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Abstract 

Klebsiella pneumoniae (K. pneumoniae), a Gram-negative pathogenic bacterium, is a leading cause of 

neonatal sepsis in low- and middle-income countries (LMICs). Due to rapidly increasing anti-microbial 

resistance (AMR), it has been ranked among the “critical-priority 1” pathogens to human health by 

the World Health Organisation (WHO).  K. pneumoniae produces a capsular polysaccharide (CPS or K-

antigen), which constitutes an important virulence factor and a potential vaccine antigen. To date, 

there are up to 77 known distinct K. pneumoniae K-antigen serotypes, that have been classified 

through serotyping. Furthermore, there are additional K-locus (KL) serotypes that have been recently 

identified using genotyping. 

This project involved the characterisation and structural elucidation of the CPS repeating unit (RU) 

structures, known as chemotyping, of four emerging clinically significant strains of K. pneumoniae, 

which were identified through genotyping as novel serotypes: KL102; KL112; KL122; and KL107. NMR 

spectroscopy provides a non-destructive method for the structural elucidation of polysaccharides on 

relatively small amounts of samples. A combination of 1D and 2D homo and heteronuclear NMR 

experiments can be used to determine the monosaccharide composition, anomeric configurations ( 

or ), linkage positions and sequence of residues in the polysaccharide RU. NMR can also identify the 

presence and positions of non-carbohydrate substituents including O-acetyl and pyruvate groups. 

Complete NMR characterisation and structural elucidation was successfully achieved for all four 

capsular polysaccharides investigated. Their proposed RU structures were compared to those of 

known K. pneumoniae K-antigens, using a database that was constructed during this investigation, to 

confirm if they were novel serotypes. KL102 CPS has a novel hexasaccharide RU, made up of a 

trisaccharide backbone, and is doubly-branched with a disaccharide and a single terminal residue side 

chains, this can be categorised as a 3 + 2 + 1 RU type. KL112 CPS has a novel and unusual 

pentasaccharide RU, consisting of a disaccharide backbone chain and a trisaccharide side chain, 

categorised as a 2 + 3 RU type. KL122 CPS also has a novel hexasaccharide RU containing three uronic 

acids and is made up of a tetrasaccharide backbone chain with two terminal monosaccharide residues, 

thus a 4 + 1 + 1 RU type. In contrast, KL107 CPS was found to be identical to serotype K2, having a 

tetrasaccharide RU, with a trisaccharide backbone chain and a single terminal residue with O-

acetylation on the branched backbone residues. The diagnostic NMR data acquired for these CPSs can 

be used for serotype identity testing, and to monitor the structures of K-antigens during the process 

of glycoconjugate vaccine development. 
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Chapter 1: Introduction 

Klebsiella pneumoniae (K. pneumoniae) is a Gram-negative, encapsulated, and non-motile bacterium, 

and a leading cause of hospital-acquired infections and neonatal sepsis in low- and middle-income 

countries (LMICs).[1] This pathogen has gained recognition as a concerning threat to human health, 

due to the rapid emergence of multi-drug resistant (MDR) and hypervirulent strains, causing high rates 

of morbidity and mortality globally.[2] The external surface of the bacteria is comprised of a capsular 

polysaccharide (CPS, K-antigen) and a lipopolysaccharide (LPS, O-antigen), which are the main 

virulence factors and the basis for the classification of strains.[3] There is an urgent need for an 

effective K. pneumoniae glycoconjugate vaccine to provide protective immunisation to  neonates, the 

elderly and immunocompromised individuals, to help reduce the use of antimicrobials, and 

consequently, the spread of resistance.[4] The CPS is not only established as the most important 

virulence factor but has been demonstrated to be an effective immunological and potential vaccine 

antigen.[5] 

Up to 77 K. pneumoniae serotypes have been identified based on the unique and surface-exposed K-

antigens produced by different strains using a technique termed serotyping.[6] However, due to its 

challenges and limitations, serotyping is no longer widely used, now genotyping has become 

established as a more effective approach to identify K-antigen serotypes and distinguish clinical 

isolates.[7]  Using genotyping, a set of additional K-antigen serotypes, known as K-locus (KL) series, 

have been identified based on the analysis of specific genes (K-loci) responsible for the biosynthesis 

of the CPS.[7] The chemical structures of the 77 K-antigens, identified by the traditional serotyping 

approach, have been investigated and their repeating unit (RU) structures elucidated in various 

chemical studies in the literature (as shown in the Appendix, Table 1A), this  process is referred to as 

chemotyping. Chemotyping specifically defines each K-antigen at a chemical-molecular level, enabling 

the understanding of their immunological behaviour. This investigation involved the characterisation 

and chemotyping of capsular polysaccharides of some emerging clinically important strains of K. 

pneumoniae, that have been identified by genotyping, using Nuclear Magnetic Resonance (NMR) 

spectroscopy. 

This chapter introduces K. pneumoniae, highlighting the prevalence and effects of its infections, 

association with drug resistance, a brief discussion of the traditional serotyping and the modern 

genotyping methods used in the identification of isolates, as well as the importance of chemotyping 

the capsular polysaccharides. Moreover, the structures of K. pneumoniae CPSs are described, followed 

by the structural elucidation methods, highlighting the advantages of NMR spectroscopy compared to 
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wet-chemical analysis, and finally, a discussion of the need and current stage in the development of a 

conjugate vaccine against this pathogen. 

1.1 Brief history of K. pneumoniae and its significance 

In 1882, Carl Friedlander first discovered and described K. pneumoniae as an encapsulated bacillus, 

that he isolated from the lung tissues of patients deceased from pneumonia.[8] As a result, it was 

originally named Friedlander’s bacillus and ultimately classified and renamed as a species of the 

Klebsiella genus in 1886, a name which honours the German microbiologist, Edwin Klebs.[9–11] 

Klebsiella species are members of the Enterobacteriaceae family and are present in various 

environments in nature.[11] K. pneumoniae is the most clinically important species within this genus 

and the species name, pneumoniae, was derived from its association with pneumonia, one of the 

primary diseases it is responsible for.[12] However, it can also cause other diseases, including urinary 

tract infections (UTIs) bloodstream infections (bacteraemia), and sepsis.[4,9,13] K. pneumoniae 

bacteria naturally form part of the human flora, particularly colonizing mucosal surfaces of the 

gastrointestinal tract and oropharynx, where they are non-symptomatic.[4,11,12] Moreover, they are 

also found in environmental water, especially sewage-contaminated water, and in the soil and 

plants.[12]  

1.1.1 Classical K. pneumoniae 

Historically, K. pneumoniae has been classified as an opportunist pathogen that is associated with 

nosocomial infections in neonates, the elderly, and other immunosuppressed individuals who are 

suffering from other significant comorbidities.[4,13] This is because classical K. pneumoniae does not 

typically cause disease in healthy individuals but uses the opportunity to spread in healthcare 

environments and infect patients with weakened immune systems. These patients are usually 

admitted for other reasons and do not have the infection at the time of admission. The types of 

hospital admissions include underlying diseases such as diabetes mellitus, hypertension, chronic lung 

disease, malignancy, liver and gallbladder diseases, renal failure, and alcoholism.[10] It has been 

reported that K. pneumoniae is responsible for about 11.8% of nosocomial pneumonia globally.[14] 

This is directly correlated to an observed increase in carrier rates of this pathogen in humans who have 

been exposed to hospital environments.[12] Approximately 5 - 38% of humans in community settings 

carry K. pneumoniae as part of their gut microbiome, as detected from their stool samples, and 1 - 6% 

in their nasopharynx, commensally.[12] However, these colonisation rates increase dramatically in 

healthcare environments, and are directly proportional to the length of hospitalisation period, with 

77% and 19% of patients reported to carry K. pneumoniae in their gut and pharynx, respectively.[12] 

Additionally, the patient’s previous antibiotic therapy, especially with broad-spectrum or multiple 
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antibiotics, is significantly associated with acquiring K. pneumoniae in their gastrointestinal flora.[15] 

This hospital colonisation is a significant risk factor for K. pneumoniae diseases, as it has been 

identified that patients who have acquired hospital colonisation possess up to a four-fold increased 

infection rate compared to non-carriers.[15] 

1.1.2 Hypervirulent K. pneumoniae 

From the 1980s, reports about the emergence of hypervirulent K. pneumoniae strains began to rise, 

which, in contrast to classical K. pneumoniae, are significantly more invasive and cause community-

acquired infections such as pneumonia.[9,13] These strains originated from Asia (Taiwan, China) and 

have continuously spread across the Asian Pacific Rim.[16] They are now increasingly reported in 

regions outside of Asia. The hypervirulent K. pneumoniae is described as strains evolved from classical 

K. pneumoniae, which have acquired hypervirulent genetic and phenotypic traits.[9] Their enhanced

virulence and invasiveness enable them to cause infections in healthy, immunocompetent, individuals 

and allow them to establish more severe infections in other human organs, including pyogenic liver 

abscesses, central nervous system infections, and endophthalmitis.[9,16] Furthermore, they are 

capable of causing multiple site infections and may spread metastatically, as a result, they are 

associated with higher rates of mortality.  

1.2 K. pneumoniae diseases 

1.2.1 Prevalence of infections and antibiotic resistance 

K. pneumoniae infections have become a significant human health threat in the last few decades, due

to a concerning rise in antibiotic resistance and the emergence of MDR strains.[9] This has led to 

increasingly high mortality rates associated with K. pneumoniae and significant challenges in the 

healthcare treatment and management of its infections.[5] Approximately 50% of global mortality has 

been reported to be attributed to K. pneumoniae infections.[12] The World Health Organization 

(WHO) has recognised and ranked K. pneumoniae as a “critical-priority 1” antibiotic-resistant 

pathogen to human health.[17] K. pneumoniae is also classified as one of the “ESKAPE” pathogens 

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and Enterobacter species), a group of both Gram-negative and Gram-

positive bacteria which have been found as leading causes of nosocomial infections and has been 

associated with MDR since 2008.[18]  Due to this MDR, even nosocomial infections that have 

previously been simple to treat, such as UTIs, and wound or surgical site infections, have become more 

complicated and intractable, while severe infections like pneumonia and bacteraemia are increasingly 

life-threatening.[9] 
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Antibiotic resistance is mainly associated with classical K. pneumoniae, however, strains which possess 

both the traits of hypervirulence and multi-drug resistance have been reported in China, which is even 

more alarming.[9,19,20] 

Due to hypervirulent strains, in Western countries, K. pneumoniae is estimated to be responsible for 

approximately 3 - 5% of all community-acquired pneumonia, whereas it is approximately 15% in 

developing countries such as Africa.[14] These are highly significant rates for a pathogen such as K. 

pneumoniae, which has previously only been associated with hospital-acquired infections and 

highlights its threatening evolution as a pathogen. Neonatal sepsis is one of the most important K. 

pneumoniae hospital-acquired infections, claiming countless lives of neonates, especially in 

LMICs.[21,22] 

1.2.2 K. pneumoniae neonatal sepsis 

Neonatal sepsis is a severe condition where a pathogen causes a systemic infection in a newborn.[23] 

This has been categorised as either early-onset sepsis (EOS) or late-onset sepsis (LOS). In the context 

of neonatal sepsis caused by pathogens other than group B Streptococcus (GBS), EOS occurs when the 

disease appears within 72 hours after birth, while LOS disease manifests after 72 hours of life.[23] 

Moreover, EOS is attributed to infections acquired by the infant before or during birth and is usually 

caused by pathogens transmitted vertically from mother to infant. In contrast, LOS is usually caused 

by pathogens acquired horizontally from the hospital environment or community after birth.  

In LMICs, K. pneumoniae is the most common and critical cause of both EOS and LOS and associated 

mortality,[24,25] this is demonstrated by data from the National Neonatal Perinatal Database in 

India.[26] Sepsis has been reported to kill around 1.6 million neonates per year, mainly in LMICs.[24] 

Estimations have indicated that about 800,000 neonates die within the first month of their birth due 

to sepsis annually, and K. pneumoniae is one of the main pathogens responsible for the infections.[1] 

Unsurprisingly, the prevalence of antibiotic-resistant K. pneumoniae strains is a high-risk factor which 

increases the susceptibility of neonates to infections and poses critical challenges in the clinical 

management of its infections.[27] 

1.3 Treatment and resistance mechanisms 

The discovery of Penicillin G, in 1929, and its introduction to clinical practice in 1940, marked a 

significant milestone in medicine.[28] Penicillin G, the first of the -lactam antibiotics class, 

established and initiated an effective therapeutic approach for the treatment of life-threatening 

bacterial infections in healthcare facilities, thus saving countless lives.[4] However, it was soon 

discovered that an enzyme produced by Escherichia coli, called penicillinase, can eradicate the ability 

of penicillin to kill bacteria.[29] This was alarming and a first encounter of resistance against penicillin 
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and -lactam antibiotics. As this was still before the extensive use of penicillin, it showed the natural 

existence of enzymes that can help bacteria resist the effects of -lactam antibiotics.[29] Furthermore, 

it became clear that the widespread use of antibiotics provides selective pressure for the evolution of 

drug resistance in bacteria.[30] Consequently, this has led to the development and discovery of four 

groups of -lactam antibiotics over the last few decades, namely, penicillins, cephalosporins, 

monobactams, and carbapenems.[31] These were discovered in attempts to overcome drug 

resistance, and scientists found ways to make modifications to existing -lactams to form new 

generations of drugs with improved efficacy. Extended-spectrum -lactam antibiotics such as third-

generation cephalosporins and carbapenems have been considered as the last resort for the 

treatment of MDR gram-negative bacteria such as K. pneumoniae.[29,31]  

The multidrug resistance of K. pneumoniae strains is a product of two main kinds of -lactamases: the 

extended-spectrum -lactamases (ESBLs) and K. pneumonia carbapenemases (KPC).[31] ESBL-

producing K. pneumoniae strains were first reported in Europe and the United States in 1983 and 

1989, respectively.[32] Since then, they have increasingly spread across the world, leaving the 

carbapenems as the last hope for treatment of ESBL-producing K. pneumoniae. ESBLs are capable of 

hydrolysing most of the -lactam antibiotics, particularly, third generation cephalosporins and 

monobactams, while carbapenemases can hydrolyse almost all the -lactams.[9] In 2013, the Centers 

for Disease Control and Prevention (CDC) reported 9 000 infections caused by carbapenem-

resistant Enterobacteriaceae, of which approximately 80% were due to K. pneumoniae.[33] These 

reports about K. pneumoniae isolates expressing carbapenemases have raised even more concerns as 

these strains make the bacteria resistant to nearly all the currently available -lactam antibiotics.[9]  

1.4 Prevalence of K. pneumoniae disease in South Africa 

K. pneumoniae diseases are of great concern in LMICs such as African countries. For example, K.

pneumoniae has been a significant pathogen implicated in hospital-acquired infections in South 

African paediatric intensive care units.[34–37] Additionally, a variety of South African-based studies 

have reported several outbreaks of MDR K. pneumoniae infections. Moreover, K. pneumoniae has 

recently been identified to constitute 25% and 28% of ESKAPE and E. coli isolates obtained from 

patients with bacteraemia in the South African public and private sectors, respectively.[38]  

Antibiotic susceptibility studies have revealed a continuous increase in resistant K. pneumoniae strains 

to multiple antibiotics, including a two-fold increase of isolates which are non-susceptible to 

carbapenems.[38] This is also evidenced by the 2021 South African surveillance of AMR and 

consumption of antimicrobials, which has found K. pneumoniae as one of the most common bacterial 

pathogens isolated from the blood of patients with bloodstream infections in both the public and 
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private sectors.[39] The prevalence of K. pneumoniae strains expressing extended-spectrum--

lactamases (ESBLs) was found to have increased from 65% in 2016 to 70% in 2020, thus demonstrating 

the increasing limitations in the effectiveness of cephalosporins as a treatment option. Furthermore, 

an alarming increase from 8% in 2016 to 25% in 2020 of carbapenemase-producing K. pneumoniae 

strains was observed. 

There is an urgent need for new effective antibiotics and an alternative approach to prevent infections 

caused by K. pneumoniae. Immunisation with a glycoconjugate vaccine is a promising alternative 

approach for the prevention of K. pneumoniae infections.[40] This idea has been known for many 

years and arose from the discovery of surface carbohydrates as major virulence factors of 

encapsulated pathogenic bacteria.[41] 

1.5 Surface polysaccharides of K. pneumoniae 

Bacterial surface polysaccharides are complex carbohydrate polymers produced by bacteria for 

expression on their external cell surface. Polysaccharides are polymers comprised of monosaccharide 

units arranged in repeating units (RUs); they can also contain non-carbohydrate substituents such as 

acetyls, phosphates, or pyruvate groups at specific positions in the RUs. These surface polysaccharides 

have been identified as important virulence factors for pathogenic bacteria for many years, this is 

generally because they are the first point of contact with the host’s immune system and protect the 

bacteria from innate immune cells and environmental conditions such as osmotic pressure and 

desiccation.[42]  

As a Gram-negative bacteria, K. pneumoniae possesses two types of surface polysaccharides, a 

capsular polysaccharide, also known as K-antigen, and a lipopolysaccharide (LPS), also known as O-

antigen (Figure 1.1), in contrast to Gram-positive bacteria which lack LPS.[42] Additionally, these 

surface polysaccharides have been used as the basis for the differentiation and classification of 

bacterial strains into distinct K- and O-antigen serotypes.[43] Due to the wide variety of existing 

monosaccharide units, with at least 100 monosaccharides identified,[44] and the numerous ways in 

which they can combine, bacteria have used this to their advantage to produce a vast structural 

diversity of surface polysaccharides. 
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Figure 1.1: Schematic diagram of the extracellular structure (IM = inner membrane; PGN = peptidoglycan; OM = 
outer membrane) and surface polysaccharides (CPS = capsular polysaccharide; LPS = 
lipopolysaccharide) of K. pneumoniae. Modified from Opoku-Temeng et al. with permission.[4] 

1.5.1 Capsular polysaccharides 

Capsular polysaccharides (CPS) forms the outermost surface of K. pneumoniae and has been found as 

the main virulence factor as it allows the bacteria to evade innate immune complement activity and 

phagocytosis.[45] The CPS polymers are usually covalently linked to the cell surface of the bacteria 

and are capable of stimulating specific immune responses.[45] They are acidic and hydrophilic, thus, 

usually 95% hydrated, protecting the bacteria from desiccation, and shielding them from the 

environment.[12,46] Studies have shown that bacterial strains that are unencapsulated are less 

pathogenic and more susceptible to phagocytosis and serum killing compared to their encapsulated 

counterparts.[4,45] 

To date, at least 77 serologically different CPS (K-antigen) serotypes have been identified for K. 

pneumoniae: K1 - K82 (excluding K73, K75, K76, K77, and K78, which were recognised to be 

serologically indistinguishable from previously described serotypes or to belong to another 

genus).[12,45,47] Moreover, additional K-antigens (known as the KL series) have been identified 

through a genotyping approach (described in Section 1.6.2). 

