exposed only its polar residues to the solvent, as depicted in 

Figure 3.33. 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.33: Cross-section of the model of the complex formation between one EPS chain and two AMP 

molecules as inferred from CD and fluorescence spectroscopy data at low EPS/AMP concentration ratio. 

 

 This configuration is more likely to occur at low EPS/AMP concentration ratios, when 

the number of AMP molecules was roughly equal to that of EPS repeating units. In this 

condition, an excess of AMP molecules was present with respect to the binding potential of 

EPS chains. 

 When the concentration of EPS increases, (high EPS/AMP ratio) the AMP molecules 

redistribute along the EPS chain, an entropy favoured process, resulting in a partial 

dissociation of the AMP complexes and of AMP dimers. This process would lead to an 

increase of solvent exposed Phe residues and, consequently, to a decrease of the fluorescence 

yield values. 
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 3.4.5 Atomic force microscopy investigation 

 Atomic force microscopy experiments allowed an independent and more direct 

visualization of complex formation between EPS and AMP. 

 AFM experiments were carried out only on alginate and cepacian since the other two 

samples were mixture of EPSs rendering data interpretation complex. In Figures 3.34,A and 

3.34,B AFM images of alginate and cepacian deposited onto a freshly cleaved mica surface 

using the spray-drying procedure are reported.  
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Figure 3.34: AFM images of EPS and EPS interacting with AMP.  

Concentrations refer to solution prior to deposition and drying on the mica surface. 

A) Alginate from P. aeruginosa at a polymer concentration of 15 µg/mL 

B) Cepacian from B. pyrrocinia at a polymer concentration of 5 µg/mL. 

C) Alginate interacting with hssLL-37; [EPS] = 5μg/mL, [AMP] = 5μg/mL. 

D) Cepacian interacting with hssLL-37; [EPS] = 5μg/mL, [AMP] = 5μg/mL. 

E) Cepacian interacting with hssLL-37; [EPS] = 5μg/mL, [AMP] = 2.5μg/mL. 

600nm 600nm

600nm 600nm

600nm
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 The concentration used for alginate (15 μg/mL) resulted in the formation of a clearly 

detectable EPS extended networks, and this might function as a polymeric scaffold similar to 

that used by bacteria to build biofilms. The lower concentration used for cepacian (5 μg/mL) 

produced images where single chains or small polymeric aggregates were detectable. The 

elongated polymer chains conformation suggested a rather high conformational rigidity, as 

previously reported (Herasimenka et al., 2008). By measuring the distance between the tip 

and the mica, which varied as a function of the dimensions of the object perpendicularly to 

the mica surface, it was possible to obtain the mean diameters of the polymer chains. These 

values were obtained averaging a sufficiently large number of EPS chain images and were 

found to be 0.68 ± 0.08 nm for alginate and 1.03 ± 0.31 nm for cepacian, in good agreement 

with previously data (Herasimenka et al., 2008). 

 When alginate and cepacian solutions were spray dried on the mica surface in the 

presence of hssLL-37, the images recorded were dramatically different. Figure 3.34,C shows 

a typical image of alginate chain obtained with an EPS/AMP concentration ratio equal to 5. 

The lateral dimensions of alginate chains increased considerably with respect to those 

detected in solutions of pure alginate. Values taken in different sections of the image gave 

4.68 ± 0.64 nm, 3.01 ± 0.42 nm and 1.74 ± 0.23 nm. 

 Figures 3.34,D and 3.34,E show the images obtained with cepacian at two different 

EPS/AMP concentration ratios: 5 and 10. The morphology of the complexes was different 

from that detected in the presence of alginate. At a concentration ratio of 5, the presence of 

complexes between cepacian and hssLL-37 was clearly detected as large blobs of 3.22 ± 1.12 

nm average thickness, indicated by the arrows in Figure 3.34,D. Upon increasing the 

concentration ratio to 10, the average dimension of the blobs appeared to decrease to 1.44 ± 

0.50 nm.  

 When AMPs were present in the sample, images showed blobs along polymer chains. 