Some K. pneumoniae strains, especially the hypervirulent K. pneumoniae, are heavily encapsulated 

with a hypermucoviscous CPS, forming a thick, highly protective and virulent polysaccharide coat 

(Figure 1.2).[45,48] The vast majority of these clinically isolated hypervirulent K. pneumoniae strains 

have been identified as belonging to two serotypes, K1 and K2, which account for about 70% of all 

hypervirulent K. pneumoniae infections worldwide.[49,50] However, it has been found that not all 

hypervirulent K. pneumoniae strains exhibit heavy hypermucoviscous CPS and that some classical K. 
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pneumoniae strains are also heavily encapsulated. This hypermucoviscous heavy CPS can be indicated 

by a positive string test, whereby an inoculation loop can successfully produce a viscous string longer 

than 5 mm when stretching the bacterial colonies grown on agar plates.[16] 

Figure 1.2: Schematic diagram representing the difference of the capsular polysaccharide (K-antigen) normally 
produced by classical K. pneumoniae compared to the hypermucoviscous and heavy capsular 
polysaccharide usually produced by hypervirulent K. pneumoniae. Modified from Arato et. Al. [51] 

1.5.2 Lipopolysaccharides 

The lipopolysaccharides (LPS) are made up of three components,  Lipid A that attaches the whole LPS 

into the bacterial membrane, an oligosaccharide core in the middle, that is divided into an inner and 

outer core, and an outer polysaccharide chain to which the term, O-antigen, specifically refers 

(Figure 1.3).[12] The O-antigen is the most important component of the LPS because it is the part that 

interacts with the host’s immune system. Moreover, the LPS is considered to play an important role 

in the pathology of septicaemia because of its endotoxic effects.[12] To date, there are at least 8 O-

antigen serogroups of K. pneumoniae that have been identified with approximately 11 O-serotypes 

described.[52] However, historically, 12 O-serogroups were described, from which the serogroups: 

O6; O8; O9; and O11, have been removed as they have been found to be identical or closely related 

to previously identified serogroups.[3,45,53] 
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Figure 1.3: Schematic diagram of a lipopolysaccharide, showing its three structural components: Lipid A, 
oligosaccharide core, and the O-antigen. Modified from Mazgaeen L and Gurung P.[54] 

 

1.6 Typing techniques of K. pneumoniae strains 

1.6.1 Serotyping 

Bacterial strains have been traditionally serologically classified into serotypes based on the interaction 

of surface polysaccharide antigens with specific typing sera.[12,55,56] This classification method is 

called serotyping, and since the CPS is commonly expressed by both Gram-negative and Gram-positive 

bacteria, it is the main surface antigen for serotyping. To achieve this, specific antisera must be 

produced using a suitable animal model.[57] The produced antisera is used in serological tests which 

are based on the recognition of the K-antigen with corresponding antibodies in a specific typing 

antiserum.[43,57,58] Similarly, in Gram-negative bacteria such as K. pneumoniae that produce LPSs, 

the O-antigens have been used for serotyping. However, since the CPSs (K-antigens) usually mask the 

O-antigens and are heat-stable, they have been described to make the serological classification of O-

antigens difficult. In contrast, the CPS typing technique has been found to give good replicability and 

the ability to differentiate most clinical isolates.[12] However, serological cross-reactions among some 

K-antigens can make it challenging to differentiate between them.[56] This is usually because of 

structural similarities among some K-antigens. Moreover, the process can be cumbersome, time-

consuming, and in certain cases, the serological tests are prone to subjective interpretation due to 

poor K-antigen and anti-serum reactions.[12] As a result, reports have suggested that a few strains, 

especially clinical isolates, are impossible to type using serotyping.[58–60] Additionally, typing anti-

sera are not commercially available.[56] 
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1.6.2 Genotyping 

Recent advancements in molecular techniques have given rise to genotyping methods, allowing for a 

complementary or alternative approach to bacterial serotyping. These are based on the 

characterisation and sequencing of specific genes conserved between bacteria of the same species, 

while varying between different K- or O-antigen serotypes.[61] Common examples reported for the 

classification of K. pneumoniae strains include the K-antigen typing based on the determination of the 

sequence of the wzi and/or wzc genes found within the capsular polysaccharide biosynthesis locus 

(cps locus or K-locus),[59,62] and the O-antigen typing based on the wzm or wzt genes involved in the 

transport system of the O-antigen during biosynthesis.[53,59,63]  

The advanced molecular techniques used for genotyping include the polymerase chain reaction (PCR)-

based method,[59,64] restriction fragment length polymorphism (RFLP),[65] pulsed-field gel 

electrophoresis (PFGE), multi-locus sequence typing (MLST), and whole genome sequencing 

(WGS).[61,66] 

Genotyping has become an established, more practical and widely used approach for classification of 

K. pneumoniae strains, providing a higher differentiating power of isolates compared to the traditional

serotyping technique.[6,7,59,62] As a result, up to 141 distinct K-loci have been identified from K. 

pneumoniae WGS, suggesting the presence of at least 141 K-antigen serotypes.[63,66] These 141 K-

serotypes are referred to as the K-locus (KL) series: KL1–KL81, KL101–KL149, KL151, KL153–KL155, and 

KL157–165; and are inclusive of the 77 K-antigens that have been identified serologically, whereby 

KL1-KL81 are synonymous with K1-K81.[63] 

The genotyping methods are also important for gaining insight into the epidemiology, AMR, and 

virulence factors of strains. For example, MLST has been widely used in epidemiological studies of K. 

pneumoniae, revealing the diversity of sequence types (STs),[67] such as the carbapenem-resistant K. 

pneumoniae strain identified as ST258, known as a high-risk clone which has spread globally.[68] 

Additionally, PCR methods and WGS have been utilised as means to determine drug-resistant genes 

and genetic traits of highly virulent strains, such as hypervirulent K. pneumoniae.[69] 

Genotyping, however, has some limitations in that it focuses solely on the genotype (for example, K-

loci), whereas it is important to note that the genotype may not always manifest fully in the phenotype 

(for example, the actual K-antigen), which may be due to mutations.[70] Further analysis can be done 

by in-depth investigation of the chemical structures of the K- and/or O-antigens, which provide 

absolute differentiation of closely related serotypes and specifically define each of them, using the 

method called chemotyping. 
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1.6.3 Chemotyping 

Chemotyping refers to the classification and differentiation of bacterial strains through the study of 

their chemical composition, which can be based on their cell wall molecular components.  This involves 

the direct analysis and characterisation of the chemical structures of the K-antigen or O-antigens using 

chemical and physiochemical analytical methods. Through a combination of these methods, the 

chemical composition and repeating unit (RU) structure of the polysaccharide antigen, known as the 

chemotype, is elucidated. The polysaccharide RU is defined by constituent monosaccharide residue 

types, stereochemistry, positions of linkages and the presence of non-carbohydrate substituents 

including O- or N-acetyls, pyruvate, or phosphate groups (Figure 1.4). The chemotypes of the 

traditionally serologically identified K- and O-antigens have been elucidated and reported in the 

literature. Chemotyping is of vital importance as the serotype-specificity of the immunological effects 

of K- and O-antigens is determined by their chemical structures. These can differ by even small 

structural features such as glycosidic linkage positions, or just the presence, position, and amount of 

non-carbohydrate substituents. Elucidation of the structure can provide an understanding of the 

observed serological cross-reactions among some antigens, which may be due to similar structural 

features and epitopes. 

Figure 1.4: Representation of a typical bacterial polysaccharide repeating unit structural features. The blue, 
yellow, grey, and green circles, as well as the red square, represent distinct monosaccharide residues, 

with their  or  anomeric configurations and linkage positions indicated. The small black triangle 
represents a non-sugar substituent (for example, an O-acetyl group). 
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1.7 CPS repeating unit structures of known K. pneumoniae serotypes 

The capsular polysaccharide structures of the 77 K. pneumoniae serotypes, originally identified 

serologically, have been elucidated and reported in several chemical studies in the literature, while 

this is unknown for the remaining genotypically identified K-antigens of the KL series.[66] To facilitate 

this investigation of characterisation and elucidation of the capsular polysaccharides of some new 

emerging K. pneumoniae strains, a database was constructed by compiling the CPS structural 

information of the known 77 K. pneumoniae serotypes (Table 1A in the Appendix). The database, as 

summarised according to the sugar compositions of the capsular polysaccharides in Table 1.1, shows 

that the capsular polysaccharides of K. pneumoniae generally consist of groups of neutral sugar and 

uronic acid residues that are linked to each other in a variety of patterns to form the array of K-

antigens. The most common monosaccharide residues that form the CPSs are the neutral aldohexoses: 

glucose (Glc), galactose (Gal), and mannose (Man); the 6-deoxysugars: rhamnose (Rha) and fucose 

(Fuc); and uronic acid residues: glucuronic acid (GlcA), and galacturonic acid (GalA). Typically, all these 

monosaccharides have a D-configuration, except for the 6-deoxysugar residues, which are usually 

found in L-configuration. Unusual monosaccharides including modified uronic acids or keto acids 

(KetoA) are rare but have been found in the capsular polysaccharides of serotypes K22, K37, K38, and 

K66 (Table 1A in the Appendix). Furthermore, several K-antigens contain ketal-linked pyruvic acids 

and a few of them have O-acetyl groups, which may be important immunological epitopes, as 

indicated in Table 1.1. Due to the general presence of uronic acid residues, pyruvic acid (PyrA) 

substituents, or both, the capsular polysaccharides of K. pneumoniae serotypes are usually acidic in 

nature. 

The three carbon pyruvic acid molecule usually forms the ketal-linkage through its C2, to the 4,6 

hydroxyl groups of an aldohexopyranose residue, resulting in a six-membered ring, or across the 2,3 

or the 3,4 hydroxyls, resulting in a 5-membered ring.[71,72] Additionally, this linkage can either form 

an R or S chiral centre at C2 of the pyruvate. 

The capsular polysaccharides of distinct serotypes can differ based on one or a combination of the 

following structural features: the types or number of monosaccharide constituents, anomeric 

configurations, linkage positions, and the presence, positions, and extent of non-carbohydrate 

substituents (pyruvate and acetyl substituents). The sizes of the repeating unit structures can range 

from relatively simple trisaccharides to more complex heptasaccharides, as summarised by Table 1.2. 

Apart from the trisaccharide repeating units, most longer RUs often consist of terminal branches and 

residues from the backbone chain. This is indicated by the RU type column in Table 1.2, for example, 

a RU type of 3 + 1 denotes a tetrasaccharide repeating unit with a trisaccharide backbone and a single 

terminal branching residue. 



13 

Table 1.1: Qualitative analysis and grouping of known Klebsiella pneumoniae capsular polysaccharides based on 
their chemical monosaccharide compositions, extracted from the database in Table 1A in the 
Appendix. The superscript P indicates pyruvated and Ac indicates O-acetylated K-antigens, 
respectively. 

Chemical composition K-serotypes

GlcA; Gal; Glc 8P, 11P, 15, 25, 27P, 51, 82 

GlcA; Gal; Man 20, 21P, 29P, 42P, 43, 66, 74P

GlcA; Gal; Rha 9,9*, 47, 52, 81, 83 

GlcA; Glc; Man 2, 4, 5P, 24, 39 

GlcA; Glc; Rha 17, 23, 44, 45, 71 

GlcA; Glc; Fuc 1, 54 

GlcA; Gal; Glc; Man 7p, 10, 13P, 26p, 28, 30P, 31P, 33P, 35P, 39, 46P, 50, 59, 60, 61, 62, 69P 

GlcA; Gal; Glc; Fuc 16, 58P 

GlcA; Gal; Glc; Rha 12P, 18, 19, 36P, 41, 55P, 70P, 79 

GlcA; Gal; Man; Rha 40, 53, 80P 

GlcA; Glc; Man; Fuc 6P 

GlcA; Glc; Man; Rha 64P, 65P 

GlcA; Gal; Glc; Man; Fuc 68P 

GlcA; Gal; Glc; Man; Rha 14P, 67 

GalA; Gal; Man 3P, 49, 57 

GalA; Glc; Rha 34, 48 

GalA; Gal; Fuc 63 

PyrA; Glc; Rha 72 

PyrA; Gal; Rha 32 

PyrA; Gal; Glc; Rha 56 

KetoA; Gal; Glc 22, 37, 38 

The full structural characterisation and elucidation of the repeating unit structures of these 

polysaccharide antigens are crucial to understanding their immunological characteristics and 

epidemiological distribution to facilitate the fight and prevention of infections. Importantly, as it was 

noted, some of these K-antigens can be serologically distinct due to even small structural differences, 

which is not always evident from serotyping and genotyping. As an example, K30 and K33 produce 

chemically identical capsular polysaccharides and only differ based on the amount of O-acetyl 

substituents present in their chemical structures, K30 is 33% O-acetylated while K33 is 100%.[73–75] 
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Table 1.2: Summary of the repeating unit size and repeating unit type (branching structure) of K. pneumoniae 
capsular polysaccharides, extracted from the database given in Table 1A in the Appendix. 

Repeating unit size Repeating unit type K-serotypes

Trisaccharide 3 1P, 5P, Ac, 63 

Tetrasaccharide 

4 4, 6, 32P, 72P 

3 + 1 2, 11P, 16, 49Ac, 54Ac, 57, 58P, 68P, 82 

2 + 2 20, 22P, Ac, 23, 25, 37, 47, 51, 55Ac 

Pentasaccharide 

5 44 

4 + 1 
3P, 8P, 9, 17, 21P, 21bP, Ac, 24, 35P, 45, 48, 56P, 59Ac, 

61, 62, 66 

3 + 2 13P, 31P, 43, 74P, 80P

3 + 1 + 1 30P, Ac, 33P, 38, 69P,Ac 

Hexasaccharide 

6 39, 70P, 81 

5 + 1 7P, 10, 19, 34, 52, 53 

4 + 2 12P, 14P, 28, 36P, 46P, 64 

4 + 1 + 1 15, 27 

3 + 3 18 

Heptasaccharide 

5 + 2 40, 50, 79 

4 + 3 26P, 67, 71 

4 + 1 + 1 + 1 60 

1.8 Structural elucidation of polysaccharides 

Classically, the analysis of polysaccharide structures relied on wet chemical methods and analytical 

techniques, involving acid hydrolysis of the polysaccharide into its constituent monosaccharides, 

followed by high-performance liquid chromatography (HPLC) or gas chromatography (GC) usually 

coupled with mass spectrometry (MS), or high-performance anion exchange chromatography with 

pulsed amperometric detection (HPAEC-PAD).[44,76] These chemical steps and analytical techniques 

allow the determination of the monosaccharide chemical composition - the constituent 

monosaccharides present and their stoichiometric ratio. Thereafter, linkage analysis of the 

monosaccharides can be performed using methylation analysis, a process whereby the free hydroxyl 

groups in the polysaccharide are methylated, (using methyl iodide in basic conditions), followed by 

acid hydrolysis of the permethylated polysaccharide into partially methylated monosaccharides 

units.[44] Finally, the obtained partially methylated monosaccharides are reduced (using NaBH4 or 
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NaBD4), and the hydroxyl groups are acetylated with acetic anhydride in pyridine.[44] This leads to 

volatile, partially methylated alditol acetates (PMAAs) which are amenable for separation and 

identification with gas-liquid chromatography (GLC), coupled to MS for detection. The MS spectra of 

the partially methylated alditol acetates give characteristic peak patterns, which are indicative of the 

positions of the O-methyl and O-acetyl groups on each monosaccharide derivative, thus elucidating 

the linkage positions of the corresponding monosaccharide alditols.[44] However, uronic acids are not 

amenable to this analysis, due to the hydrolysis of their methyl ester groups. Furthermore, this 

chemical technique cannot provide the anomeric configurations of the monosaccharides and their 

sequence in the RU.[76] For the uronic acids, this can be overcome by the reduction of these residues 

into their corresponding aldoses, using deuterated reducing reagents (NaBD4) to distinguish the 

derived hydroxyl group.[44,76] Although it is time-consuming and complex, a variety of degradation 

methods such as partial acid hydrolysis, acetolysis, periodate degradation/Smith degradation, or 

enzymatic degradation, can be used to overcome some of the described limitations of linkage 

analysis.[44,76] 

Nuclear Magnetic Resonance (NMR) spectroscopy was initially only used as a tool for the confirmation 

of structural elucidation of oligosaccharides and some polysaccharides, to supplement chemical 

analysis.[77] Structural elucidation of polysaccharides has now become possible to achieve using NMR 

spectroscopy as the main technique. NMR spectroscopy can elucidate polysaccharide repeating unit 

structural features including the number and types of monosaccharides present, and their linkage 

positions, provides the sequence at which the residues are linked and whether they are - or -sugars, 

and also identifies the presence, positions, and extent of non-carbohydrate substituents.[78] NMR 

spectroscopy can elucidate all these structural features non-destructively, requiring a relatively small 

amount of sample (3 - 5 mg), and without too much manipulation or complex sample preparation.[79] 

This has been made possible by the significant advancement in NMR technology over the years.[77] 

1.9 Fundamental history of NMR 

Nuclear Magnetic Resonance is a spectroscopic analytical technique that measures the absorption of 

electromagnetic radiation when nuclear spins, such as proton (1H) or carbon-13 (13C), are exposed to 

a magnetic field.[80] The absorbed frequency results in a transition between two energy levels, 

characteristic of the electronic environment (local magnetic fields) around the nucleus, giving insight 

into the chemical structure, dynamics, and interactions of molecules. 

In 1945, the phenomenon of Nuclear Magnetic Resonance was discovered independently by two 

groups of scientists led by Felix Bloch and Edward Purcell.[77] Years later, Proctor and Yu initiated the 

introduction of this phenomenon to the field of chemistry, when they discovered that the nitrogen 
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atoms of the NH4NO3 molecule gave rise to two different NMR chemical shift signals.[81] This led to 

the development of the early NMR spectrometers, which used continuous-wave radiofrequency, but 

were significantly insensitive and had limited resolution, thus resulting in challenges in the detection 

of 13C NMR spectra due to the low natural abundance of 13C.[77] In 1957, this technology was explored 

to investigate small biological molecules including common amino acids for the first time, however, it 

was found that when running the 1 H NMR experiment in water (H2O), as a solvent, resulted in the lack 

of a visible spectrum. It was during this time that it was discovered that deuterium oxide (D2O) could 

resolve this issue and yield a proton spectrum with well-resolved signals. A major challenge was the 

suppression of the significantly larger water residual signal compared to the signals of interest. In the 

early 1960s, superconducting magnets became available, and in 1966, Fourier-transformed NMR was 

introduced, providing a significant improvement in the sensitivity of this technique, thus allowing the 

detection of 13C nuclei and formed the basis for the observation of other low natural abundance NMR 

active nuclei. This allowed the early NMR analysis of polysaccharides, which mainly relied on detecting 

13C as the proton NMR of polysaccharides gave broad lines which could not be analysed. 

The next key advancement occurred in 1976 through the introduction of two-dimensional (2D) NMR 

experiments, which gave rise to experiments that can identify spin correlations through either scalar 

or dipolar couplings, allowing for the analysis of complex biomolecules including carbohydrates. 

Further technological advancements in superconducting materials, cryoprobes, and the increased 

power of computers continued to improve NMR as an analytical tool, especially, for biological 

molecules which can be highly complex.[77] Additional pulse sequences including non-uniform 

sampling (NUS), allowed a significant reduction of the acquisition time of 2D NMR experiments by 

acquiring data selectively, from few points of interest than from the entire experimental region,  

resulting in the possibility of suppression experiments,[82] particularly, diffusion-ordered 

spectroscopy (DOSY), which can remove signals of low molecular weight compounds such as the 

residual water signal and other solvents.[83] NMR has become the most powerful and important 

analytical technique in chemistry, especially for the structural studies of biological molecules, 

including polysaccharides.[79] This was the employed technique in this investigation and is discussed 

further in Chapter 2. 
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1.10 Carbohydrate-based vaccines 

Vaccines can provide a cost-effective approach to the prevention of morbidity and mortality from 

infectious diseases caused by MDR pathogens. Glycoconjugate vaccines, where the polysaccharide 

antigens are covalently linked to a carrier protein, have proven to be efficacious in providing protective 

immunity against both pathogenic Gram-negative and Gram-positive bacteria.[84]  

1.10.1 Overview of the concept and application of carbohydrate-based vaccine 

The concept of carbohydrate-protein conjugate vaccines originated from the discovery of the 

immune-specific antibody-generating effects of bacterial capsular polysaccharides. This was initially 

used to develop purified capsular polysaccharide vaccines which were licensed during the 1970s to 

the early 1980s.[18,85] These were polysaccharide vaccines against pathogenic bacteria, for example, 

Neisseria meningitidis, Streptococcus pneumoniae, and Haemophilus influenza type b.[85] Due to the 

high diversity of CPSs produced by the different serotypes of these pathogens, their polysaccharide 

vaccines had to be multivalent, meaning that the CPS antigens of multiple clinically significant 

serotypes of a pathogen are added to its vaccine formulation to provide an effective vaccine with 

sufficient coverage and protection. However, the purified polysaccharide vaccines were found to have 

limited efficacy for the most vulnerable and immunosuppressed groups; children under 5 years of age 

and elderly people over 75 years of age,[86] due to the T-cell-independent immune activity of 

polysaccharide antigens, unlike T-cell antigens such as proteins, resulting in the lack of long-term 

immune memory.[85] These limitations led to the development of carbohydrate-protein 

(glycoconjugate) vaccines where the polysaccharide antigen is linked to a T-cell immune-active carrier 

protein.[87] Indeed, glycoconjugate vaccines have proved to be more effective than pure 

polysaccharide vaccines in providing protective immunisation against bacterial infections and can 

stimulate long-term immune memory and protection. The first successful glycoconjugate vaccine to 

be licensed was for Haemophilus influenzae type b (Hib) in 1987,[87] and subsequently, multivalent 

glycoconjugate vaccines have been licensed against other bacteria such as Streptococcus pneumoniae 

(up to 20 valency),[88] Neisseria meningitis (up to five valency),[89,90] with higher valency vaccines 

in development.[85,91]  

1.10.2 K. pneumoniae potential vaccine development 

The K. pneumoniae capsular polysaccharides have also been explored and investigated for the 

development of a multivalent vaccine.[92–94] These investigations also demonstrated that the CPSs 

are immunogenic potential vaccine antigens, and suggested that a vaccine formulation of about 25 of 

the most commonly isolated K-antigen serotypes would provide significantly broad coverage against 

clinically important strains.[95] Based on these findings, a 24-valent pure polysaccharide-based 
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vaccine was developed, which has been the most promising K. pneumoniae vaccine candidate to date 

and was proven to be safe and immunogenic in both children and adults through human clinical 

trials.[5,96,97] However, as has previously been observed in preliminary studies on purified 

polysaccharide vaccines,[98] this lacked long-lasting immune memory and never progressed to reach 

licensure. This was also partly due to the complexity of its production and to the highly variable 

diversity of K. pneumoniae capsular serotypes, making it considerably expensive to develop.[94] 

O-antigens are generally masked by the CPS and thus not fully exposed for antibody binding in Gram-

negative bacteria such as K. pneumoniae.[12,99] This is especially the case for hypervirulent K. 

pneumoniae strains as they produce a hypermucoviscous CPS which significantly masks the O-

antigens.[99] As a result, there are currently no licensed O-antigen-based vaccines that have 

progressed beyond clinical trial investigations for K. pneumoniae (and other Gram-negative bacteria). 