This evidence might confirm the hssLL-37 peptides interaction with the polysaccharide 

chains and the model proposed in figure 3.33. Values of lateral dimensions confirmed the 

presence of stable AMP/EPS complexes. Considering that the mean diameter of a α–helix 

cylinder is about 1.2 nm, the diameter of a complex composed of an EPS chain and two AMP 

molecules can be estimated about 3.5 nm, in agreement with fluorescence data and the model 

proposed. 

 The morphology of the complexes was different in presence of alginate or cepacian 

and in presence of different EPS/AMP ratios. These results correlated to the diverse 

fluorescence intensity detected. In fact, image of alginate chains obtained with EPS/AMP 



 97

concentration ratio equal to 5, a value corresponding to the higher fluorescence intensity, (fig. 

3.31) showed the complex formation between AMP multimers and EPS segments. On the 

other hand, cepacian/AMP concentration ratios of 5 and 10 showed different average 

dimension of the blobs, where larger blobs were detected at R = 5. These findings were in 

good agreement with the CD and fluorescence spectroscopy data and indicated that on 

increasing the EPS/AMP concentration ratio, more EPS chain stretches were available for 

interacting with hssLL-37 molecules, thus allowing a redistribution of hssLL-37 onto the 

polysaccharidic chain, with a possible consequent AMP monomerization and a decrease in the 

dimension of the EPS-AMP complexes. 
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3.5  CONFORMATIONAL STUDIES OF THE CAPSULAR POLYSACCHARIDE 

PRODUCED BY Neisseria meningitidis group A 

 

 3.5.1  The MnA glycoconjugate vaccine 

 No conjugate vaccine is available against N. meningitidis serotype A and, therefore, 

this is one of the main targets of the glycoconjugate vaccines development. In the group of 

Prof. N. Ravenscroft, Dept. of Chemistry, Univ. of Cape Town, the bacterial CPS is used to 

develop a protein conjugate vaccine (Ravenscroft et al., 1999). This consists of N. 

meningitidis group A (MnA) polysaccharide (partly O-acetylated α-(1→6)-linked N-

acetylmannosamine phosphate): 

 

 

 

 

 

 

 

that is activated by periodate oxidation and conjugated to hydrazide-derivatized tetanus toxoid 

(TT) as carrier protein. Periodate treatment oxidizes some of the non-O-acetylated residues 

present (5–10%) to generate aldehyde groups at C3 and C4 of those residues, which are then 

used for conjugation. During development of the vaccine, three lots of polysaccharides 

prepared using a modified purification process proved to be resistant to periodate oxidation. 

These lots were of similar molecular weight and degree of O-acetylation to previous lots, the 

only difference was in the calcium/phosphorus ratio, which was assumed to have resulted in a 

divalent-cation/polysaccharide interaction leading to a conformation that prevented periodate 

oxidation. It is worth noting that high calcium ions concentration resulted in precipitation of 

the N. meningitidis polysaccharide (MnA). A general pre-requisite of ion-driven ionic 

polysaccharides association is the formation of regions of secondary structures having 

variable length, as reported in the gel formation models of carrageenans and alginate. These 

observations driven the present study, made in Trieste laboratory, to investigate the effect of 

counterions on the conformation of this capsular polysaccharide. 
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 3.5.2  Circular dichroism experiments 

 Circular dichroism experiments were carried out to investigate changes in local 

conformations. The presence of acetyl groups bound to the chiral saccharide residue, and 

absorbing in the 190–230 nm UV region, allowed their use as conformational probes. MnA 

was used as sodium and ammonium salts forms as starting materials. The choice of NH4
+ was 

suggested by its chemical characteristics different from those of Na+ ions. In fact, previous 

studies have shown that ammonium ions can lower the aggregation ability of ionic 

polysaccharides, thus the comparison of the two salt forms might give additional information 

about the solution properties of MnA (Cescutti and Rizzo, 2001; Körner et al., 1998). 

Conformational changes by the subsequent addition of calcium ions (Ca2+) on the solutions 

were observed (Fig. 3.35). 

 

 

 

 

 

 

 

 
Figure 3.35: Circular dichroism data of a MnA solution in the Na+ form (A) and in the NH4

+ form (B), 

as starting material, as a function of the addition of Ca2+ ions. 