However, since O-antigens have also proven to be safe and immunogenic in humans, they have been 

applied to develop candidate conjugate vaccines against Gram-negative bacteria such as Shigella 

flexneri, and extraintestinal pathogenic Escherichia coli (ExPEC).[100,101] Unlike other Gram-negative 

bacteria, Shigella flexneri is unencapsulated, therefore the LPS O-antigen component is an important 

antigen for the development of its conjugate vaccine.[101] For ExPEC, one of the candidate O-antigen 

conjugate vaccines referred to as ExPEC10V is now in phase 3 clinical trials.[102] 

Since the O-antigens have low variability across K. pneumoniae serotypes, studies have shown that 

the inclusion of a minimum of four O-antigens (O1, O2, O3, and O5), from the eight O-antigens, to its 

multivalent vaccine formulation should provide broad coverage of more than 80% of global clinical 

isolates.[3,43,103] This would provide an advantage and convenience compared to the utilisation of 

the highly diverse capsular polysaccharide antigens. Indeed, a quadrivalent O-antigen conjugate 

vaccine known as Kleb4V has recently been investigated in phase I/II human clinical trials.[104] 

Recently, Wantuch et. al. reported a development and pre-clinical evaluation of a heptavalent 

conjugate vaccine, which is technically tetravalent but inclusive of two O1, O2, and O3 antigen 

subtypes (O1v1, O1v2, O2v1, O2v2, O3, O3b), and O5 antigen.[103,105] It was found that the 

antibody-binding and function of this vaccine was affected by the amount of capsular polysaccharide 

produced by the strains, with hyper-encapsulated strains exhibiting low antibody-binding compared 

to low capsular-producing strains.[104] This is also consistent with a similar study in which the same 

group investigated and compared the activity of monovalent conjugate vaccines against the 

hypervirulent K2 and the O1 K. pneumoniae serotypes.[104]  It is believed that this is due to blockage 

of O-antigen antibodies by capsular polysaccharides of both hypervirulent and a variety of some 

classical K. pneumoniae strains, as it has been demonstrated by several other studies,[103,106,107] 

suggesting that candidate K. pneumoniae O-antigen vaccines may not provide protection to all clinical 
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strains. Therefore, to date, capsular polysaccharides represent the only proven effective and 

protective K. pneumoniae vaccine antigens despite the complexity of the development of such a 

multivalent conjugate vaccine. 

In the development of these vaccines, the target CPS antigens must be obtained by bacterial 

fermentation of the desired strains, followed by separation and several purification steps of the 

polysaccharides, which are variable and dependent on factors such as the length, charge, and non-

carbohydrate substitution patterns of the target polysaccharide antigens.[40] As previously noted, 

chemotyping of the targeted CPS antigens is one of the crucial initial steps in the process of vaccine 

manufacturing for identification and verification of serotype identity and purity testing of the purified 

polysaccharides.[84] Furthermore, during later production steps such as chemical conjugation of the 

polysaccharide antigens to a carrier protein, it is important to ensure that the structural integrity of 

the antigens is still maintained. This can be provided by NMR characterisation of these polysaccharide 

antigens.[108] 
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1.11 Scope of the research 

This investigation was part of a global initiative which involved isolating, genotyping, and identification 

of new emerging K. pneumoniae strains that are clinically significant. Isolation and genotyping were 

performed by collaborators, and the chemotyping of the K-antigens of some of the identified clinically 

significant strains using NMR spectroscopy is presented here. 

Aims 

This study aimed to conduct an in-depth NMR analysis of the capsular polysaccharides of four 

emerging, clinically important strains of Klebsiella pneumoniae, that were identified as new serotypes 

based on genotyping by collaborators,  namely, K102; K112; K122; and KL107, to characterise and 

elucidate their repeating unit structures (chemotypes) and to provide complete 1H and 13C NMR data, 

together with 1D 1H, 13C, and 2D 1H-13C diagnostic reference spectra. The diagnostic spectra and NMR 

data form part of a database for serotype identity, purity, and structural integrity testing of K-antigens 

to facilitate the development of K. pneumoniae capsular polysaccharide-based vaccine. 

Objectives 

1. Construct a database of known K. pneumoniae CPS structures by collecting and compiling data 

and proposed repeating unit structures reported in the literature to assist with the 

investigation. 

2. For the CPSs of each of the four emerging K. pneumoniae strains, record the required 1D and 

2D NMR experiments to acquire NMR data (spectra). The experiments include 1H, 13C, 1H-1H 

scalar and dipolar homonuclear spectra, and 2D 1H-13C heteronuclear spectra at 600 MHz and 

at a suitable temperature for each CPS with additional sample preparation as required such 

as sonication of some CPS samples. 

3. Process the acquired data for the first CPS and establish a methodology to analyse and assign 

all protons and carbons to achieve full NMR characterisation and elucidation of the CPS 

repeating unit and apply this methodology to the remaining three CPSs. 

4. Compare the NMR structural analysis results to those obtained using chemical analysis 

conducted by collaborators at the University of Trieste, Italy. 

5. Compare the composition and proposed RU structure of each CPS to other K. pneumoniae 

CPSs using the compiled database to confirm whether each CPS is novel or not, and identify if 

there are significant structural similarities which can potentially provide serological cross-

reactivities. 

6. Present the established NMR data, including the 1D and 2D spectra to form part of the 

database for analysis of future batches of CPSs and potential vaccine development. 
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Chapter 2: Methods for NMR characterisation of 

polysaccharides 

The structure of a polysaccharide repeating unit is determined by the types and number of 

monosaccharide residues, their linkage pattern and positions, whether they have - or -

configurations, the presence or absence of non-sugar substituents, and their positions and amount if 

present (Figure 1.4). All these structural features can be identified using NMR analysis to allow the 

characterisation of polysaccharides. For K. pneumoniae capsular polysaccharides, the expected 

common monosaccharide residues are the hexose sugars: glucose, galactose, and mannose; the 

uronic acids: glucuronic acid and galacturonic acid; and the 6-deoxy sugars: rhamnose and fucose. All 

of these, apart from the 6-deoxy sugars, are usually found in the D-absolute configuration. The 

absolute configuration cannot be readily determined by NMR, but for some special cases, it can be 

confirmed based on the magnitude of the carbon glycosylation shifts of any disaccharide fragments in 

the RU and available configurational factors in the literature. Additionally, the CPSs of K. pneumoniae 

serotypes often contain pyruvate and acetyl group substituents which can be detected by NMR. 

In this chapter, the interpretation and main parameters of the key NMR experiments commonly 

performed for the analysis of polysaccharides as applied in this investigation will be described. 

2.1 NMR experiments and interpretation 

2.1.1 1D 1H NMR experiments 

One-dimensional (1D) proton (1H) and carbon (13C) NMR experiments are the starting points in the 

structural characterisation of polysaccharides. Their 1D spectra can be divided into key distinctive 

regions, some of which can be quickly analysed for several structural features of the polysaccharide 

repeating unit. 

The polysaccharide 1D 1H NMR spectrum  possesses three main distinctive regions: the anomeric 

region lies downfield between 4.4 - 5.6 ppm; followed by a ring region from 3.5 - 4.5 ppm; and up-

field lies the methyl region between 1.1 - 2.8 ppm (Figure 2.1).[71,72,108,109] Generally, the proton 

NMR spectra of polysaccharides are complex with heavily crowded signals, particularly in the ring 

region, even for simple oligosaccharide sugars or polysaccharides composed of a disaccharide 

repeating unit (RU). This ring proton region cannot be immediately analysed from only the 1D proton 

spectrum and requires more informative correlation experiments for analysis; however, it is 

considered the “fingerprint region” for specific polysaccharides.[71] Therefore, the structural 
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information obtained from the analysis of 1D proton is derived from the most deshielded anomeric 

region and the most shielded methyl region. 

Figure 2.1: Summary of the key diagnostic regions of polysaccharide 1D 1H NMR spectrum and some of the 
protons normally expected to resonate at each region. 

The anomeric region is considered the most informative and diagnostic part of the proton spectrum 

as it provides well-resolved signals from the anomeric protons (H1) of aldose monosaccharide 

residues.[71,109] As a result, the number of signals in the anomeric region can reveal the number of 

constituent monosaccharide residues in the polysaccharide RU. However, some ring protons, such as 

H4 of Gal, H2 of ManNAc, H5 of -GalA, and methylene protons (H6/6’) of sugars with O-acetylation 

at carbon 6, may resonate within the anomeric region.[108] This may cause some ambiguity in 

determining the number of constituent sugar residues in the RU from 1D proton analysis alone. 

Furthermore, the chemical shifts of the anomeric protons can be used to distinguish -pyranose 

sugars, which exhibit downfield anomeric proton signals (5.0 - 5.6 ppm), and -pyranose sugars, which 

exhibit up-field anomeric proton signals (4.4 - 5.0 ppm) (Figure 2.1).[71,110] Moreover, the 

magnitudes of the observed 3JH1,H2 coupling constants of pyranose sugars can be used to deduce their 

anomeric configurations. For example, a small 3JH1, H2 ∼ 3.7 Hz is observed for -pyranose sugars with 

axial H2, due to the equatorial-axial arrangement of H1 and H2, while for -pyranose sugars with axial 

H2, a large 3JH1, H2 ∼ 7.8 - 8.5 Hz is observed due to the trans-diaxial arrangement of H1 and H2.[111] 

On the other end, the methyl region of the spectrum is considered the second-most informative part 

because it only exhibits signals of methyl protons (CH3), which can indicate the presence of 6-deoxy 

sugars such as rhamnose or fucose (1.1 - 1.4 ppm); as well as non-carbohydrate substituents such as 

N- and O-acetyl groups (2.0 - 2.2 ppm) or pyruvate groups (~1.5 ppm or 1.3 - 2 ppm)

(Figure 2.1).[71,72,110] 

2.1.2 Water suppression experiments (Pre-sat and DOSY) 

Deuterated water (D2O) is the solvent commonly used in the preparation of polysaccharide samples 

for NMR analysis. Although this has the advantage of readily exchanging with the hydroxyl (OH) 

protons, it has a major disadvantage in proton-detected NMR experiments as it gives a significantly 

large hydrogen-deuterium oxide (HDO) residual peak. The chemical shift of this peak is highly 

temperature dependent and can be approximated by the equation, δ = 5.051 - 0.0111T, where T is 
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the temperature in degrees celsius (°C).[112] This means that at temperatures between 70 °C (343 K) 

and 60 °C (333 K), the HDO signal resonates between 4.27 and 4.39 ppm which overlaps with the 

previously mentioned proton anomeric region (4.4 - 5.6 ppm), and, as a result this large residual signal 

can obscure some of the diagnostic proton anomeric signals. Since the HDO signal is temperature 

dependent, in some cases it can be simply overcome by varying and optimising the temperature at 

which the proton spectrum is recorded, to reveal the signals of interest. 

Several solvent suppression experiments are available as an alternative to temperature variation, 

firstly, the most common method is pre-saturation (Pre-sat), which allows selective saturation of 

unwanted resonances before acquiring the spectrum.[113] Pre-sat is relatively simple to record and 

helps to improve the resolution of the spectra, however, it removes all signals at the same frequency 

as that of the solvent and can lead to distortion of nearby signals (polysaccharide proton anomeric 

signals), leading to a loss of information.[114] The second alternative method is diffusion-ordered 

spectroscopy (DOSY). This method takes advantage of the high diffusion rates of small molecules, 

including water and other solvents, compared to the low diffusivity of large solute molecules, including 

polysaccharides, which is related to the molecule’s hydrodynamic radius.[83,115] Consequently, this 

is well-suited for residual water suppression when recording solution-proton NMR for analysis of 

polysaccharides. In this method, magnetic field gradient pulses are applied, which allow the 

suppression of all signals from small molecules that have high diffusion rates, while the signals of large 

molecules are unaffected.[83] Therefore, unlike pre-saturation, DOSY provides the desired result of 

selectively removing the HDO residual signal without affecting the nearby or obscured anomeric 

signals. 

2.1.3 1D 13C NMR experiments 

The analysis of the diagnostic regions of the proton spectrum can be corroborated and complemented 

by the carbon NMR spectrum, which can also provide additional information. Compared to the 1D 

proton experiment, the 1D proton-decoupled 13C NMR spectrum gives sharp and well-separated 

signals and is more diagnostic since the carbon signals resonate across a significantly larger range of 0 

to 200 ppm (Figure 2.2).[116] However, a disadvantage is its significantly lower sensitivity (about 

10,000 times lower) than the 1H NMR, which requires longer experiment times and a larger sample 

amount to obtain good-quality spectra.[108] 
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Figure 2.2: Summary of the key diagnostic regions of polysaccharide 1D 13C NMR spectrum with some of the 
expected types of carbons to resonate in each region indicated. 

In 1D 13C NMR spectrum, the anomeric region, between 91 - 105 ppm, gives a more accurate indication 

of the number of constituent sugar residues in the RU as it only contains signals from C1 of 

aldopyranose sugars (and C2 of ketose sugars).[71,72,108–110] Moreover, the C2 of acetyl-linked 

pyruvic acid substituents, which forms the linkage to a monosaccharide, gives a signal within this 

region, resonating at ∼100 ppm if the pyruvate is 4,6-linked to the monosaccharide residue, therefore 

a six-membered ring, and at ∼110 ppm if the linkage is through the 2,3- or 3,4-positions, thus forming 

five-membered ring with the monosaccharide.[71,72]  Additionally, the 13C spectrum can discern 

pyranose sugars from furanose sugars as C1 of - and -furanose residues have more down-field 

signals (101 - 111 ppm) compared to C1 of their pyranose counterparts, which resonate between 91 - 

101 ppm for -pyranose residues, and at 95 - 105 ppm for -pyranose residues (and C2 of keto sugars). 

[108,111] 

The carbon ring region lies between 65 - 75 ppm for pyranose sugars and 70 - 85 ppm for furanose 

sugars.[111] Although the carbon ring signals are significantly well resolved compared to proton ring 

signals, they are still relatively crowded. Contrary to the proton spectrum, the carbon ring region only 

exhibits signals of secondary carbinolic carbons (C2 to C5) while the methylene group carbons (C6) 

resonate relatively up-field in a distinctive region between 60 – 65 ppm, and N-acetyl linked carbons 

are shifted up-field between 48 - 55 ppm.[72,108,110,117] The methyl carbons resonate further up-

field (15 - 25 ppm) with diagnostic signals of methyl carbons (CH3) from acetyl substituents (20 - 23 

ppm), pyruvate groups (∼23 ppm), and 6-deoxysugars (15 - 19 ppm). Lastly, the carbonyl (C=O) signals 

from C6 of uronic acid residues, acetyl groups, and pyruvate groups give deshielded signals at 170 - 

180 ppm.  
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Notably, the glycosylation (linkage) of monosaccharide residues has prominent effects on the chemical 

shifts of the linkage and nearby carbons, resulting in a significant deshielding effect ( effect) at the 

linkage carbon, which causes a large down-field shift of its resonance (5 - 10 ppm), while causing a 

shielding effect ( effect) of the neighbouring carbons, resulting in a small up-field shift of their 

resonances (1 - 2 ppm).[117] These are called glycosylation shifts and can be calculated by subtracting 

the carbon chemical shifts of the unsubstituted monosaccharides, which can be obtained from 

computer-assisted spectrum evaluation of regular polysaccharides (CASPER),[118] from the 

experimental chemical shifts of their respective constituent monosaccharide residues in the 

polysaccharide. This provides a simple method for identification and confirmation of linkage positions. 

Moreover, this means that the methylene carbon signals of C6-linked residues can be shifted 

downfield (65 - 68 ppm) into the ring carbon region.[108] The magnitudes of these glycosylation shifts 

are dependent on the types of monosaccharide units involved, their absolute and anomeric 

configurations, and the positions of the glycosidic linkages, these are known as stereochemical or 

configurational factors. In some cases, the application of these factors and rules, reported by Shashkov 

et al., not only predict the sizes of the glycosylation shifts but can be used to determine and confirm 

the absolute configurations of monosaccharide units, with the assumption the absolute configuration 

of one of the units is known.[119,120] 

The O-acetyl substituent affects the carbon signals of the linked monosaccharide, resulting in a 0.6 - 

3.5 ppm -acylation effect on the geminal carbon, while causing -acylation effects between 1.2 

- 1.4 ppm on the vicinal carbons.[71] Similarly, the monosaccharide positions that are acetyl-linked by

the pyruvic acid can be determined from the analysis of the carbon chemical shifts of the 

monosaccharide, as the carbons at the pyruvate-linked positions experience -effects, whereas those 

adjacent experience -effects.[71] 

To aid the analysis of the carbon signals, the Distortionless Enhancement by Polarization Transfer 

experiment, known as DEPT-135, can be recorded. This inverts methylene carbon signals and 

eliminates quaternary carbons (carbonyls) and C2 of ketose signals, while the methyl and methine 

signals remain unchanged.[121] The DEPT-135 spectrum can thus assist with the assignment or 

identification of methylene carbon signals, especially if they are linkage positions and deshielded into 

the ring carbon region. 
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2.1.4 1H-1H scalar homonuclear experiments (COSY and TOCSY) 

Two-dimensional (2D) proton-proton (1H-1H) homonuclear experiments such as correlation 

spectroscopy (COSY) and total correlation spectroscopy (TOCSY) allow the deciphering of the ring 

proton signals of each sugar residue using the anomeric signals or other diagnostic signals such as 

methyl protons of 6-deoxy sugars as a starting point.[71,72] 

A 2D COSY experiment establishes scalar (through-bond) correlations of protons on neighbouring 

carbons (vicinal coupling) and on the same carbon (germinal coupling, such as CH2 protons)  for each 

spin system, which means that starting from any diagnostic signals, for example, the anomeric 

protons, correlations such as H1 to H2; H2 to H3; and further if there is no overlap, can be observed 

(Figure 2.3a).[78] The complete elucidation of the ring protons from this process is, however, most 

often prevented by the extensive overlap of the ring signals. This can be further resolved by the 2D 

TOCSY experiment, which can give well-resolved, multiple-bond scalar correlations for each spin 

system through the transfer of magnetisation between its coupled protons.[122] The extent of the 

transfer of magnetisation is dependent on the magnitudes of the coupling constants between 

adjacent protons of each spin system (3JHa, Hb), which are determined by the relative configurations of 

the ring protons, and mixing time. [122] This enables the TOCSY experiment to identify the types of 

aldopyranose residues and their ring protons by tracing correlations from each anomeric signal. 

For glucopyranose sugars, TOCSY can give correlations from H1 to H2 and additional correlations from 

H1 to H3, H4, H5, and H6 since the 3JHa, Hb coupling constants between the consecutive protons are 

large enough to allow the complete transfer of magnetisation across the spin system (Figure 2.3b(i)).  

This is because of the axial orientation of the ring protons in glucopyranose sugars. Similarly, for 

glucuronic acid, TOCSY can elucidate the full spin system, H1 to H5 (Figure 2.3b(ii)). However, for 

galactopyranose sugars, TOCSY gives no further correlations after H1 to H4 due to the small 3JH4, H5 

coupling constant because of the equatorial orientation of H4 (Figure 2.3b(iii)), and similarly applies 

for galacturonic acid. For mannopyranose sugars, TOCSY can give a correlation from H1 to H2, and 

sometimes H1 to H3 (with low intensity), due to a small 3JH2, H3 coupling constant because of the 

equatorial orientation of H2 (Figure 2.3b(iv)). However, from H2 of a mannopyranose sugar, the 

complete spin system can be elucidated by TOCSY as the 3JHa, Hb coupling constants for the remaining 

protons are large enough to allow the complete transfer of magnetisation till the last proton, and the 

H2 signal usually occurs downfield compared to other ring protons, thus making it diagnostic. 

Therefore, the use of TOCSY not only allows the deconvolution of the ring proton signals but can also 

provide information about the identity of aldopyranose residues, as summarised in Figure 2.3. 
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(a) 1H-1H COSY:

(b) 1H-1H TOCSY:
(i) Glc (ii) GlcA

(iii) Gal (iv) Man

Figure 2.3: Summary of 1H-1H homonuclear scalar correlation NMR experiments, showing the assignments that 
can be observed from (a) COSY and (b) TOCSY dependent on the monosaccharide residue type 
(Glc = glucopyranose; Gal = galactopyranose; GlcA = glucuronic acid; Man = mannopyranose).  R1 and 
R2 represent adjacent residues if the monosaccharide in question is 1,4- or 1,3-linked. 

Information about the identity of the proton signals is not immediately apparent in the TOCSY 

experiment, thus 2D COSY and TOCSY are usually analysed together by overlaying the COSY spectrum 

onto the TOCSY spectrum. Since COSY only shows correlation cross-peaks of vicinal and geminal 

protons, while TOCSY shows the same cross-peaks and additional long-range correlation cross-peaks, 

the COSY cross-peaks appear on top of the identical cross-peaks on TOCSY, and the remaining TOCSY 

cross-peaks can reveal the additional proton signals of each spin system. 

Additionally, selective 1D TOCSY experiments can be recorded by irradiating any diagnostic signal 

observed in the 1D proton spectrum, to provide a series of 1D projections of the 2D TOCSY correlations 

for each spin system.[123,124] These 1D variants are advantageous as they provide TOCSY spectra of 

higher resolution, reveal the characteristic shapes of the peaks and their multiplicity, permit the use 

of even longer mixing times thus allowing the magnetisation to flow to further protons, and can help 

with resolving ambiguities arising from the overlapping ring proton signals.[108,124] Furthermore, 

they can be used to identify the order of proton signals in each spin system by irradiating a single 

diagnostic proton with a step-wise increase of mixing times. This provides a series of 1D TOCSY spectra 
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which shows the order in which the magnetisation and coupling moves across the spin system as the 

mixing time increases. 

As in the 1D proton NMR experiment, the HDO residual signal in the 2D TOCSY experiment can be 

suppressed using the previously described methods; pre-sat and DOSY. 2D DOSY-TOCSY was recorded 

for this investigation, which selectively suppresses the signals arising from low molecular weight 

compounds in the TOCSY spectrum without affecting the polysaccharide signals, like a 1D DOSY. 

2.1.5 1H-1H dipolar homonuclear experiment (NOESY) 

The limitations of small scalar coupling constants encountered in sugars like galactopyranose can be 

overcome using 2D 1H-1H Nuclear Overhauser Effect Spectroscopy (NOESY) experiment, which gives 

dipolar (through-space) correlations dependent on the configuration and proximity of protons in 

space.[125,126] This means that the dipolar correlations can be from protons of the same sugar spin 

system (intra-residue correlations) and protons of neighbouring spin systems (inter-residue 

correlations). For -pyranose sugars, only intra-residue correlations from H1 to H2 are expected, while 

additional correlations from H1 to H3, and H1 to H5 can be detected for -pyranose sugars. 

Additionally, inter-residue correlations from H1 of each sugar residue to protons of the sugar it links 

to (and conversely), can be observed, which enables the determination of the sequence of residues in 

the RU, and in some cases the identification of the linkage positions.[111] However, there can be 

ambiguity in identifying the linkage positions if inter-residue correlations from H1 to several protons 

of the neighbouring residue appear. The information that can be acquired from the NOESY experiment 

is summarised using an example of a disaccharide unit in Figure 2.4. Overall, the NOESY interactions 

can give rise to even more overlapping cross-peaks and is best interpreted as an overlay with the 

TOCSY/COSY spectra. This not only aids the assignments of nearly or all the remaining protons that 

cannot be elucidated from the COSY and TOCSY experiments, but also assists with the identification 

of the sequence of the residues in the RU. Similarly, selective 1D NOESY experiments can also be 

recorded by irradiating the anomeric protons to obtain higher-resolution 1D spectra for each spin 

system.[127] The 1D spectra can also be overlaid with the key 1D TOCSY and 1D DOSY spectra to cross-

validate the assignments. 
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Figure 2.4: Example of a disaccharide unit, -galactopyranose-(1→3)--glucose (-Gal-(1→3)--Glc), showing 
intra-residue (in red) and inter-residue (in blue) correlations assignments that can be observed from 
1H-1H NOESY experiments. 

 

2.1.6 2D 1H-13C heteronuclear experiments (HSQC-DEPT, HSQC-TOCSY, 

HSQC-NOESY, and HMBC) 

Once all or nearly all of the proton assignments have been made from the homonuclear experiments, 

they can be used in assigning the carbon signals of the spin systems using the heteronuclear single 

quantum coherence (HSQC) experiment.[128] HSQC provides scalar-correlations of protons to the 

carbons they are chemically bonded to (i.e., 1JHa, Ca), shown in red in Figure 2.5. The anomeric and 

methyl regions give well-resolved 1H-13C correlation cross-peaks which can usually be easily assigned. 

As with the 1D 1H and 13C spectra, the anomeric cross-peaks are highly diagnostic for the number of 

aldose sugar residues in the RU. However, yet again, the significant overlap of ring proton signals can 

present challenges in assigning and discerning their corresponding correlation cross-peaks. The 2D 

HSQC-DEPT experiment, which distinguishes 1H-13C correlation cross-peaks of methylene groups as 

inverted peaks, helps with the assignment of the H6-C6 signals which lie within the ring 

region.[108,129] The inverted cross-peaks can be displayed in a different colour from other cross-

peaks for easy identification. 

 

Figure 2.5: A -galactopyranose-(1→3)--glucose (-Gal-(1→3)--Glc) disaccharide unit, showing the key 
assignments obtained from the standard 1H-13C heteronuclear experiments, HSQC correlations in red 
and HMBC intra- and inter-residue correlations in blue. 
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2D HSQC-hybrid experiments; HSQC-TOCSY and HSQC-NOESY experiments, can be recorded to aid the 

assignment and resolution of ambiguity encountered for the ring cross-peaks.[130,131] These can also 

elucidate and confirm the tricky proton assignments that cannot be attained from the homonuclear 

experiments, including H5 and H6 of Gal sugars. 2D HSQC-TOCSY establishes multiple-bond 1H-13C 

scalar intra-residue correlations for each spin system from diagnostic cross-peaks, usually the 

anomeric signals.  This is usually interpreted by overlaying it with the HSQC-DEPT spectrum (on top) 

and the selective 1D TOCSY experiments. Thus, aiding the cross-tracking of carbon signals of each spin 

system from their anomeric HSQC cross-peaks vertically along the well-resolved 13C axis, whereas 

horizontally, the 1D TOCSY spectra allow the cross-validation of the ring proton signals to their HSQC 

cross-peaks. Similarly, HSQC-NOESY can be assigned to overcome the issue of small scalar coupling 

constants by providing 1H-13C dipolar correlations based on space coupling between protons. Similar 

to the standard NOESY experiment, HSQC-NOESY also provides inter-residue correlations, which can 

establish the sequence and linkage positions of the sugar residues. 

The heteronuclear multiple bond correlation (HMBC) experiment, which can provide two- and three-

bond 1H-13C scalar intra- and inter-residue correlations, is usually recorded and analysed as the final 

step in the structural elucidation of polysaccharides.[132] The intra-residue correlations are 

dependent on the sugar identity and coupling constants. Since the transfer of magnetisation is not 

limited to proton-carbon bonds, three-bond intra-residue correlations, H1 to C3 and H1 to C5 (through 

the ring oxygen bonds) can be observed for -sugars, while H1 to C5 and sometimes C2 can be 

observed for -sugars.[108] Notably, HMBC allows the assignment of carbonyl carbons (C6) of uronic 

acids from H4 or H5, and N- or O-acetyl groups. Three-bond inter-residue cross-peaks from the 

anomeric protons of residues to the linkage carbons of their neighbouring residue can also be assigned 

to establish linkage positions. These are corroborated by correlations from the linkage ring protons to 

the anomeric carbon of the preceding residue. Since the inter-residue correlations from HMBC are 

through scalar couplings, this unambiguously elucidates all the linkage positions and the sequence of 

the residues in the RU (as shown in blue in Figure 2.5). 
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2.2 Experimental methods for recording NMR experiments 

Purified capsular polysaccharide samples of different strains were obtained from two collaborators. 

The first sample was acquired from the University of Trieste, Italy, and the remaining four samples 

were from the GVGH Vaccines Institute for Global Health, Siena. However, one of the capsular 

polysaccharide samples acquired from the GVGH Vaccines Institute for Global Health was found to be 

the same as that received from the University of Trieste. Each polysaccharide powder sample (3 - 

5 mg) was prepared by exchanging thrice with D2O, dissolved in the appropriate amount of D2O 

(∼0.7 mL), allowed to stand for about 15 min, and transferred to a 5 mm NMR tube. 

1D (1H, DOSY, 13C and DEPT-135) and 2D (COSY, DOSY-TOCSY, NOESY, HSQC, HMBC and hybrid HSQC-

TOCSY and HSQC-NOESY) NMR spectra were obtained using a Bruker Avance III 600 MHz NMR 

spectrometer equipped with a BBO Prodigy cryoprobe. The spectra were recorded and processed 

using the standard Bruker software (Topspin 4.1.4). Typically, 1D proton spectra were recorded using 

a 30-degree pulse and a D1 time of 2s, at temperatures between 318 - 343 K, dependent on what is 

found to be optimal for each CPS, as shown the quality (peak resolution) of their spectra. DOSY was 

recorded with a gradient strength (GPZ6) =70%, diffusion time (d20, “big delta”) = 0.1 s, and p30 (“little 

delta”) = 1000 µs. To reduce the acquisition time of the 2D experiments, a non-uniform sampling (NUS) 

of 20 - 50% was used. 2D DOSY-TOCSY experiments were performed using a mixing time of 150 - 180 

ms, whereas 1D variants were recorded with a mixing time of 25 - 200 ms. 2D NOESY and 1D variants 

were recorded using a mixing time of 100 - 300 ms. The 1H-13C HSQC and HMBC experiments were 

optimized for J = 145 Hz and 6 Hz, respectively, and the HSQC-TOCSY and HSQC-NOESY experiments 

were recorded using mixing times of 120 and 300 ms, respectively. The spectra were referenced 

relative to acetone added to the samples later, which gave a 1H signal at 2.225 ppm and a 13C signal at 

31.07 ppm. To obtain the required correlations, some experiments were repeated at higher 

resolution, using more scans; additionally, where peaks were broad and poorly resolved, further 

sonication was performed to improve the quality and resolution of the spectrum. The full list of 

recorded experiments and the corresponding Bruker pulse programs and coupling constants/mixing 

times (if applicable) are given in Table 2.1.  
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Table 2.1: NMR experiments performed, and corresponding Bruker NMR pulse programs used to record 1D and 
2D NMR experiments for the structural characterization of K. pneumoniae capsular polysaccharides. 
The exact mixing times used in the data acquisition of the experiments for each CPS are provided in 
the respective chapters. 

Experiment Pulse program 
Coupling 

constant/Mixing 
time 

1D proton (1H) zg30 - 

1D DOSY (Diffusion Ordered Spectroscopy) ledbpgp2s1d - 

1D Selective TOCSY (Total Correlation 

Spectroscopy) 

selmlgp 25 - 200 ms 

1D selective NOESY (Nuclear Overhauser Effect 

Spectroscopy) 

selnogp 100 - 300 ms 

1D 13C zgpg30 - 

1D 13C-DEPT 135 deptsp135 - 

2D COSY (Correlation Spectroscopy) cosygpprqf - 

2D DOSY-TOCSY ledbpgpml2s2d 150 - 180 ms 

2D NOESY noesyphpr 300 ms 

2D HSQC-DEPT (Heteronuclear Single Quantum 

Coherence) 

hsqcedetgpsisp2.3 145 Hz 

2D HSQC-TOCSY hsqcdietgpsisp 120 ms 

2D HSQC-NOESY hsqcetgpnosp 300 ms 

2D HMBC (Heteronuclear Multiple Bond 

Correlation) 

hmbcgplpndqf 6 Hz 
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Chapter 3: Structural elucidation of the K102 CPS RU 

The K102 serotype of K. pneumoniae was identified as a novel serotype through genotyping and 

determined as KL102. This is one of the emerging clinically important strains, which are anti-microbial 

resistant and responsible for severe infections such as neonatal sepsis and related deaths. Our 

collaborators at the University of Trieste (Prof. Cescutti), received the strain from Prof. D'Andrea 

(University of Rome, Tor Vergata), cultivated it and performed the isolation and purification of the CPS 

(K-antigen). They provided the purified CPS with preliminary chemical composition analysis, which 

indicated the presence of galactose (Gal), glucose (Glc), and glucuronic acid (GlcA), and a sample 

(~15 mg) was provided for NMR characterisation while more detailed chemical studies were being 

performed at the University of Trieste. Full characterisation of the K102 CPS and elucidation of its RU 

structure was performed using a combination of 1D and 2D NMR experiments at a temperature of 

318 K. The proposed RU structure was then compared to the results obtained for the chemical 

structural studies from our collaborators and to the database of known K. pneumoniae CPSs to confirm 

if the strain is novel. 

3.1 1D 1H and 13C NMR experiments 

As a starting point, the 1D 1H NMR spectrum of K102 CPS gave well-resolved diagnostic signals in the 

anomeric region (4.4 - 5.6 ppm), however, there was a large solvent deuterium oxide or water (HOD) 

signal within this region at 4.59 ppm, which may obscure some signals (Figure 3.1a). The HOD signal 

was removed by recording a 1D DOSY experiment, which confirmed that there were no signals 

underneath it and showed the presence of six anomeric signals (5.45; 5.06; 4.81; 4.67; 4.65; and 

4.50 ppm). This suggested that the CPS of K102 consists of six sugar residues, in other words, a 

hexasaccharide repeating unit (RU). The anomeric signals were labelled, H1 A to F, starting from the 

most downfield (5.45 ppm) to the most up-field (4.50 ppm) signal, with H1 D (4.67 ppm) and H1 E 

(4.65 ppm) overlapping, resulting in the broad, asymmetrical, peak observed (Figure 3.1b). Based on 

the chemical shifts and coupling constants of these anomeric signals, it was concluded that residue A 

(5.45 ppm) and residue B (5.06 ppm) were -sugars, while the remaining residues C to F 

(4.81 - 4.50 ppm) were -sugars. 

The ring region of the 1D 1H/1D DOSY spectra was heavily overlapped as expected, and there were no 

signals in the methyl region, which confirmed the absence of 6-deoxy sugar residues, or substituents 

such as O-acetyl groups and pyruvate groups in the CPS of K102. 
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Figure 3.1: Overlay of the anomeric and ring regions of the (a) 1D 1H NMR spectrum and (b) 1D 1H-DOSY NMR 
spectrum of K102 CPS recorded at 318 K and 600 MHz with the diagnostic anomeric signals labelled 
from H1 A-F. 

Similarly, the 1D 13C NMR spectrum also revealed six signals in the anomeric region (Figure 3.2), thus 

confirming the hexasaccharide RU. Additionally, the 1D 13C NMR spectrum gave a diagnostic signal at 

175.7 ppm, characteristic of a carboxyl group (COOH) of a uronic acid residue, thus confirming the 

presence of GlcA as provided by composition analysis. Moreover, 1D 13C-DEPT was recorded, which 

revealed five methylene (CH2 or C6) signals as inverted peaks, consistent with a hexasaccharide RU 

that consists of five regular sugar residues and one uronic acid residue (Figure 3.3a). Two of the C6 

signals were more deshielded (resonating at 67.0 ppm and 70.95 ppm), which indicated that two 

residues in the RU were C6 linked. 

Figure 3.2: 1D 13C NMR spectrum of K102 CPS recorded at 318 K and 150 MHz showing the diagnostic COOH 
signal of an uronic acid residue labelled, and the six anomeric signals highlighted by a rectangular 
border. 
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Figure 3.3: Overlay of (a) 1D 13C-DEPT and (b) 1D 13C NMR spectra of K102 CPS expanded in the anomeric and 
ring regions recorded at 318 K and 150 MHz. 1D 13C-DEPT shows the methylene (CH2) signals inverted. 

 

The assignments of the carbon signals follow from the identification of the ring protons for each spin 

system; this was achieved using a combination of 1D and 2D proton-proton (1H-1H), homonuclear, 

correlation experiments with the diagnostic anomeric signals from 1D 1H-DOSY used as a starting 

point. 

3.2 Homonuclear (1H-1H) COSY, TOCSY, and NOESY experiments 

Various proton assignments in the ring region can be established with 2D Correlation Spectroscopy 

(COSY), by following the scalar 1H-1H correlations starting from the anomeric signal of each residue. 

The 2D COSY spectrum of K102 CPS gave correlations from H1 to H2 for each residue, from H2 to H3 

for residues A, B, C, and F, and from H3 to H4 for residue B, thereafter, the extensive overlap of ring 

signals hindered the elucidation of further correlations from COSY (Figure 3.4).  

With the aid of the 2D Total Correlation Spectroscopy (TOCSY) experiment, which provides well-

resolved multiple-bond scalar correlations from the anomeric signals, further assignments were 

elucidated dependent on the magnitude of the JHa,Hb coupling constants between any neighbouring 

protons (Ha and Hb) for each sugar type. This led to the identification of each sugar residue type (Glc, 

GlcA, or Gal) in the hexasaccharide RU. 2D DOSY-TOCSY of K102 CPS was recorded (Figure 3.5), (with 

DOSY removal of cross-peaks from low molecular weight compounds including the HOD signal), and 

the assignment of this spectrum was facilitated by overlaying it with the 2D COSY, to clearly show the 

additional correlations established by TOCSY. 

Using the most deshielded anomeric signal, H1 A at 5.45 ppm, 2D DOSY-TOCSY gave a correlation to 

H2 A at 3.53 ppm as in COSY, and revealed additional multiple-bond correlations, to H3 A at 3.70 ppm, 

H4 A at 3.42 ppm, H5 A at 3.72 ppm (overlapping with H3 A), and H6/6’ A at 3.83 and 3.78 ppm. 



36 

Therefore, DOSY-TOCSY elucidated the full assignments (H1 to H6) of residue A, and this is 

characteristic of an -glucopyranose (-Glc) residue.  

From the anomeric signal of residue B, H1 B at 5.06 ppm, DOSY-TOCSY gave a correlation to H2 B at 

4.14 ppm as in COSY, and additional correlations, to H3 B at 4.02 ppm, and H4 B at 4.43 ppm at which 

the scalar correlations cease. Thus, DOSY-TOCSY only elucidated H1 to H4 for residue B, this is 

characteristic of an -galactopyranose (-Gal) residue as the correlations to H4 and H5 are not usually 

seen, due to the small JH4, H5 coupling constant between H4 and H5 for Gal sugars. Similarly, from H1 

of residue C at 4.81 ppm, DOSY-TOCSY gave correlations to H2 C at 3.65 ppm, H3 C at 3.86 ppm, and 

H4 C at 4.18 ppm. For residue D H1 D at 4.67 ppm, DOSY-TOCSY gave correlations to H2 D at 3.63 ppm, 

H3 D at 3.72 ppm, and H4 D at 4.04 ppm, wherein the scalar coupling ceased. Therefore, the DOSY-

TOCSY correlations from H1 of C and D elucidated H1 to H4 for each residue, characteristic of -

galactopyranose sugars (designated -GalI and -GalII for residue C and D, respectively). 

Figure 3.4: 2D 1H-1H COSY spectrum of K102 CPS recorded at 318 K and 600 MHz with diagnostic correlation 
cross-peaks labelled. 
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Figure 3.5: Anomeric region of the 2D COSY spectrum (red) overlaid on top of 2D DOSY-TOCSY spectrum (black) 

of K102 CPS recorded at 318 K and 600 MHz. A = -Glc; B = -Gal; C = -GalI; D = -GalII; E = -GlcA; 

and F = -Glc. 