 

 Figure 3.35,A shows the change in molar ellipticity for a sodium salt form of MnA 

upon addition of Ca2+ ions. Upon calcium addition the sigmoidal shape of the molar ellipticity 

change indicates an interaction with the divalent cations and an associated conformational 

change, probably due to the formation of intramolecular salt bridges. The mid-transition point 

is reached at a calcium concentration half the polymer repeating unit concentration, i.e. when 

the charges due to calcium ions reached the same concentration of those bound to polymer 

chain. 

 In order to check if the starting monovalent cation had some influence on the polymer 

conformation, the same CD experiment was repeated using MnA as ammonium salt. The 

variation of MnA-NH4
+ salt molar ellipticity as a function of calcium addition is shown in 

figure 3.35,B. The addition of calcium ions involved a variation in the molar ellipticity 

characterised by a sigmoidal shape, as seen in the case of the sodium ions. Therefore, also in 

this experiment the presence of a conformational change was suggested. Following Ca2+ 
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addition, the highest variation of the molar ellipticity was obtained in the [Ca2+]/[MnA] 

concentration ratio range 0.6–0.7 for both sodium and ammonium salt forms. However, 

although the molar ellipticity values were very similar at high [Ca2+]/[MnA] concentration 

ratios, dichroic effects at [Ca2+]/[MnA] = 0 were markedly different for the two salt forms. 

The initial molar ellipticity for the Na+ salt was about 1700 deg cm2 dmol-1 while that for the 

NH4
+ form was about 7700 deg cm2 dmol-1. Sodium and ammonium forms gave rise to two 

different value of molar ellipticity. However, they behave in same way with respect to the 

addition of calcium ions, giving sigmoidal behaviour, but of opposite sign. These findings 

suggested that the average local conformations of MnA-Na+ were different from those of the 

NH4
+ salt form, and that upon Ca2+ addition, the polymer conformation evolved toward a 

common conformational form. 

 

 3.5.3  Light scattering experiments 

 The investigation of the mean dimensions of the polymer chains in solution, and of 

their possible aggregates, was investigated by means of light scattering experiments. As for 

CD measurements, in these experiments the sodium salt form of MnA was studied as a 

function of calcium ion addition. Three different experiments are reported in Fig. 3.36. The 

data marked with black filled squares refer to a 1 mM polymer concentration in aqueous 

solution, where the ionic strength of the solution is very low. The addition of calcium ions did 

not produce detectable changes in the polymer dimensions. On increasing the polymer 

concentration (circles), the addition of calcium ions resulted in the initial decrease of the 

intensity of the scattered light and its subsequent stabilization. The addition of 50 mM NaCl 

(triangles) increased the solution ionic strength. In this condition, the addition of calcium ion 

produces a cooperative change in the polymer dimensions, as revealed by the sigmoid shape 

of the intensity on scattered light. 

 

 

 

 

 

 

 

 
Figure 3.36: Light scattering data of the addition of Ca2+ ions to a MnA-Na+ form  

in presence of different ionic strength solutions. 
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 The polymer concentration and the ionic strength of solution are two important factors 

to be considered. In fact, the dimensions of polyelectrolyte polymer chains in solution are 

largely ionic strength dependent. In addition to this, at very low (or zero) added salt 

concentration, the contribution to the ionic strength due to polymer charges themselves should 

be taken into account, and this behaviour was confirmed in the case of MnA. 

 At low polymer concentration and low ionic strength (Fig. 3.36), no detectable 

changes of MnA dimensions were observed. Therefore, the repulsion between polymer 

negative charges was rather high so that MnA may be assumed to adopt an extended coil 

conformation preventing the formation of aggregates. 

 At high MnA concentration, the initial decrease of the intensity of the scattered light 

indicated a slight more compact polymer structure. The addition of calcium ions produces a 

larger increase in ionic strength due to the sum of the contribution of its double charge and 

polymer charges. The consequent increase of the dielectric constant decreases the repulsion 

between phosphate negative charges making a more compact polymer shape possible. 

However, also in these experimental conditions the formation of aggregates seemed to be 

largely prevented. 

 The addition of 50 mM NaCl definitively increased the solution ionic strength making 

the repulsion between phosphate negative charges very low. In this condition, the polymer 

chains exhibit a larger flexibility and the addition of calcium ion produces a cooperative 

change in the polymer dimensions, which might be associated with polymer chain 

aggregation. The sigmoid shape of the intensity on scattered light results in good agreement 

with CD experiments. 

 

 3.5.4  Atomic force microscopy experiments 

 At this stage of the investigation, it was not possible to define the molecular details of 

the conformations involved in the MnA structure in the presence of different counterions. To 

obtain more information on the general shape of the MnA molecule and/or aggregates, atomic 

force microscopy (AFM) experiments were performed. 

 In order to compare differently charged counterions, three salt forms of the polymer 

were investigated by AFM images: ammonium, sodium and calcium salt. Microimages were 

collected both at low and high MnA concentration. In addition, dextran obtained from 

Lactobacillus sp. was also investigated for comparison purposes. 

 It has to be stressed that the polymer deposition on the mica surface was obtained by 

evaporation of a suitable aqueous solution sprayed on the mica. Therefore, during solvent 
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evaporation from the small droplets, an obvious concentration of the polymer solution was 

expected which has to be taken into account in the evaluation of the experimental results. 

 The first polysaccharide investigate was dextran. Due to its 1→6 glycosidic linkage, 

and the absence of electric charges, dextran was used as a standard for flexible polysaccharide 

chains. The morphology of dextran at low (5 μg/mL) and high (30 μg/mL) concentration is 

shown in figure 3.37,A and 3.37,B, respectively.  

 

 

 

 

 

 

 
Figure 3.37: AFM images of dextran spray-dried on mica 

A) polymer concentration 5μg/mL; B) polymer concentration 30μg/mL. 

 

 The images show that the flexible dextran chain assumed a spherical shape, with high 

dimensions of the globules at low polymer concentration and particularly at high 

concentration. These findings indicated that on increasing the polymer concentration a certain 

degree of aggregation occurred, probably due to the droplet evaporation process. However, 

the dimensions of the globules are different: at low polymer concentration, the average cross 

dimension measured perpendicular to the mica surface was 20.6 ± 11.5 Å, whilst at high 

concentration was 55.5 ± 22.6 Å. 

 

 The images obtained for the MnA-NH4
+ form are shown in figures 3.38.  

 

 

 

 

 

 

 

 
Figure 3.38: AFM images of MnA-NH4

+ form spray-dried on mica 

A) polymer concentration 5μg/mL; B) polymer concentration 30μg/mL. 
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 The microimage in Fig. 3.38,A, obtained at low polymer concentration (5 μg/mL), 

shows the presence of individual polymer chain, thus indicating that at low polymer 

concentration ammonium counterions disfavour polymer aggregation. The average dimension 

of the chain diameter, evaluated on a number of different chains, was 6.1 ± 2.0 Å in very good 

agreement with the lateral dimension of a polysaccharidic chain. On increasing the MnA 

solution concentration, the morphology of the objects sensibly changed assuming a spherical 

shape similar to that found for dextran (Fig. 3.37). The increase of polymer concentration 

involved an increase in MnA backbone flexibility probably due to the self-influence of the 

increased concentration of MnA phosphate charges. The average vertical dimension of the 

objects shown in Fig. 3.38,B was 9.6 ± 0.8 Å, exhibiting a surprisingly low values dispersion. 

 

 The images relative to the MnA sodium salt are shown in figures 3.39.  

 

 

 

 

 

 

 

 
Figure 3.39: AFM images of MnA-Na+ form spray-dried on mica 

A) polymer concentration 5μg/mL; B) polymer concentration 30μg/mL. 

 

 The images relative to the MnA sodium form evidenced a polymer morphology 

different from that found in MnA ammonium form. At low polymer concentration (fig. 

3.39,A) no individual chains are detected, but only spherical objects were detected having a 

vertical average dimension (28.9 ± 3.5 Å). Single spherical objects were no more detected 

increasing the polymer concentration to 30 μg/mL (Fig. 3.39,B). Instead, a large molecular 

aggregation forming an extended network was evidenced. In contrast to the disaggregating 

NH4
+ ions, sodium ions induced polymer aggregation throughout interchain salt bridges.  