The anomeric signal of residue E at 4.65 ppm gave a correlation to H2 E at 3.47 ppm in DOSY-TOCSY 

and continued to H3 E at 3.77 ppm, H4 E at 3.86 ppm, and H5 E at 3.81 ppm, this is characteristic of a 

-glucuronic acid (-GlcA). Using the most up-field anomeric signal, H1 F at 4.50 ppm, DOSY-TOCSY 

gave correlations to H2 F at 3.30 ppm, H3 F at 3.50 ppm, H4 F at 3.41 ppm, H5 F at 3.45 ppm, and 

H6/6’ F at 3.74 and 3.92 ppm. This is characteristic of a -glucopyranose (-Glc). The combination of 

2D COSY and DOSY-TOCSY experiments elucidated the full proton assignments for the Glc (A and F) 

and GlcA (E) residues but elucidated only H1 to H4 assignments for the Gal residues (B, C, and D). 

These assignments were also confirmed by a series of 1D TOCSY experiments recorded by selectively 

irradiating the anomeric signal of each spin system; the 1D profiles also revealed the multiplicity of 

the signals. 

An overlay of the 1D TOCSY spectra of each anomeric signal (Figure 3.6a-c, e-g) with the 1D DOSY 

spectra (Figure 3.6d) shows the assignments from H1 to H6 for residue A (-Glc), H1 to H4 for residues 

B (-Gal); C (-GalI), and D (-GalII), H1 to H5 for residue E (-GlcA), and H1 to H6 for residue F (-Glc). 

At this point, the remaining proton signals unassigned are the H5 and H6 of the Gal residues.  

1D NOESY experiments were recorded by irradiating H1 of each residue to establish their intra- and 

inter-residue dipolar correlations. For residue A (-Glc), 1D NOESY gave a single intra-residue 
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correlation to H2, as expected for an -pyranose sugar, due to the equatorial configuration of H1, and 

gave an inter-residue correlation to H4 E (-GlcA), thus suggesting that residue A (-Glc) is linked to 

residue E (-GlcA) in the RU (Figure 3.7a). Similarly, for residue B (-Gal), 1D NOESY gave a single intra-

residue correlation to H2, consistent with -Gal, and gave inter-residue correlations to a preliminary 

unassigned signal at 3.93 ppm, and a pair of preliminary unassigned H6/6’ signals at 3.89 and 3.82 

ppm, (confirmed from 1H-13C HSQC-DEPT spectrum, which showed their correlation cross-peaks as 

inverted signals), (Figure 3.7b). 

Figure 3.6: 1D TOCSY spectra for each spin system of K102 CPS with labels of the anomeric signals and their 
respective diagnostic intra-residue correlations given, obtained by selectively irradiating H1 of 

residues A (-Glc) (a), B (-Gal) (b), and C (-GalI) (c), overlaid onto 1D DOSY (d), which shows 
assignments of the anomeric signals and some diagnostic ring signals, to which the assignments of the 
anomeric signals and intra-residue correlations of the TOCSY spectra are cross-validated. Similarly, 1D 

TOCSY spectra from H1 D (-GalII) (e), E (-GlcA) (f), and F (-Glc) (g), are presented. 
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The latter inter-residue correlations are characteristic of a C6 linkage, whereby inter-residue 

correlations from H1 of a residue to H5 and H6/6’ of its neighbouring residue are typically observed. 

This is not a surprise as the analysis of the 1D 13C-DEPT (Figure 3.3) suggested that two residues were 

C6 linked. The assignment of the signal at 3.93 ppm was elucidated as H5 D by the 1D NOESY from H1 

D (Figure 3.7e), which gave intra-residue correlations to H2 D, and additional correlations, to H3 D, 

and H5 D at 3.93 ppm, as expected for a -pyranose sugar due to the axial orientation of H1, H3 and 

H5. Consequently, this revealed that B (-Gal) is linked to C6 D (-GalII). Moreover, 1D NOESY from H1 

of D gave an inter-residue correlation to H4 C, suggesting that D (-GalII) is linked to C (-GalI). For 

residue C (-GalI), 1D NOESY gave intra-residue correlations to H2 C, and additional correlations, to 

H3 C and H5 C at 3.68 ppm, as expected for a -pyranose sugar, and gave inter-residue correlations to 

H3 B (weak signal) and H4 B, thus suggesting that C (-GalI) is linked to B (-Gal) (Figure 3.7c). Similarly, 

for the rest of the -sugars, E (-GlcA) and F (-Glc), 1D NOESY from H1 gave the expected intra-

residue correlations for a -pyranose sugar, to H2, H3 and H5 signals (Figure 3.7f-g). Finally, 1D NOESY 

from H1 E (-GlcA) gave inter-residue correlations to H3 B and H4 B (weak signal), suggesting that E 

(-GlcA) is linked to B (-Gal), and 1D NOESY from H1 F (-Glc) gave an inter-residue correlation to a 

signal at 4.16 ppm and a pair of preliminary unassigned H6/6’ signals at 4.08 and 3.91 ppm. The only 

proton assignments that had not been elucidated were H5 and H6/6’ of B, and H6/6’ C; however, it 

can be postulated that the inter-residue correlations from H1 F are H5 B at 4.16 ppm and H6/6’ B at 

4.08 and 3.91 ppm, thus F (-Glc) is linked to C6 B (-Gal); this means that B (-Gal) is the second C6 

linked sugar residue. Therefore, the remaining unassigned protons at ~3.75 ppm must be H6/6’ of C 

(-GalI).  

Thus, 1D NOESY elucidated the assignments of the H5 signals for the -Gal residues (C and D), and 

consequently elucidated the assignments of H5 and H6/6’ of B (-Gal), and H6/6’ of D (-GalII), and 

gave the sequence of sugars in the RU (Figure 3.8), although, there may be some ambiguity regarding 

the linkage positions (this will be confirmed in later experiments). Thus, the full assignments for all the 

spin systems (except for H6/6’ C) could be obtained from the combination of 1D and 2D homonuclear 

experiments of K102 CPS, and these will be used in the assignment of the attached carbons using 2D 

proton-carbon (1H-13C) experiments. 
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Figure 3.7: 1D NOESY spectra for each spin system of K102 CPS obtained by irradiating the anomeric signals of 

residues A (-Glc) (a), B (-Gal) (b), and C (-GalI) (c), overlaid onto 1D DOSY (d), and from the 

anomeric signals of D (-GalII) (e), E (-GlcA) (f), and F (-Glc) (g). The anomeric signals are labelled on 
the NOESY spectra (a-c & d-f) and cross-validated onto the 1D DOSY overlays (d), which also features 
labels for other diagnostic signals within the ring region, furthermore, the assignments of the key 
NOESY intra-residue correlations are given on each respective 1D NOESY spectrum, and the 
assignments of the inter-residue correlations represented within ovals. 
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Figure 3.8: Proposed structure of K102 CPS showing the identity of sugar residues (A-F) as elucidated by scalar 
(2D COSY, 2D TOCSY, and  1D TOCSY) and dipolar (1D NOESY) homonuclear experiments. 

3.3 2D Heteronuclear 1H-13C experiments (HSQC-DEPT, HSQC-TOCSY, 

HSQC-NOESY, and HMBC) 

At this point, more information about the RU structure of K102 CPS was still required, including the 

assignments of the 13C chemical shifts of every carbon atom of each sugar residue (i.e., from the 1D 

13C NMR spectrum), and confirmation of the sequence and linkage positions of the sugar residues in 

the RU. This information was obtained from a combination of 2D 1H-13C experiments using the 

preliminarily proton assignments as a starting point in their analysis. Moreover, the 2D heteronuclear 

experiments allowed further confirmation of the previous assignments and elucidated the remaining 

assignment for H6/6’ of residue C (-GalI). 

The assignment of the 2D heteronuclear experiments began with the 2D HSQC spectrum, which gives 

correlations from every 1H signal in the 1D 1H NMR spectrum (shown along the horizontal axis of the 

2D spectrum) to the 13C signal of the carbon that it is directly attached to on the 1D 13C NMR spectrum 

(shown along the vertical axis of the 2D spectrum). The 2D HSQC-DEPT spectrum (which provides the 

H6-C6 cross-peaks as inverted signals in red) was recorded for K102 CPS. The anomeric 1H-13C 

correlation cross-peaks and most of the ring cross-peaks could be assigned with ease, and the process 

was facilitated by overlaying the 2D HSQC-DEPT spectrum with the 1D TOCSY of each residue, as 

shown in Figure 3.9 using residue A as an example. However, the overlap of certain ring proton signals 

resulted in ambiguity in the assignment of their 1H-13C correlation cross-peaks. These included proton 

signals such as H3 C (-GalI) and H4 E (-GlcA) resonating at 3.86 ppm, resulting in two 1H-13C cross-

peaks vertically aligned to these overlapping proton signals, similarly, this was observed for H5 A (-

Glc) and H3 D (-GalII) resonating at 3.72 ppm, H4 A (-Glc) and H4 F (-Glc) resonating at 3.41 ppm 

and 3.42 ppm, respectively. 
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Figure 3.9: 2D 1H-13C HSQC-DEPT (blue and red) spectrum overlaid onto HSQC-TOCSY (black) and overlaid with 
1D TOCSY from H1 A. The key anomeric assignments for the HSQC-DEPT and HSQC-TOCSY are given, 

and in the ring region, the labels of residue A are provided. A = -Glc, B = -Gal, and C = -GalI, D = -

GalII, E = -GlcA, and F =-Glc. 

 

This ambiguity was resolved with the aid of HSQC-TOCSY (Figure 3.9), which gives well-resolved scalar 

multiple-bond 1H-13C intra-residue correlation cross-peaks from the anomeric signal of each residue 

to its corresponding 13C signals dependent on the sugar type. Some of these key intra-residue 

correlations given by the HSQC-TOCSY of K102 CPS included a correlation from H1 A (-Glc) to C4 at 

70.18 ppm, thus elucidating the assignment for H4-C4 A, and consequently elucidated H4-C4 F (-Glc), 

which was confirmed by a correlation from H1 F to C4 at 70.60 ppm. From H1 of C (-GalI), HSQC-

TOCSY gave an intra-residue correlation to C3 at 83.72 ppm, thus elucidating H3-C3 C, and 

consequently elucidating H4-C4 E (-GlcA), which was confirmed by a correlation from H1 E to C4 at 

77.78 ppm, and gave a correlation from H1 D (-GalII) to C3 at 73.34 ppm, thus elucidating the 

assignment of H3-C3 D, and consequently, H5-C5 A (-Glc). 

Further information was obtained from 2D HSQC-NOESY, which gives through-space 1H-13C intra- and 

inter-residue correlations. In the ring region, HSQC-NOESY gave intra-residue correlations from H5 to 

C6 D (-GalII), H6 to C3 D, and H6 to C4 B (-Gal), confirming the previous proton assignments 

postulated from 1D NOESY. These corresponded to the cross-peaks of H6-C6 of residue D and H6-C6 

of residue B in the HSQC-DEPT, therefore, confirming the remaining methylene cross-peak as H6-C6 
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C. As in HSQC-TOCSY, some key intra-residue correlations were obtained from the anomeric protons,

including H1 to C2 for residues A (-Glc) and B (-Gal), H1 to C5 for residue C (-GalI), thus providing 

more confirmation for the assignment of H5-C5 C. From H1 of D (-GalII), HSQC-TOCSY gave intra-

residue correlations to C3 and C5, thus providing more confirmation for the assignment of H5-C5 D 

and gave H1 to C3 for F (-Glc). Furthermore, HSQC-NOESY gave inter-residue correlations from H1 A 

to C4 E; H1 B to C6 D; H1 C to C4 B; H1 D to C3 C; H1 E to C3 B; and H1 F to C6 B. Thus, confirming the 

sequence of the residues in the RU that was elucidated by 1D NOESY, but in addition, provided the 

linkage positions of the residues without ambiguity as shown in Figure 3.10. 

Figure 3.10: Proposed repeating structure of K102 CPS with the glycosylation pattern as provided by 2D HSQC-
NOESY. 

The characterisation and elucidation of the RU structure were finalised by the 2D 1H-13C HMBC 

experiment, which gives multiple-bond scalar 1H-13C intra- and inter-residue correlations.  The HMBC 

intra-residue correlations are dependent on the sugar type, and since it can be set up to selectively 

give two or three-bond 1H-13C correlations, it is the main experiment for the elucidation or 

confirmation of the sequence and linkage positions of the residues. In the anomeric region, HMBC of 

K102 CPS (shown as an overlay with HSQC-DEPT in Figure 3.11a) gave intra-residue correlations from 

H1 to C3 and H1 to C5 for A (-Glc); B (-Gal); E (-GlcA); and F (-Glc), while no intra-residue 

correlations were observed for C (-GalI) and D (-GalII). Additionally, HMBC gave the following inter-

residue correlations from H1 A (-Glc) to C4 E (-GlcA); H1 B (-Gal) to C6 D (-GalII); H1 C (-GalI) to 

C4 B (-Gal); H1 D (-GalII) to C3 C (-GalI); H1 E (-GlcA) to C3 B (-Gal); and H1 F (-Glc) to C6 B (-

Gal), thus confirming the glycosylation pattern of the RU structure. Lastly, in the ring region HMBC 

gave a set of folded intra-residue correlations from H4 and H5 E to the COOH signal (Figure 3.11b), 

characteristic of an uronic acid residue, and thus gave further confirmation that E was the uronic acid 

residue, -GlcA. 
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Figure 3.11: Anomeric region (a) and ring region (b) expansions of 2D 1H-13C HMBC overlaid with HSQC-DEPT of 

K102 at 318 K and 600 MHz, with labels of the key cross-peaks shown. A = -Glc, B = -Gal, C = -

GalI, D = -GalII, E = -GlcA, and F = -Glc. 
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3.4 Summary of the full assignments and diagnostic spectra, and 

comparison of RU structural features to chemical analysis results 

The structural characterisation and elucidation of the CPS of K102 began with the analysis of the 

anomeric region from the 1D 1H/DOSY NMR spectra, which showed that K102 CPS was made up of a 

hexasaccharide RU. This was corroborated by 1D 13C/13C-DEPT NMR spectra, which confirmed the 

presence of an uronic acid residue in the chemical composition of the CPS. The assignments for nearly 

all the spin systems were established using a combination of 2D and 1D 1H-1H correlation experiments, 

COSY and TOCSY, which give scalar intra-residue correlations, and NOESY, which gives dipolar intra- 

and inter-residue correlations. Additionally, TOCSY provided the identification of the sugar type of 

each residue while NOESY indicated the sequence of the residues in the RU, although it was ambiguous 

in establishing the linkage positions. 

The 1H assignments were used to establish the assignments of the 1D 13C NMR spectrum using 2D 1H-

13C HSQC-DEPT experiment together with HSQC-hybrid experiments, HSQC-TOCSY and HSQC-NOESY, 

and the HMBC experiment. The elucidation of the proton-carbon pairs for each residue corroborated 

the proton assignments made using the homonuclear correlation experiments. The 2D HSQC-TOCSY 

gave 1H-13C intra-residue correlations which mainly resolved the ambiguity encountered in the 

assignment of some 1H-13C HSQC cross-peaks caused by overlapping 1H signals in the ring region, while 

2D HSQC-NOESY gave 1H-13C intra-residue correlations which provided confirmation of the tricky H5 

and H6/6’ assignments of the Gal sugar residues. 

Additionally, HSQC-NOESY confirmed the sequence of residues in the RU and also elucidated the 

linkage positions through inter-residue correlations from each anomeric proton to the linkage carbon 

of the neighbour. The HMBC experiment provided confirmation of the assignment of the COOH of the 

GlcA residue by giving folded intra-residue correlations from H4 and H5 of -GlcA to the COOH signal. 

Finally, HMBC provided confirmation of the linkage positions of the residues in the RU through its 

specialised three-bond scalar 1H-13C inter-residue correlations and thus completed the structural 

characterisation and elucidation of the CPS hexasaccharide RU of K102 (Figure 3.12). 
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Figure 3.12: Elucidated repeating unit structure of the capsular polysaccharide of K102 with sugar residues 
represented in the International Union of Pure and Applied Chemistry (IUPAC) format (a) and the 
Symbol Nomenclature for Glycans (SNFG) format (b). 

 

Figure 3.13: Fully labelled 1D 13C NMR spectrum of K102 CPS expansion of the anomeric and ring regions 

recorded at 318 K and 150 MHz. A = -Glc, B = -Gal, C = -GalI, D = -GalII, E = -GlcA, and F = -
Glc. 

 

The fully labelled 1D 13C NMR spectrum of K102 is provided in Figure 3.13, while the labelled 2D HSQC-

DEPT spectrum is provided in Figure 3.14. The 1D 1H and 13C NMR spectra of K102 CPS serve as its 

identity “fingerprints”  since the pattern or chemical shifts of their signals are diagnostic for its 

structure, and the 2D HSQC-DEPT spectrum serves as a 2D identity map of K102 CPS. These spectra 

can be used for identity testing of the CPS of K102. 

The full 1H and 13C chemical shift data obtained from the 1D and 2D NMR experiments of K102 are 

summarised in Table 3.1. Using the CASPER chemical shifts prediction program, the chemical shifts of 

the unsubstituted monosaccharides present in K102 were obtained. These were used for confirmation 

of the identity of the sugar residues and to calculate the glycosylation shifts by subtracting the 13C 

chemical shifts of the unsubstituted monosaccharides, obtained from CASPER, from the experimental 

13C chemical shifts of the residues in the CPS of K102.  Large positive values of glycosylation shifts, 

which are shown in brackets below the underlined 13C chemical shifts of the residues in Table 3.1, 

confirmed the linkage positions of the residues in the CPS RU. 



47 

Figure 3.14: Fully labelled 2D 1H-13C HSQC-DEPT spectrum of K102 CPS recorded at 318 K and 600 MHz. 

Methylene cross-peaks are inverted (in red). A = -Glc, B = -Gal, C = -GalI, D = -GalII, E = -GlcA, 

and F = -Glc. 

Further analysis of the magnitudes of the obtained glycosylation shifts and configurational factors 

reported by Shashkov[119] gave confirmation of the absolute configurations for nearly all the sugar 

residues of K102 CPS. It was found that the obtained glycosylation shift of 7.93 ppm for C1 of D (-

GalpII) is consistent with the reported shift range of +7.6 to +8.4 ppm, which is characteristic of a -D-

pyranose residue linked to C3 of a D-galactopyranose residue, thus confirmed the absolute 

configurations of D→3C as -D-GalpII-(1→3)--D-GalpI. Similarly, the obtained glycosylation shift of 

8.25 ppm for C1 of E (-D-GlcA) is also consistent with the reported shift range of +7.6 to +8.4 ppm, 

corresponding to a -D-pyranose residue linked to C3 of a D-galactopyranose residue, thus confirming 

the absolute configurations of E→3B as -D-GlcpA-(1→3)--D-Galp. 

Structural features of the K102 RU were corroborated by chemical analysis performed at the 

University of Trieste. Methanolysis of the CPS followed by trimethylsilylation derivatisation and gas 

chromatography-mass spectrometric (GLC-MS) analysis showed the presence of galactose (Gal), 

glucose (Glc), and glucuronic acid (GlcA) in the molar ratio of 3.0:2.0:0.7, in agreement with the 

hexasaccharide sugar composition shown by NMR. Determination of the glycosidic linkages was 

achieved by GLC-MS analysis of the partially methylated alditol acetates which identified: terminal 

Glcp, 3-Galp, 6-Galp, and 3,4,6-Galp in the molar ratio of 2.17:1.17:1.00:0.35. The methodology used 
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for linkage analysis does not detect uronic acids and is not quantitative, nevertheless, the data was 

consistent with a hexasaccharide repeating unit containing 3- and 6-linked Gal, a doubly branched Gal 

and two terminal Glc groups, as elucidated by NMR analysis. 

Table 3.1: Complete 1H-13C NMR chemical shift data of the sugar residues in K102 CPS with the glycosylation 
shifts shown in brackets; the 13C chemical shifts of the linkage positions are underlined. 