600nm 530nm

A B
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 MnA calcium form images are reported in figure 3.40.  

 

 

 

 

 

 

 

 
Figure 3.40: AFM images of MnA-Ca2+ form spray-dried on mica 

A) polymer concentration 5μg/mL; B) polymer concentration 30μg/mL. 

 

 The image obtained at low polymer concentration (Fig. 3.40,A) shows the presence of 

small spherical objects with an average vertical dimension equal to 22.9 ± 6.5 Å, similar than 

that found for the sodium salt. At high polymer concentration of MnA calcium form (Fig. 

3.40,B) the objects were distinctly larger thus indicating a given degree of polymer chain 

aggregation. It may be assumed that calcium ions largely promoted intramolecular salt 

bridges with few intermolecular interactions thus giving rise compact species. 

 

 3.5.5  Viscosity measurements 

 The effect of Ca2+ interaction with phosphate groups of MnA sodium form was also 

investigated by means of capillary viscosity in dilute solutions. The flowing time ratio was 

measured for a polymer concentration equal to 1 mg/mL. The data are shown in figure 3.41 

where the relative viscosity normalised by the polymer concentration is reported as a function 

of Ca2+ ions addition. It was observed a very little increase of the relative viscosity. 

 

 

 

 

 

 

 

 
Figure 3.41: Viscosity data of the addition of Ca2+ ions to a MnA-Na+ form [1mg/mL]  

in NaCl 0.05M solution. 
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 The data were obtained in the presence of 0.05 M NaCl to decrease the polyelectrolyte 

effect that would have induced an intrinsic rigidity of the polymer backbone due to the 

repulsion between negatively charged groups. The addition of Ca2+ ions does not produce a 

large variation in polymer solution flowing time. These findings are in good agreement with 

AFM data which revealed that in dilute solution the MnA sodium and calcium form assumed 

a globular shape with similar lateral dimensions. The small increase of the relative viscosity 

upon increasing the [Ca2+]/[MnA] ratio was probably due to the formation of small 

supramolecular aggregates induced by calcium ions, as already pointed by AFM experiments. 
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5. CONCLUSIONS 
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 The research described in this thesis focused on structural features of bacterial 

polysaccharides and their possible role in infection maintenance. Exopolysaccharides and 

capsular polysaccharides are important virulence factors synthesized by bacteria to evade the 

host immune response. In addition, different studies indicated that polysaccharides production 

is implied in development of mature biofilms (Hoyle et al., 1993; Xu et al., 2000), because 

EPSs stabilize the three-dimensional biofilm architecture (Danese et al., 2000; Hoyle et al., 

1993; Xu et al., 2000). Other studies pointed at the interaction of EPSs with component of the 

immune system, like complement factors, reactive oxygen species and antimicrobial peptides 

(Bylund et al., 2006; Herasimenka et al., 2005; Reckseidler-Zenteno et al., 2005).  

 The physico-chemical properties of EPSs are responsible to the above described 

abilities, and investigations have been carried out on the structure/function relationships. In 

fact, the highly varied polysaccharidic structures of the bacterial capsule involve different 

possible conformations assumed by these polymers in aqueous solutions. Some bacteria, like 

Inquilinus limosus, are able to produce two different exopolysaccharides. Both polymers 

resulted organized in different secondary structures with different features. The most stable 

ordered conformations evaluated by molecular modelling are left-handed helices for the 

mannan and right-handed helices for the glucan. The production of two different EPSs, with 

different conformational features, by the same bacterium suggested that the mixture might 

have a synergistic effect when exerting their biological role. A different conformational study, 

carried out on capsular polysaccharide produced by N. meningitidis group A, focused on CPS 

conformational behaviour dependent on the nature of its counterion. By investigating the role 

of monovalent cations, the sodium form induced a spherical morphology to the MnA 

polysaccharide, whereas the NH4
+ form resulted in a more elongated polymer structure. The 

interaction with calcium ions produced ‘toroidal’ aggregates of spherical particles, which also 

explained the lower solubility of the polymer in the presence of calcium ions. As a result of 

this study, it was demonstrated that different salt forms produced different polymer 

conformations, which, in turn, may affect the chemical modification necessary to conjugate 