Sugar residues 
H1 

C1  

H2 

C2  

H3 
C3 

H4 
C4 

H5 

C5  

H6/6’ 
C6  

A 

-D-Glcp-(1→ 

5.45 

99.25 
(6.26) 

3.53 

72.68 

(0.21) 

3.70 

73.70 

(-0.08) 

3.42 

70.18 

(-0.53) 

3.72 

72.68 

(0.31) 

3.83/3.78 

61.10 

(-0.74) 

B 

→3,4,6)--D-Galp-(1→

5.06 

99.70 
(6.52) 

4.14 

68.12 

(-1.23) 

4.02 

80.52 

(10.39) 

4.43 

77.53 

(7.25) 

4.16 

71.07 

(-0.23) 

4.08/3.91 

70.95 

(8.91) 

C 

→3)--D-Galp
I

-(1→ 

4.81 

103.31 
(5.94) 

3.65 

71.41 

(-1.55) 

3.86 

83.72 

(9.94) 

4.18 

69.22 

(-0.47) 

3.68 

75.04 

(-0.89) 

3.75 

61.83 

(-0.01) 

D 

→6)--D-Galp
II

-(1→ 

4.67 

105.30 
(7.93) 

3.63 

72.02 

(-0.94) 

3.72 

73.34 

(-0.44) 

4.04 

68.98 

(-0.71) 

3.93 

72.69 

(-3.24) 

3.89/3.82 

67.00 

(5.16) 

E 

→4)--D-GlcpA-(1→

4.65 

105.02 
(8.25) 

3.47 

74.12 

(-0.88) 

3.77 

76.56 

(0.03) 

3.86 

77.78 

(5.09) 

3.81 

77.54 

(0.61) 

- 
175.70 

(-0.77) 

F 

-D-Glcp-(1→ 

4.50 

103.67 
(6.83) 

3.30 

74.12 

(-1.08) 

3.50 

76.79 

(0.03) 

3.41 

70.60 

(-0.11) 

3.45 

76.76 

(0.00) 

3.74/3.92 

61.75 

(-0.09) 
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3.5 Comparison of the composition and structure of the K102 RU with 

other Klebsiella serotypes and potential cross-reactivity  

The RU structure of K102 CPS was compared to the CPS RU structures of other K. pneumoniae 

serotypes in published chemical structural studies using the compiled database. Through this 

comparison, it was confirmed that the RU structure of K102 CPS was novel among the K. pneumoniae 

K-antigens and that it possesses two general unique structural features. Firstly, compared to other K-

antigens, K102 has an unusual hexasaccharide RU type that is comprised of a trisaccharide main chain, 

a disaccharide terminal, and a monosaccharide terminal, designated as 3 + 2 + 1 RU type. Additionally, 

the homopolysaccharide main chain that consists of only Gal sugar residues is another unusual 

structural feature compared to other K. pneumoniae K-antigens.  

The K-antigen of K102 also shares structural features with some K. pneumoniae K-antigen serotypes. 

Firstly, it contains the same sugar composition (Gal; Glc; GlcA) as the K-antigens of serotypes K8; K11; 

K15; K22; K25; K27; K37; K51; and K82. Moreover, K102 CPS possesses similar epitopes (potential 

antibody-binding sites) to K-antigens of K15 and K18 as shown in Figure 3.15. These common epitopes 

may potentially provide serological cross-reactivity between the K-antigen of K102 and the K-antigens 

of K15 and K18, and these will be investigated in-depth by our collaborators, GVGH. 
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(a) K102

(b) K15

(c) K18

Figure 3.15: Capsular polysaccharide repeating units of K. pneumoniae (a) K102; (b) K15; and (c) K18, showing 
two structural features shared by K102 and K15: a pentasaccharide unit formed by the same types 
of monosaccharide residues with the same sequence (as shown by the red borders in (a) and (b)), 
and a trisaccharide unit formed by the same types of monosaccharide residues with the same 
sequence and linkage positions (as shown by the blue dashed borders in (a) and (b)), and a structural 
feature shared by K102 and K18: a disaccharide terminal branch formed by the same 
monosaccharide residues with the same linkages and sequence (as shown by the green dotted 
borders in (a) and (c)). 
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3.6 Conclusions 

The CPS of K102 was successfully characterised, and the RU structure elucidated using NMR 

spectroscopic analysis. The NMR analysis agreed with the chemical analysis performed at the 

University of Trieste, however, it was demonstrated that NMR analysis was more reliable for 

accurately determining the polysaccharide structural features such as sugar composition, and 

linkages, additionally, it gave the monosaccharide sequence in the RU. Although it is not always 

possible for some polysaccharides, the NMR experimental chemical shifts data was able to confirm 

the D-absolute configurations for all sugar residues, apart from residue A (-D-Glcp). This was based 

on the calculated glycosylation shifts and the configurational factors provided by Shashkov.[119] The 

proposed RU structure was found to be novel, having a unique 3 + 2 + 1 RU type among other K. 

pneumoniae capsular polysaccharides. This corroborates the identification of this strain, 

corresponding to K102, as a novel serotype through genotyping by our collaborators. Furthermore, 

K102 CPS possesses similar epitopes to the K-antigens of K15 and K18, which may potentially provide 

cross-reactivity. The established procedure for the NMR analysis of K102 CPS was implemented in the 

next two chapters to characterise and elucidate the structures of the 3 remaining K. pneumoniae K-

antigens. 
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Chapter 4: Structural elucidation of K112 CPS 

K. pneumoniae serotype K112 is among the emerging clinically significant strains of this bacterium that

have been identified as novel using genotyping by our collaborators, this was determined as KL112. A 

capsular polysaccharide sample (~15 mg) of this strain was received from our collaborators at the 

GVGH Vaccines Institute for Global Health, Siena, for in-depth NMR analysis. Preliminary chemical 

composition analysis of the CPS was conducted by the GVGH group which revealed the presence of 

mannose (Man); galactose (Gal); and glucuronic acid (GlcA). In this chapter, the full NMR 

characterisation and structural elucidation of the RU structure of this K-antigen is reported and later 

compared to comprehensive chemical studies performed at the University of Trieste (Prof. Cescutti). 

The optimum temperature for conducting the NMR experiments on K112 CPS was 333 K. 

4.1 1D 1H, 13C, and 2D/1D Homonuclear NMR experiments 

As before, the DOSY experiment (Figure 4.1b) was used to remove the water signal in the anomeric 

region of the 1D 1H NMR spectrum (Figure 4.1a) of K122 CPS to reveal five anomeric signals, suggesting 

a pentasaccharide RU. The signals were designated labels as H1 A - E, from the most downfield to the 

most up-field signal. The chemical shifts of the anomeric signals and coupling constants for residue A 

(5.38 ppm) and B (5.18 ppm) were characteristic of -sugar residues, while those for residue C 

(4.71 ppm), D (4.63 ppm), and E (4.54 ppm) were characteristic of -sugar residues.  The absence of 

signals in the methyl region confirmed that no acetylation, 6-deoxy sugars, or pyruvate groups were 

present. The analysis of the 1D 13C/13C-DEPT spectra corroborated the 1D DOSY-1H NMR spectrum and 

revealed five anomeric signals, four methylene group signals, which confirmed the presence of a GlcA 

sugar residue, and no methyl group signals. The assignments of the ring protons for each spin system 

and identification of their sugar types were accomplished from 2D 1H-1H COSY and DOSY-TOCSY 

spectra, using the proton anomeric signals as a starting point (Figure 4.2). 

From H1 of residue A, 2D COSY gave a correlation to H2 at 4.00 ppm, and applying 2D DOSY-TOCSY 

gave further multiple-bond correlations to H3, overlapping with H2 at 4.00 ppm, and stopped with H4 

at 4.23 ppm, which is a characteristic pattern of an -Gal residue. It was determined that H3 overlaps 

with H2 because, for Gal sugars, H4 is always the most deshielded signal in TOCSY.  Notably, from H1 

of B, the 2D COSY experiment gave a correlation to H2 at 4.31 ppm, and DOSY-TOCSY did not give any 

further multiple-bond correlations. 
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Figure 4.1: Overlay of (a) 1D 1H NMR spectrum and (b) 1D 1H-DOSY NMR spectrum of K112 CPS recorded at 318 
K and 600 MHz with the diagnostic anomeric signals labelled from H1 A-E. 

 

Figure 4.2: 2D 1H-1H COSY (red) overlaid upon DOSY-TOCSY (black) expansion spectra of K112 CPS with diagnostic 

signals labelled, recorded at 333 K and 600 MHz. A = -Gal; B = -Man; C = -GlcA; D = -Man; E = -
Gal. 

This pattern was not observed in the TOCSY spectrum of the previously described K102 CPS and is 

characteristic of a mannose sugar type, due to their small JH2, H3 coupling constant. However, from H2 

of B, COSY gave a well-resolved correlation to H3 at 4.20 ppm, and DOSY-TOCSY gave further long-

range correlations to H4 at 3.97 ppm, H5 at 3.96 ppm (overlapping with H4), and H6 at 3.86 ppm. 
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Therefore, residue B was identified as an -Man sugar residue. From H1 of C, 2D COSY elucidated H2 

at 3.48 ppm, and DOSY-TOCSY revealed H3, H4, and H5 (3.68; 3.75; and 3.82 ppm respectively), 

characteristic of a -GlcA residue. 2D COSY and DOSY-TOCSY from H1 and H2 of residue D revealed 

the same pattern observed for residue B and elucidated H2 at 3.99 ppm, H3 at 3.63 ppm, H4 at 3.85 

ppm; H5 at 3.38 ppm; and H6 at 3.93 ppm, characteristic of a -Man sugar residue. Lastly, 2D COSY 

and DOSY-TOCSY from H1 of residue E gave the same pattern as for residue A and elucidated H2 at 

3.68 ppm, H3 at 3.78 ppm; and H4 at 4.22 ppm, characteristic of a -Gal residue. These assignments 

were confirmed by a series of 1D TOCSY experiments recorded by selectively irradiating H1 of each of 

the Gal sugars (A and E) and the GlcA sugar (C), and from H2/H5 for each of the Man sugars (B and D). 

Figure 4.3: 1D NOESY spectra of K112 CPS recorded at 300 ms by irradiating H1 of residues A (-Gal) (a); B (-

Man) (b); C (-GlcA) (c); D (-Man) (d); and E (-Gal) (e), overlaid onto 1D DOSY spectrum (f). The 
labels of the anomeric signals on each NOESY spectrum are provided and the assignments of the 
respective intra- and inter-residue correlations given with inter-residue correlations highlighted 
within ovals, and the assignments are cross validated on the 1D DOSY spectrum (f). 
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More information was obtained from a series of 1D NOESY spectra recorded by irradiating H1 of each 

residue (Figure 4.3a-f). The 1D NOESY profiles confirmed some of the preliminary assignments, and 

particularly, the 1D NOESY from H1 of E (-Gal) gave the expected intra-residue correlations for a -

pyranose sugar (H1 to H3 and H1 to H5), thus, elucidating H5 of E at 3.65 ppm (Figure 4.3e). 

Additionally, the series of 1D NOESY spectra elucidated the sequence of the residues in the RU by 

providing inter-residue correlations from H1 of A (-Gal) to multiple protons of B (-Man); H1 of B (-

Man) to multiple protons of E (-Gal); H1 of C (-GlcA) to multiple protons of A (-Gal); H1 of D (-

Man) to multiple protons of C (-GlcA); and H1 of E (-Gal) to multiple protons of B (-Man). This 

suggests a repeating unit structure with the sequence: 

B (-Man) →  E (-Gal) as the main chain; and D (-Man) →  C (-GlcA) →  A (-Gal) →  B (-Man) 

as the side chain. 

However, the NOESY spectra could not be used to assign the linkage positions and thus these, and the 

remaining assignments (H5 and H6 of A (-Gal), and H6 of E (-Gal)) were assigned using the 2D 1H-

13C heteronuclear experiments. 

4.2 2D 1H-13C NMR experiments 

With nearly all the proton assignments of the spin systems obtained from the homonuclear 

experiments (except for H5 and H6 of A, and H6 of E), the 2D 1H-13C heteronuclear experiments were 

acquired to assign the 13C chemical shifts, confirm the sequence, and elucidate the linkage positions 

for each residue. Beginning with the 2D HSQC-DEPT spectrum, the cross-peaks were assigned using 

the proton assignments and confirmed by overlaying the 1D TOCSY profile of each residue. 

Additionally, the 2D HSQC-TOCSY confirmed the HSQC-DEPT assignments and resolved the 

ambiguities which arose from overlapping proton signals (Figure 4.4). Furthermore, the 2D HSQC-

NOESY  provided further confirmation and elucidated the linkage positions for residues A (-Gal); B 

(-Man); and C (-GlcA), through inter-residue correlations from H1 A (-Gal) to C3 B (-Man); H1 C 

(-GlcA) to C3 A; and H1 D (-Man) to C4 C (-GlcA), and thus, elucidated the side chain as: 

D (-Man) →  4C (-GlcA) →  3A (-Gal) →  3B (-Man). 

At this point, apart from the methylene cross-peaks for H6-C6 of A and E (appearing as inverted peaks 

in red in Figure 4.4), the cross-peak for H5-C5 of A could be assigned as it was the only remaining 

cross-peak in the ring region (Figure 4.4). 
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Figure 4.4: Labelled 2D 1H-13C HSQC-DEPT spectrum (blue and methylene peaks, red) overlaid onto 2D HSQC-

TOCSY spectrum (black). A = -Gal; B = -Man; C = -GlcA; D = -Man; E = -Gal. 

Finally, the 2D HMBC spectrum was assigned, giving intra-residue correlations from H6 to C5 of A and 

a corresponding correlation from C5 to H6 of A (-Gal) in the ring region, confirming the assignments 

of H5-C5 and H6-C6 of A (-Gal), consequently confirming the assignment of H6-C6 of E (-Gal) as it 

was the remaining methylene cross-peak in the HSQC-DEPT. The HMBC spectrum also gave folded 

correlation cross-peaks from H5 and H4 of C (-Gal) to the COOH signal, confirming that residue C is 

the -GlcA residue. In the anomeric region, HMBC gave the diagnostic intra-residue correlations which 

provided further confirmation for some of the preliminary assignments: from H1 of A to C3, to C5, and 

C2 (with a low intensity); from H1 of B to C2, to C3, and C5; from H1 of D to C2, and C5, and no intra-

residue correlations from H1 of C and E (Figure 4.5). Furthermore, HMBC gave the key inter-residue 

correlations: from H1 A (-Gal) to C3 B (-Man); H1 B (-Man) to C3 E (-Gal); H1 C (-GlcA) to C3 A 

(-Gal); H1 D (-Man) to C4 C (-GlcA); and H1 E (-Gal) to C2 B (-Man) (Figure 4.5), confirming the 

sequence of the residues, elucidating the linkage positions, and thus confirming the repeating unit 

structure shown in Figure 4.6. 
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Figure 4.5: Expansion of the anomeric region for an overlay of 2D 1H-13C HMBC spectrum (black) and HSQC-DEPT 
(blue) of K112 CPS with the diagnostic intra- and inter-residue correlations labelled. The inter-residue 

correlations are highlighted by the ovals. A = -Gal; B = -Man; C = -GlcA; D = -Man; E = -Gal. 

 

 

Figure 4.6: The proposed repeating unit structure of K. pneumoniae K112 capsular polysaccharide. 
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4.3 Summary of the full assignments, presentation of diagnostic spectra, 

and comparison of RU structural features to chemical analysis 

The 1D DOSY-1H NMR spectrum of K112 CPS gave five anomeric signals, consistent with a 

pentasaccharide RU. This was corroborated by 1D 13C/13C-DEPT NMR spectra that also confirmed the 

presence of a GlcA residue by revealing four methylene group signals, in agreement with the provided 

chemical compositional analysis. Using 2D COSY and TOCSY spectra, further assignments of the spin 

systems were elucidated dependent on the sugar residue type. The TOCSY patterns were consistent 

with A = -Gal; B = -Man; C = -GlcA; D = -Man; and E = -Gal.  A series of 1D NOESY spectra from 

H1 of each residue elucidated the sequence of the residues in the RU, and the assignment for H5 of E 

was elucidated by 1D NOESY from H1 of E, leaving only H5 and H6 of A, and H6 of E unassigned. 

Using the obtained proton assignments of the spin systems, the 2D HSQC-DEPT spectrum was 

successfully assigned with the aid of 2D heteronuclear-hybrid experiments, such as the HSQC-TOCSY 

and HSQC-NOESY, and the 2D HMBC experiment. Notably, the HMBC experiment allowed the 

elucidation of the assignments for H5-C5 of A (-Gal); and H6-C6 of A (-Gal) and E (-Gal), which 

could not be elucidated from preliminary experiments, and ultimately, HMBC confirmed the sequence 

of sugar residues in the RU and clarified the linkage positions. Therefore, the 2D HSQC-DEPT spectrum 

was fully assigned and labelled as shown in Figure 4.7a, and consequently, the 1D 13C NMR spectrum 

was also labelled as shown in Figure 4.7b. The obtained 1H and 13C chemical shifts for each residue 

were recorded as shown in Table 4.1 and the glycosylation shifts were calculated. As expected, the 

obtained glycosylation shifts were large and positive at the linkage positions, thus confirming the 

glycosylation pattern. However, for K112 K-antigen, the D-absolute configurations of the residues 

could not be confirmed from the values of the glycosylation shifts, as no sequence met the rules 

described by Shashkov.[119]

As for K102 CPS, structural features of K112 CPS RU acquired from NMR analysis were corroborated 

by chemical analysis performed at the University of Trieste. Composition analysis involved 

methanolysis of the CPS followed by trimethylsilylation derivatisation and GLC-MS analysis, which 

showed the presence of mannose (Man), galactose (Gal), and glucuronic acid (GlcA) in the molar ratio 

of 1.5:1.0:0.4. Glycosidic linkage analysis was performed by GLC-MS analysis of the partially 

methylated alditol acetates which indicated: terminal Manp; 3-Galp; 2,3-Manp in the molar ratio of 

0.9:1.0:0.7. These results were reasonably in agreement with the sugar composition and glycosylation 

pattern shown by NMR. However, the techniques gave a low recovery of Gal in sugar composition and 

linkage analysis because of the linkage to GlcA. Additionally, the methodology for linkage analysis does 
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not detect uronic acids such as GlcA and is not quantitative, nevertheless, the data was consistent 

with the pentasaccharide repeating unit elucidated by NMR analysis. 

Figure 4.7: Fully labelled (a) 2D 1H-13C HSQC-DEPT identity map and (b) 1D 13C NMR spectra of K112 CPS recorded 

at 333 K, and at 400 and 150 MHz, respectively. A = -Gal; B = -Man; C = -GlcA; D = -Man; E = -
Gal. 
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Table 4.1: Complete 1H-13C NMR chemical shifts data of the sugar residues in K112 CPS with the glycosylation 
shifts shown in brackets; the carbon chemical shifts of the linkage position are underlined. 

Sugar residues  
H1 

C1  

H2 

C2  

H3 

C3  

H4 

C4  

H5 

C5  

H6 

C6  

A 

→3)--D-Galp-(1→ 

5.38 

100.71 
(7.53) 

4.00 

68.45 

(-0.90) 

4.00 

80.99 

(10.86) 

4.23 

70.15 

(-0.13) 

4.22 

71.93 

(-0.63) 

3.77 

62.30 

(0.26) 

B 

→2,3)--D-Manp-(1→ 

5.18 

94.87 
(-0.07) 

4.31 

77.80 

(6.11) 

4.20 

75.08 

(3.83) 

3.97 

67.59 

(-0.35) 

3.96 

73.58 

(0.24) 

3.86 

61.15 

(-0.84) 

C 

→4)--D-GlcpA-(1→ 

4.71 

104.79 
(8.02) 

3.48 

73.80 

(-1.20) 

3.68 

74.69 

(-1.84) 

3.75 

81.17 

(8.48) 

3.82 

76.66 

(-0.27) 

- 
175.91 

(-0.56) 

D 

-D-Manp-(1→ 

4.63 

100.72 
(6.17) 

3.99 

71.43 

(-0.70) 

3.63 

73.60 

(-0.43) 

3.58 

67.59 

(-0.10) 

3.38 

77.14 

(0.14) 

3.93; 3.75 

61.86 

(-0.13) 

E 

→3)--D-Galp-(1→ 

4.54 

102.83 
(5.46)  

3.68 

70.04 

(-2.92) 

3.78 

77.14 

(3.36) 

4.22 

65.02 

(-4.67) 

3.65 

75.59 

(-0.34) 

3.65 

61.86 

(0.02) 

 

4.4 Comparison of the composition and structure of the K112 RU with 

other Klebsiella serotypes and potential cross-reactivity 

Comparison of the proposed repeating unit structure of K112 CPS (Figure 4.8) with other K. 

pneumoniae K-antigens revealed that it was a novel structure. This repeating unit comprised of a 

disaccharide main chain and a trisaccharide terminal, designated as 2 + 3 RU type, is unusual and the 

first among currently known K. pneumoniae K-antigens with pentasaccharide repeating units. 