MnA oligosaccharides to carrier proteins in vaccine formulation. 
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 The conformational versatility of these EPSs could be a parameter that increases 

bacterial survival in the host. In fact, biological test of the inhibition of the activity of 

antimicrobial peptides by the mixture of EPSs produced by I. limosus revealed a high degree 

of AMPs activity inhibition, comparable to alginate polysaccharide. Minimum inhibitory 

concentration experiments, together with a physicochemical characterization of the interaction 

between antimicrobial peptides and exopolysaccharides, produced by opportunistic bacteria, 

demonstrated that bacteria might use exopolysaccharides to bind and segregate AMPs, thus 

lowering the efficiency of the primary innate host defences. Bacterial polysaccharides are 

often negatively charged, which certainly promotes their complexation with positively 

charged peptides. Alginate, produced by P. aeruginosa, and the mixture of EPSs produced by 

I. limosus, having one negative net charge per monosaccharide residue, lowered the biological 

activity of AMPs and generated stable complexes in a wide range of EPS concentration. On 

the contrary, the charge of the peptide seemed not to have a relevant influence on the stability 

of the complexes. In addition to this, specific stereochemical motifs might also play a role in 

the interaction between EPS and antimicrobial peptides. For example, the 1→4 glycosidic 

linkages in alginate lead to an elongated conformation, which can be classified as “cellulosic 

type”; contrary to this, the 1→2 and 1→3 glycosidic bonds present in the EPSs produced by I. 

limosus force the polymer chain to assume a more “helicoidal” conformation. Atomic force 

microscopy revealed to be a potent tool to visualize the interaction of EPS with antimicrobial 

peptides, although the experimental conditions generally used for AFM are rather different 

from those present in vivo or used in vitro for different experiments. The comparison between 

images of EPS obtained in the absence and in the presence of antimicrobial peptides was very 

indicative of the presence of supramolecular aggregates.  

 The capability of exopolysaccharides to assume different conformations depends on 

different factors, in particular on the monosaccharidic composition and the presence of non-

saccharidic components. In the research developed during this thesis work, a new method to 

study the structure of bacterial polysaccharides was designed.  It resorts to the isolation of the 

repeating unit from the inner bacterial membrane and the data presented on the isolation and 

characterisation of the biological RU of cepacian demonstrated that this procedure is feasible 

even in the presence of structurally complex oligomers bearing a high degree of acetyl 

substitution and it might be particularly advantageous when dealing with a mixture of 

polymers. In our case, this strategy permitted the study of biological cepacian repeating unit 

and confirmed that glucose is the first sugar bound on the donor lipid imbedded in the inner 

membrane. In addition, a partial pattern of RU acetylation was clarified. Finally, it was also 
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possible to isolate incomplete RU, thus obtaining information on the biosynthetic sequence 

complementing genetic data on the gene clusters involved in this process. 

The structure determination of polysaccharides produced by bacteria, as well as other 

sources, is still a challenging task. Although the extensive use of 1D and 2D NMR 

spectroscopy, together with high resolution mass spectrometry, greatly helps in reaching the 

goal, complex EPS structures still might require several months to unravel their primary 

structure. Moreover, the presence of different polysaccharides co-synthesised by 

microorganisms, as well as the polymer viscosity in aqueous solutions accompanied by 

aggregation phenomena, often render the structural work more difficult. In these cases, 

enzymatic degradation of the EPS to lower mass oligosaccharides is of great help. However, 

very seldom commercially available enzymes are able to degrade novel polysaccharides due 

to the specificity of glycosidases and the large structural variability of glycosyl linkages. For 

this purpose, an enzyme active on cepacian, the EPS produced by the majority of strains 

belonging to the Burkholderia cepacia complex, was isolated and purified during this thesis 

and its sequencing is in progress. The final aim of this research line is to clone the lyase in a 

micro-organism to get suitable amount of the enzyme for further studies both structural and 

functional.  
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