Nevertheless, it was found that K112 has some common structural features with various K. 

pneumoniae K-antigens. 

Its monosaccharide composition (Man; Gal; GlcA) is similar to that of serotypes K3, K20, K21, K43, K66, 

and K74. Interestingly, it was found that the RU structure of K112 CPS is similar to that of K20 with 

respect to every structural feature apart from K20 comprising a disaccharide side chain lacking the 

terminal -Manp residue (Figure 4.9). This suggests that K112 may be closely related and serologically 

cross-reactive with K20. Furthermore, the GlcA → Gal disaccharide unit that forms part of the terminal 

branch of K112 CPS RU is similar to the terminal branches of the K-antigens of K. pneumoniae 

serotypes K24, K31, and K43 (Figure 4.10a-c). As previously described for K102 CPS (Section 3.5), such 

similar epitopes may potentially provide some cross-reactivity. 
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Figure 4.8: Proposed repeating unit structure of the capsular polysaccharide of K112 with sugar residues 
represented in the (a) IUPAC format and the (b) SNFG format. 

Figure 4.9: The capsular polysaccharide repeating unit of K. pneumoniae serotype K20 having the same structure 

as serotype K112 besides lacking the terminal -Manp residue. 
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(a) K24

(b) K31

(c) K43

Figure 4.10: K. pneumoniae K-antigens of (a) K24; (b) K31; and (c) K43, having the same Man → 4GlcA 
disaccharide unit  as the K-antigen of K112 (highlighted by the red borders), an epitope that may 
potentially provide cross reactivity between K112 and these K-antigens. 
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4.5 Conclusions 

In conclusion, the NMR experimental data demonstrated that the K-antigen of K112 is made up of a 

novel repeating unit structure, with a RU type designated as a 2 + 3 (Figure 4.8). This confirms the 

identification of K112 as a novel serotype through genotyping by collaborators. Chemical composition 

analysis and linkage analysis performed at the University of Trieste corroborated the structural 

features elucidated by NMR. However, the chemical analysis demonstrated some limitations in 

accurately determining the molar ratio of sugars, due to the presence of GlcA, and could not identify 

the linkages of GlcA residues, thus demonstrating the advantages and the power of NMR spectroscopy 

for elucidation of CPS RU structural features. 

Interestingly, although K112 CPS was found to be a novel among K. pneumoniae K-antigens, it 

appeared that it only differs with the addition of the terminal -Man residue forming part of the side 

chain, in comparison to the repeating unit structure of K. pneumoniae serotype K20. This suggested 

that these serotypes may be closely related to each other and most likely to be serologically cross-

reactive. Additionally, K112 CPS contains some key epitopes present in K. pneumoniae K-antigens of 

serotypes K21; K31; and K43, which may potentially provide cross-reactivity. As previously noted, the 

cross-reactivity studies will be performed by collaborators, GVGH. 
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Chapter 5: Structural characterisation of K122 and KL107 

The capsular polysaccharides of K. pneumoniae serotype K122 and KL107 were the final 

polysaccharides to be characterised, using NMR spectroscopy, during this investigation. These were 

also genotypically identified as novel strains by our collaborators; however, it was later found in the 

investigation that KL107 is not novel, hence it is being referred to with its KL designation. The CPSs of 

these two strains were also received from GVGH for in-depth NMR analysis. Preliminary chemical 

analysis performed by the GVGH group demonstrated that they both have identical sugar 

compositions: glucose (Glc), mannose (Man), and glucuronic acid (GlcA) and are thus reported 

together in this chapter. As with the previous capsular polysaccharides, a detailed chemical analysis 

was performed at the University of Trieste, and compared to the structural results obtained from 

NMR. The NMR experiments were recorded at 343 K, which appeared to give high-quality spectra for 

these samples, using the 600 MHz instrument. Since the chemical composition of these two K-antigens 

was the same and comprised the sugar residues previously encountered in the structural elucidation 

of K102 and K112 CPS repeating units, in-depth explanations of the NMR experiments will not be 

detailed here. 

5.1 K122 CPS characterisation 

5.1.1 1D 1H, 13C, and 2D/1D homonuclear experiments 

For the K122 CPS, the 1D DOSY-1H NMR experiment (Figure 5.1) revealed six anomeric signals (5.33; 

5.32; 5.12; 4.93; 4.65; and 4.46 ppm), designated as H1 A - F from the most down-field to the most 

up-field signal, respectively, with H1 A and H1 B (5.33 and 5.32 ppm) signals overlapping, thus 

suggesting a hexasaccharide RU. The chemical shifts and coupling constants of the anomeric signals 

suggested the presence of three -sugars (residues A - C) and three -sugars (residues D - F). 1D 13 C 

and 13C-DEPT experiments (Figure 5.2) confirmed the proton analysis by showing six anomeric carbon 

signals, three methylene group signals and three COOH group signals, suggesting the presence of three 

uronic acid residues, and revealed two diagnostic up-field signals (near 67 ppm) of C4 of mannose 

residues. 
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Figure 5.1: 1D DOSY-1H NMR spectrum of K122 CPS recorded at 343 K and 600 MHz, showing six diagnostic 
anomeric signals labelled from H1 A - F. 

Figure 5.2: Overlay of (a) 1D 13C-DEPT and (b) 13C NMR spectra of K122 CPS recorded at 343 K and 150 MHz, 
showing six anomeric signals, three methylene (CH2) as inverted signals, and two C4 mannose signals. 
1D 13C gave three carbonyl signals downfield (not shown) and were removed by the 13C-DEPT 
experiment. 

As previously described, 2D proton scalar correlation homonuclear experiments (COSY and TOCSY) 

were used to assign ring proton signals and identify each sugar residue (Figure 5.3). 2D COSY gave 

correlations from H1 of residue A to H2, and H2 to H3 (with low intensity), 2D TOCSY revealed no 

further correlations for residue A but confirmed the assignment of H3 with a correlation from H1 to 

H3 (with low intensity), characteristic of an -Man sugar residue. As a result of the overlapping 

anomeric signals of residues A and B, only a correlation from H1 to H2 was identified for residue B in 

the 2D COSY and TOCSY experiments, which prevented the identification of residue B in these 

experiments. As for residue A, 2D COSY of residue C showed correlations from H1 to H2, and H2 to H3 

(with low intensity). 2D TOCSY gave a correlation from H1 to H3 (with low intensity) for residue C, 

which was characteristic of a second -Man sugar residue. Notably, the H2 proton signals of residues 

A and C overlapped at 4.27 and 4.26 ppm, respectively, this resulted in obstruction of the assignment 

of further TOCSY correlations from these signals, which would have elucidated the rest of the spin 
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systems for these mannose residues. For residue D, 2D COSY and TOCSY experiments revealed all 

proton assignments (H1 to H6), characteristic of a -Glc sugar residue; and revealed H1 to H5 for 

residues E and F, characteristic of two -GlcA sugars, respectively. Therefore, the analysis of the 2D 

COSY and TOCSY spectra revealed the presence of two mannose residues (A and C), consistent with 

the analysis of the 1D 13C NMR spectrum (i.e., the two C4 signals characteristic of mannose), one 

glucose residue (D), and two glucuronic acid residues (E and F). However, 1D 13C NMR analysis 

suggested the presence of three GlcA residues, which meant that the unidentified spin system of 

residue B must be a third GlcA residue. This was confirmed by subsequent experiments (Section 5.1.2). 

 

Figure 5.3: 2D 1H-1H COSY (red) overlaid onto 2D TOCSY (black) of K122 CPS recorded at 343 K and 600 MHz, with 

labels of the diagnostic signals given (A = -ManI; B = -GlcA; C = -ManII; D = -Glc; E = -GlcAI; F = 

-GlcAII). The cross-peaks of A-C are labelled along F2 (horizontal axis). 

 

A series of 1D TOCSY experiments recorded by irradiating the anomeric signals and other diagnostic 

signals of each residue confirmed the assignments from 2D COSY and 2D TOCSY and were later used 

to aid the assignment of 1H-13C experiments. Additionally, 2D NOESY and 1D NOESY (from H1 of each 

residue) experiments were recorded and analysed, however, none of the remaining protons (H4 to H6 

of residues A and C, and H3 to H5 of residue B) could be assigned from these experiments. 

Furthermore, due to several unknown proton assignments at this point, the NOESY inter-residue 

correlations could not be completely assigned immediately. Nevertheless, the following inter-residue 

correlations were obtained: H1 A (-ManI) to H3 D (-Glc); H1 B (-GlcA) to H3 C (-ManII); and H1 C 
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(-ManII) to H3 A (-ManI), suggestive of the following sequential arrangements of the residues in the 

RU: 

A → 3-D;  B → 3-C;  C → 3-A 

-ManI → 3--Glc;  -GlcA → 3--ManII;  -ManII → 3--ManI 

The remaining assignments and repeating unit structural features were obtained from the 2D 1H-13C 

heteronuclear experiments. 

5.1.2  2D 1H-13C heteronuclear experiments 

The 2D HSQC-DEPT spectrum was assigned based on the preliminary proton assignments, and 2D 

HSQC-TOCSY and HSQC-NOESY experiments which were performed to confirm the assignments and 

resolve ambiguities arising from overlapping proton signals. However, even the HSQC-hybrid 

experiments failed to elucidate the assignments of H4 to H6 for residues A and C; and H3 to H5 for 

residue B, and their corresponding carbons. These assignments were obtained from 2D 1H-13C HMBC 

experiment, which revealed the diagnostic intra-residue correlations in the anomeric region: H1 to C2, 

H1 to C3, and H1 to C5 for residues A (-ManI) and C (-ManII); thus elucidating H5-C5 of these 

residues (Figure 5.4). Moreover, key intra-residue correlations from C3 to H4 of residues A and C were 

obtained in the ring region of HMBC (Figure 5.5), which gave the assignment of H4-C4 of these -Man 

residues, thus leaving only H6-C6 as their remaining assignments. Importantly, from the ring region of 

the HMBC spectrum, the following intra-residue correlations were obtained for residue B: C2 to H3; 

H3 to C4; H4 to C5; and a correlation from the folded signal of C6 (COOH) to H4 and H5, thus revealing 

the full H-C assignments of residue B and confirming it as an -GlcA sugar. Similarly, HMBC gave 

correlations from two other folded C6 (COOH) signals to the H4 and H5 signals of residues E and F, 

thus confirming these residues as -GlcAI and -GlcAII sugars, respectively (Figure 5.5). 

At this point, the only remaining assignments were H6-C6 of residues A (-ManI) and C (-ManII), 

which were assigned from the HSQC-TOCSY experiment, and gave correlations from H3 to C6, and H5 

to C6 for residue A; and H5 to C6 for residue C. Therefore, the HSQC-DEPT spectrum was fully assigned, 

as shown in Figure 5.4 and Figure 5.5. Lastly, the key HMBC inter-residue correlations were assigned 

to identify the glycosylation pattern of the residues as shown in Figure 5.4: H1 A (-ManI) to C3 D (-

Glc); H1 B (-GlcA) to C3 C (-ManII); H1 C (-ManII) to C3 of A (-ManI); H1 of D (-Glc) to C3 of B (-

GlcA); H1 of E (-GlcAI) to C4 of B (-GlcA); and H1 of F (-GlcAII) to C2 of A (-ManI). These 

assignments were corroborated by further inter-residue correlations from the ring protons (H2 and 

H3 of A, H3 and H4 of B, H3 of C, and H3 of D) to C1 of the preceding residues, therefore, the repeating 

unit structure shown in Figure 5.6 was obtained. 
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Figure 5.4: Fully assigned expansion of the anomeric region of 2D 1H-13C HMBC (black) overlaid with HSQC-DEPT 
(blue) of K122 CPS recorded at 343 K and 600 MHz. The key inter-residue correlations providing the 

glycosylation pattern are shown within ovals. A = -Man; B = -GlcA; C = -Man; D = -Glc; E = -GlcAI; 

F = -GlcAII. 

 

Figure 5.5: Labelled expansion of 2D 1H-13C HMBC spectrum (black) overlaid with HSQC-DEPT (blue, methylene 
cross-peaks inverted (red)) of K122 CPS recorded at 343 K and 600 MHz. The HMBC assignments which 

allowed the complete elucidation of 1H-13C signals of residue B are shown within ovals. A = -Man; B 

= -GlcA; C = -Man; D = -Glc; E = -GlcAI; F = -GlcAII. 
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Figure 5.6: Proposed repeating unit structure of K. pneumoniae K122 capsular polysaccharide. 

5.1.3 Summary of the full assignments and key diagnostic spectra, and 

comparison to chemical analysis results 

The 1D proton (DOSY) and carbon NMR spectra of K122 CPS gave six anomeric signals, suggesting a 

hexasaccharide RU. 1D carbon showed three carboxyl signals and the DEPT experiment revealed three 

inverted methylene signals, thus indicating the presence of three GlcA residues and three hexoaldose 

residues in the hexasaccharide RU. Using the combination of 1D and 2D homonuclear experiments 

(COSY, TOCSY, and NOESY) and the anomeric protons as a starting point, assignments for some of the 

ring protons and the identities of the sugar residues were determined: A (-ManI); B (-GlcA); C (-

ManII); D (-Glc); E (-GlcAI); and F (-GlcAII). However, there was extensive overlap of several 

diagnostic proton signals, such as H1 of residues A (-ManI) and B (-GlcA); and H2 of residues A (-

ManI) and C (-ManII), which prevented the complete elucidation of the proton assignments of these 

spin systems from the TOCSY experiments. Nevertheless, the remaining proton assignments of these 

residues were successfully obtained from 2D HSQC-TOCSY and HMBC experiments, and HMBC 

elucidated the complete glycosylation pattern of the sugar residues in the RU. Finally, the 2D 1H-13C 

HSQC-DEPT identity map and the diagnostic 1D 13C NMR spectra were fully assigned as shown in 

Figure 5.7a, b. 

The acquired 1H and 13C chemical shifts of the residues of the K122 CPS repeating unit are given in 

Table 5.1, and the calculated glycosylation shifts of the residues are shown in brackets below the 

carbon chemical shifts. The linkage positions gave positive and large glycosylation shift values (+4.2 to 

+ 9.2 ppm), thus confirming the identified glycosylation pattern and the proposed repeating unit

structure shown in Figure 5.8. However, the expected D-absolute configurations of the residues in this 

repeating unit could not be confirmed using the NMR data and glycosylation shift values. This is 
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because none of the disaccharide fragments within the unit matched the conditions of the 

configurational factors reported in the literature.[119,120]  

Figure 5.7: Labelled (a) 2D HSQC-DEPT identity map spectrum, with methylene groups cross-peaks shown in red, 
and (b) labelled 1D 13C NMR spectrum of K122 CPS recorded at 343 K , and 600 and 150 MHz, 

respectively. A = -Man; B = -GlcA; C = -Man; D = -Glc; E = -GlcAI; F = -GlcAII. 
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Table 5.1: Complete 1H and 13C NMR chemical shifts data of the sugar residues in K122 CPS with glycosylation 
shifts shown in brackets below; carbon chemical shifts of the linkage carbons are underlined. 

Residues 
H1 

C1 

H2 

C2 

H3 

C3 

H4 

C4 

H5 

C5 

H6 

C6 

A  

→2,3)--D-Manp
I

-(1→ 

5.33 
99.53 
(4.59) 

4.27 

78.20 

(6.51) 

4.07 

77.87 

(6.62) 

3.87 

67.06 

(-0.88) 

4.02 

73.95 

(0.61) 

3.84 

61.30 

(-0.69) 

B  

 →3,4)--D-GlcpA-(1→ 

5.32 
100.95 
(7.99) 

3.91 

72.44 

(0.18) 

4.27 

 78.42 

(4.90) 

4.04 

77.16 

(4.25) 

4.27 

73.76 

(1.29) 

- 
176.59 

(-0.83) 

C  

→3)--D-Manp
II

-(1→ 

5.12 
103.71 
(8.77)  

4.26 

70.82 

(-0.87) 

3.98 

80.36 

(9.11) 

3.77 

67.32 

(-0.62) 

3.99 

74.10 

(0.76) 

3.77; 3.88 

61.83 

(-0.16) 

D  

 →3)--D-Glcp-(1→ 

4.93 
102.64 
(5.80)  

3.44 

73.13 

(-2.07) 

3.66 

83.70 

(6.94) 

3.57 

70.88 

(0.17) 

3.44 

76.62 

(-0.14) 

3.75; 3.89 

61.56 

(-0.28) 

E  

 -D-GlcpA
I

-(1→ 

4.65 
102.02 
(5.25)  

3.32 

74.39 

(-0.61) 

3.50 

76.51 

(-0.02) 

3.50 

72.72 

(0.03) 

3.67 

77.23 

(0.3) 

- 
176.34 

(-0.13) 

F  

 -D-GlcpA
II

-(1→ 

4.46 
102.45 
(5.68)  

3.39 

73.49 

(-1.51) 

3.50 

76.33 

(-0.20) 

3.58 

72.58 

(-0.11) 

3.66 

77.76 

(0.83) 

- 
176.20 

(-0.27) 

 

 

Figure 5.8: Proposed repeating unit structure of K122 capsular polysaccharide represented in (a) IUPAC and 

(b) SNFG format. 
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Chemical analysis performed at the University of Trieste corroborated the structural features of the 

repeating unit of K122 CPS. This followed the same methodology as for K102 (Section 3.4) and K112 

(Section 4.3). The composition analysis showed the presence of mannose (Man); glucose (Glc); and 

glucuronic acid (GlcA) in the molar ratio of 3.1:1.0:3.9, respectively, which was not in good agreement 

with the hexasaccharide sugar composition revealed by NMR. Linkage analysis showed: 3-Glcp; 3-

Manp; 2,3-Manp; and 2,3-Glcp (which may have resulted from acid interference and 

undermethylation of the 3-Glc), in molar ratio of 2.2:1.0:1.1:2.9. These results can be attributed to the 

presence of the three GlcA residues, which form strong bonds to attached neighbouring sugars 

resulting in reduced recovery of those sugar residues. Furthermore, the methodology used for linkage 

analysis does not detect uronic acids and is not quantitative, however, the data was consistent with 

the hexasaccharide repeating unit elucidated by NMR analysis. 

5.2 KL107 CPS characterisation 

5.2.1 1D 1H, 13C, and 2D/1D Homonuclear experiments 

1D 1H-DOSY NMR spectrum of KL107 (Figure 5.9) revealed six signals in the anomeric region, however, 

two of these signals at 4.66 and 4.31 ppm were shown to be deshielded methylene protons (H6 and 

H6’) for one of the residues by performing experiments such as 2D 1H-13C HSQC-DEPT, which showed 

the cross-peaks corresponding to these two signals as inverted peaks. This was characteristic of O-

acetylation at C6 in one of the residues in the RU. Indeed, the presence of O-acetylation was revealed 

by the proton signal of an O-acetyl group in the methyl region of the 1D 1H/DOSY spectrum. This 

confirmed that one of the sugar residues was O-acetylated at C6, resulting in deshielded methylene 

group (H6 and H6’) proton signals appearing in the anomeric region. Thus, only four anomeric proton 

signals (5.28; 5.17; 4.78; and 4.47 ppm) were present (designated H1 A - D), suggesting a 

tetrasaccharide RU. This was corroborated by 1D 13C and 13C-DEPT NMR experiments, which gave four 

anomeric signals and three methylene group signals, as shown in Figure 5.10, and also one methyl 

group signal from an O-acetate and two carbonyl (C=O/COOH) signals (not shown), suggesting the 

presence of three hexoaldose residues and one uronic acid residue. 
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Figure 5.9: 1D DOSY-1H NMR spectrum of KL107 CPS recorded at 343 K and 600 MHz, showing four diagnostic 
anomeric signals labelled from H1 A – D and two signals from H6 and H6’, and a methyl group signal 
of OAc up-field. 

Figure 5.10: Expansion of an overlay of (a) 1D 13C-DEPT and (b) 13C NMR spectra of KL107 CPS recorded at 343 K 
and 150 MHz, showing anomeric region with 4 signals, ring region, and methylene region with 3 
signals. One methyl group signal and two carbonyl group signals (not shown) are present in the methyl 
and carbonyl regions, respectively. 

Using 2D COSY, 2D TOCSY, and a series of 1D TOCSY experiments recorded by irradiating the anomeric 

protons for residues A and B, H6 for residue C, and H5 for residue D, the full assignments of each spin 

system were obtained, as shown by the labelled 1D TOCSY spectrum of each residue in Figure 5.11a-

d, overlaid on the 1D DOSY spectrum (Figure 5.11e). The TOCSY patterns, anomeric proton signals, 

and their coupling constants revealed the identities of residues A - D as -Glc (Figure 5.11a); -GlcA 

(Figure 5.11b); -Man (Figure 5.11c); and -Glc (Figure 5.11d), respectively. Thereafter, the 2D NOESY 

spectrum and 1D NOESY spectra from H1 of each residue were assigned to confirm some of the 

previous assignments and to elucidate the sequence of residues in the RU. Only intra-residue 

correlations from H1 to H2 were observed for residues A and B (-sugars), whereas additional intra-
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residue correlations from H1 to H3 and H1 to H5 were obtained for residues C and D (-sugars) 

(Figure 5.12). 

 

 

Figure 5.11: 1D TOCSY spectra of KL107 CPS recorded by irradiating H1 of residue A (a), H1 of residue B (b), H6 
of residue C (c), and H1 of residue D (d), overlaid on the 1D DOSY spectrum (e). The diagnostic 
protons are labelled on each TOCSY spectrum and confirmed by cross-validation on the 1D DOSY 

spectrum. A = -Glc; B = -GlcA; C = -Man6Ac; D = -Glc. In some cases, there are small peaks from 
protons in close proximity to the irradiated proton. 
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Figure 5.12: Labelled 1D NOESY spectra of KL107 CPS recorded by irradiating the anomeric protons of residues 

A (-Glc) (a), B (-GlcA) (b), C (-Man6Ac) (c), and D (-Glc) (d), overlaid upon 1D DOSY spectrum 
(e) for cross-validation of the signals. In some cases, there are small peaks from protons in close
proximity to the irradiated proton.

5.2.2 2D 1H-13C heteronuclear experiments 

Using the proton assignments obtained from the 2D and 1D homonuclear experiments, the 2D HSQC-

DEPT spectrum was assigned, and the 2D HMBC spectrum provided additional confirmation of the 

assignments and resolved the ambiguities arising from overlapping proton signals (Figure 5.13). 

Additionally, HMBC gave diagnostic intra-residue correlations from H5 and H4 of residue B to the 

folded COOH signal, confirming residue B as -GlcA, and gave a correlation from H6 and H6’ of residue 

C to the C=O signal of OAc, confirming that residue C was O-acetylated at C6. Finally, the glycosylation 

pattern of the residues was determined from the key HMBC inter-residue correlations: H1 A (-Glc) 

to C3 D (-Glc); H1 B (-GlcA) to C3 C (-Man6Ac); H1 C (-Man6Ac) to C4 A (-Glc); and H1 D (-Glc) 

to C4 C (-Man6Ac), and corroborated by additional inter-residue correlations from the ring protons 

to C1 of the preceding residues, thus revealing the repeating unit structure shown in Figure 5.14. 
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Figure 5.13: Labelled 2D HSQC-DEPT of KL107 CPS (blue, methylene group cross-peaks inverted (red)) overlaid 
onto HMBC (black), and the inter-residue correlations are highlighted by the ovals. Experiments were 

recorded at 343 K and 600 MHz. A = -Glc; B = -GlcA; C = -Man6Ac; D = -Glc. 

 

 

Figure 5.14: Proposed repeating unit structure of K. pneumoniae KL107 capsular polysaccharide. 
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5.2.3 Summary of the full assignments and key diagnostic spectra and 

comparison to chemical analysis results 

For KL107 CPS, four anomeric signals were revealed by 1D proton and 1D carbon NMR spectra, 

suggesting a tetrasaccharide RU. Notably, two additional signals from H6 and H6’ were observed in 

the anomeric region of the proton spectrum, and a methyl group signal of an O-acetyl group was 

observed in the methyl regions of both the proton and carbon spectra. This demonstrated the 

presence of a sugar residue with O-acetylation at C6. Additionally, the carbon spectrum gave two 

carbonyl signals and the DEPT experiment showed only three inverted methylene signals (one 

deshielded because of an OAc substituent), thus revealing the presence of one GlcA residue and three 

hexoses in this tetrasaccharide RU. Full proton assignments for all the spin systems were successfully 

obtained just from the homonuclear experiments (COSY, TOCSY, and NOESY). Finally, the 2D 1H-13C 

HSQC-DEPT identity map and the diagnostic 1D 13C NMR spectra were fully assigned, as shown in 

Figure 5.15a, b. 2D HMBC was sufficient to aid and confirm the HSQC-DEPT assignments and elucidate 

the linkage positions of the residues. 

The obtained 1H and 13C chemical shifts of the residues of KL107 CPS are given in Table 5.2, and the 

calculated carbon glycosylation shifts are shown in brackets below the carbon chemical shifts. The 

glycosylation shift values obtained are positive and large at the linkage positions of the residues (+5.5 

to +9.5 ppm), consistent with the proposed repeating unit structure of KL107 CPS shown in 

Figure 5.16. As for K122 CPS, it was not possible to confirm the expected D-absolute configurations of 

the residues using the glycosylation shift values and the configurational factors reported in the 

literature.[119,120] 

As for K122 CPS, chemical analysis of KL107 CPS was conducted to complement the structural features 

acquired from NMR analysis. The composition analysis revealed the presence of mannose, glucose, 

and glucuronic acid (as for K122 CPS) in the molar ratio of 1.0:1.3:1.0, in good agreement with the 

tetrasaccharide sugar composition shown by NMR. Linkage analysis identified: 3-Glcp, 4-Glcp, and 3,4-

Manp in the molar ratio of 1.2:1.3:1.0. Besides the lack of detection of uronic acid residues and 

quantitative data, this was consistent with the tetrasaccharide repeating unit elucidated by NMR 

analysis. 
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Figure 5.15: Labelled (a) 2D HSQC-DEPT identity map spectrum and (b) 1D 13C NMR spectrum of KL107 CPS 

recorded at 343 K and 600 MHz. A = -Glc; B = -GlcA; C = -Man6Ac; D = -Glc. 
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Table 5.2: Complete 1H and 13C NMR chemical shifts data of the sugar residues in KL107 CPS with glycosylation 
shifts shown in brackets below the carbon chemical shifts and the linkage carbons are underlined. 

Residues 
H1 

C1 

H2 

C2 

H3 

C3 

H4 

C4 

H5 

C5 

H6 

C6 
OAc 

A 

→4)--D-Glcp-(1→

5.28 

99.79 
(6.80) 

3.61 

72.27 

(-0.20) 

3.86 

72.39 

(-1.39) 

3.66 

80.13 

(9.42) 

4.05 

71.21 

(-1.16) 

3.75; 3.79 

60.87 
(-0.97) 

- 

B  

 -D-GlcpA-(1→ 

5.17 

102.04 
(9.08) 

3.53 

72.65 

(0.39) 

3.79 

74.40 

(0.88) 

3.51 

72.72 

(-0.19) 

4.10 

73.45 

(0.98) 

- 
176.89 

(-0.53) 
- 

C 

→3,4)--D-Manp6Ac-(1→

4.78 

100.86 
(6.31) 

4.23 

71.42 

(-0.71) 

3.86 

81.14 

(7.11) 

4.12 

73.21 

(5.52) 

3.80 

73.79 

(-3.21) 

4.66; 4.31 

63.51 

(1.52) 

2.17 

21.13 
174.61 

D 

→3)--D-Glcp-(1→

4.47 

103.20 
(6.36) 

3.39 

73.03 

(-2.17) 

3.63 

83.92 

(7.16) 

3.56 

70.91 

(0.20) 

3.50 

77.18 

(0.42) 

3.75; 3.97 

61.76 

(-0.08) 
- 

Figure 5.16: Proposed repeating unit structures of KL107 capsular polysaccharide represented in (a) IUPAC and 

(b) SNFG format.
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5.3 Comparison of the composition and structure of the KL107 and 

K122 RU with other Klebsiella serotypes and potential cross-

reactivity 

The repeating unit structures and sugar composition of K122 CPS and KL107 CPS were compared to 

other K. pneumoniae K-serotypes reported in published chemical studies (i.e., the database in the 

appendix (Table 1A)). It was found that the monosaccharide composition of capsular polysaccharides 

of K122 and KL107 (GlcA; Glc; and Man) is common among K2; K4; K5; K24 and K39. A thorough 

comparison of these K-antigens revealed that the proposed RU structure of K122 is novel among K. 

pneumoniae K-antigens and has a 4 + 1 + 1 RU type as do the repeating units of K15 and K27 

(Table 1.2). Conversely, it was found that the proposed RU structure of KL107 is not novel but identical 

to serotype K2 with respect to every structural feature. 

The repeating unit of K2 was originally reported by Corsaro et al. but without the O-acetylation at C6 

of the -Man residue.[133] However, a recent investigation of K2 by Ovchinnikova et al.[48] revealed 

the presence of O-acetylation and demonstrated that a deacetylated K2 CPS gave chemical shifts in 

agreement with the NMR data of K2 initially published by Corsaro et al. The polysaccharide isolation 

procedures performed by Corsaro et al. may have removed the O-acetylation. Additionally, the NMR 

chemical shifts of KL107 CPS obtained in this study were also in agreement with the recently published 

NMR data of K2 CPS by Ovchinnikova et al. This means that KL107 is a strain of K. pneumoniae serotype 

K2. Although significant serological cross-reactivity would be expected between the O-acetylated and 

O-deacetylated versions of this K-antigen, the labile O-acetyl group could be an important epitope for 

immunogenicity.  Furthermore, Corsaro et al. performed absolute configuration analysis on the K2 CPS 

and determined the sugar residues to have D-configurations. Therefore, the chemical shifts of KL107 

CPS compared to K2 confirm the D-configurations for the sugar residues of KL107. 

The KL107 (K2) tetrasaccharide repeating unit structure is similar to the repeating units of K13; K30; 

and K33, with the main difference being the presence of a 3,4-(S)-pyruvate substituted -Gal sugar in 

their chemical compositions, giving them a pentasaccharide RU (Figure 5.17). The K-antigen of K13 

has the 3,4-(S)-pyruvate substituted -Gal as a terminal residue, linking to the branching -GlcA 

residue, and additionally, the mannose residue in the backbone chain has a -configuration with no 

O-acetylation, as shown in Figure 5.17a. In the RU structure of K30 (Figure 5.17b), the 3,4-(S)-pyruvate 

substituted -Gal forms a terminal branch at the -Man residue, replacing the O-acetyl substituent in 

the corresponding -Man residue of KL107 (Figure 5.16). The only other differences are the -

configurations of the mannose residue and the glucose residue it attaches to, and this -glucose 

contains 33% of O-acetylation in the capsular polysaccharide. Furthermore, the K-antigen of K30 is 
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identical to K33, which unlike K30 is completely (100%) O-acetylated at the -Glc residue. As a result, 

it is unsurprising that cross-reactivities have been reported between the serotypes K2; K13; and 

K30,[55] which can be explained by their structural similarities. Lastly, K2 shares a trisaccharide 

fragment with K69, as highlighted in Figure 5.17d. On the other end, K122 has a tetrasaccharide 

fragment common to K35, which includes the terminal -GlcA residue, as highlighted in Figure 5.17c. 

These common epitopes may potentially result in cross-reactions, which will be further investigated 

by our vaccine partner, GVGH. 

(a) K13 

(b) K30 (K33 with 100% OAc)

(c) K35 

(d) K69 

Figure 5.17: K. pneumoniae K-antigens sharing epitopes with KL107: (a) K13, (b) K30/K33, and (d) K69, and 
sharing epitopes with K122: (c) K35,  which may provide serological cross-reactivity, shown by the 
red borders. 
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5.4 Conclusions 

Both K122 and KL107 capsular polysaccharides were successfully characterised, and their repeating 

unit structures elucidated by NMR. Structural features of the obtained repeating units were 

corroborated by chemical analysis performed by collaborators at the University of Trieste. As with the 

previously analysed structures (K102 and K112), the advantages of NMR analysis over chemical 

techniques for accurately determining the sugar compositions, glycosidic linkages and elucidating the 

sequence of residues were demonstrated. The proposed repeating unit structure of K. pneumoniae 

serotype K122 was found to be novel amongst the K. pneumoniae K-antigens, with a 4 + 1 + 1 

hexasaccharide RU type as the CPSs of K15 and K27, while KL107 CPS was found to be the same as the 

K-antigen of K. pneumoniae serotype K2, suggesting that KL107 is serotype K2. This demonstrates the

limitations of genotyping as it may not be 100% accurate in identifying some serotypes, although, it is 

more viable, accurate and advantageous to the traditional serotyping approach. K2 (KL107 CPS RU) 

shares structural similarities with small differences with K. pneumoniae K-antigens such as K13; K30 

(K33); K35; and K69, while K35 possesses a tetrasaccharide fragment which is found in the 

hexasaccharide RU of K122 CPS. In fact, K2; K13 and K30 have been reported to be cross-reactive 

serotypes, which can be explained by the epitopes they share.[55] The cross-reactivities of KL107 and 

K122 will be investigated by our collaborator, the GVGH group. 



83 
 

Chapter 6: General Conclusions 

 

This investigation aimed to utilise a combination of 1D and 2D NMR experiments to fully characterise 

and elucidate the capsular polysaccharide repeating unit structures of four emerging clinically 

important strains of K. pneumoniae that were identified using genotyping as novel KL serotypes: 

KL102, KL112, KL122, and KL107; these are referred to with their corresponding K-serotypes names: 

K102, K112, K122, respectively, except for KL107 (revealed to be a known serotype during this 

investigation). The purified capsular polysaccharide of K102 was obtained from our collaborators 

(Prof. Cescutti) at the University of Trieste, and those of K112, K122, and KL107 from our collaborators 

at the GVGH Vaccines Institute for Global Health in Siena. 

NMR characterisation of each CPS was successfully conducted, and the complete proton and carbon 

assignments were obtained and presented with fully labelled 2D 1H-13C HSQC-DEPT and 1D 13C NMR 

spectra, as well as the chemical shift data of each CPS recorded in respective tables. CASPER was used 

to obtain the chemical shifts of the unsubstituted monosaccharides found in each CPS, which were 

utilised to calculate the glycosylation shifts of the carbon resonances of each CPS.[118] Glycosylation 

shifts are the differences between the 13C chemical shifts of the unsubstituted monosaccharides and 

the experimental 13C chemical shifts of their counterparts in the CPS. The chemical shift of a linkage 

carbon is shifted down-field, resulting in positive and large glycosylation shift values (5 - 10 ppm), 

while those of the neighbouring carbons are shifted up-field, resulting in negative glycosylation shift 

values (1 - 2 ppm).[119] Therefore, this confirms the linkage positions of the residues in the CPS. 

The structural features of the repeating units acquired using NMR spectroscopy were later compared 

to in-depth chemical sugar composition and linkage analysis conducted by our collaborators (Paola 

Cescutti) at the University of Trieste. Although the chemical analysis corroborated and complemented 

the NMR analysis, there were some discrepancies in the chemical analysis results, which could be 

rationalised. These were mainly due to the presence of glucuronic acid residues, which form a stable 

linkage to the attached residue, resulting in low recovery and detected quantity of that residue. 

Furthermore, the standard chemical linkage analysis method did not detect uronic acids and was not 

quantitative. As a result, this demonstrated the advantages of NMR analysis for characterisation and 

structural elucidation of polysaccharides.  As noted, NMR spectroscopy required a relatively low 

amount of sample (5 - 10 mg) per capsular polysaccharide and is non-destructive, additionally, it 

accurately determined the sugar composition, elucidated the linkage positions, and also provided the 

sequence of residues. Furthermore, it identified the presence and position of the O-acetyl substituent 

in KL107 CPS. However, NMR also has limitations, as it does not identify the absolute configurations 
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(D or L) of sugars, although in some cases, these can be successfully confirmed by comparing the 

glycosylation shifts to configurational factors of specific disaccharide units within a repeating unit, 

which are available in the literature, as was achieved for K102 CPS (Section 3.4). 

The proposed CPS repeating unit structures of the strains targeted in this investigation are shown in 

Figure 6.1a-d. These were compared to the CPS RU structures of other K. pneumoniae serotypes to 

confirm whether these repeating units are novel or not. Furthermore, this allowed the identification 

of CPS serotypes which share significant structural features (epitopes) with these strains, as this can 

potentially indicate cross-reactivity. 

(a) K102 (b) K112

(c) K122 (d) KL107

Figure 6.1: Proposed capsular polysaccharide repeating unit structures of (a) K102; (b) K112; (c) K122; and (d) 
KL107 represented in SNFG format. 

The CPS RU of K102 (Figure 6.1a) was found to be novel among the K-antigens of other serotypes. 

Furthermore, it has a unique 3 + 2 + 1 repeating unit type compared to other K. pneumoniae K-antigens 

with a hexasaccharide repeating unit. However, it also shares significant epitopes with K15 and K18, 

which can potentially provide cross-reactivity (Section 3.5). As noted, the NMR data was able to 

confirm the D-absolute configurations of all sugar residues of K102 CPS, except for residue A (-D-

Glcp), based on the obtained glycosylation shifts and Shashkov’s configurational factors.[119] 

However, this was not possible for the remaining capsular polysaccharides. The pentasaccharide CPS 

of K112 (Figure 6.1b) was found to be novel among other K-serotypes and has an unusual 2+3 RU type. 

Although this was a novel CPS RU, it was interestingly found that it has an almost identical structure 
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to K20, which only differs with the presence of the terminal -Man residue on its side chain. This 

suggested that these serotypes are likely to be serologically cross-reactive. Additionally, it also shares 

some significant epitopes with K21; K31; and K43, which may potentially provide cross-reactivity (as 

described in Section 4.4). K122 CPS (Figure 6.1) was found to have a novel hexasaccharide repeating 

unit which has a 4 + 1 + 1 RU type as the repeating units of K15 and K27. A tetrasaccharide fragment 

within this hexasaccharide RU of K122 CPS is also found in the CPS structure of K35, which suggests 

that they may be potentially cross-reactive. KL107 CPS was the only one which turned out to be not a 

new K-antigen. This was found to be the same as the K-antigen of serotype K2 and suggested that it 

originated from a strain of K2, which is associated with hypervirulent K. pneumoniae isolates.[49] The 

repeating unit of K2 (KL107 CPS RU) is structurally similar to K13; K30 (K33); K35; and K69, with the 

major difference being an additional sugar residue, a pyruvate substituted galactose. Their similar 

structures explain the cross-reactivities which have been reported between K2; K13 and K30.[55]  

It was not possible to confirm the D-configurations of the sugar residues of K112, K122, and KL107 

capsular polysaccharides as the disaccharide units in their structures did not conform to the criteria 

of configurational factors in the literature. Nonetheless, as it was established from the constructed 

database of the capsular polysaccharides of K. pneumoniae serotypes (Table 1A in the Appendix), 

common aldohexose and uronic acid residues produced by K. pneumoniae serotypes generally have 

D-configurations apart from the 6-deoxy sugars (rhamnose and fucose). For KL107 CPS, which is

identical to K2, the experimental NMR chemical shifts data agreed with the K2 chemical shifts in the 

literature, for which chemical analysis for the determination of absolute configurations has been 

conducted.[48] Absolute configuration chemical studies can be performed in the future to provide 

further confirmation of the expected D-configurations of the sugar residues of the capsular 

polysaccharides of K102; K112; and K122. Furthermore, the cross-reactivities postulated based on 

structural similarities will be investigated in-depth by our collaborators, the GVGH group. 

Overall, the NMR characterisation and structural elucidation of the K. pneumoniae capsular 

polysaccharides of K102; K112; and K122 were successfully accomplished, and these were found to be 

novel strains, in agreement with the genotyping approach that was used to identify them. However, 

the NMR characterisation revealed that KL107 strain was not novel, as its CPS was found to be identical 

to the CPS of K2. This suggested that KL107 is the same as serotype K2 and shows that, although 

genotyping is a more practical and effective approach for identification of isolates, it may not 

accurately distinguish all K-antigens. This work also demonstrated the efficiency and power of NMR 

spectroscopy for the chemotyping of polysaccharides. This is crucial for clear understanding of the 

immunological behaviour of K-antigens and is an important initial step in the development of 
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conjugate vaccines, as NMR characterisation provides data for confirmation of serotype identity, 

purity, and integrity testing of known K-antigens to be included in the vaccine formulation. 
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Appendix 

Table 1A: Database of known Klebsiella pneumoniae capsular polysaccharide (K-antigen) repeating unit structures. 

K-antigen

Serotype 
Repeating unit structure 

Repeating 

unit size 

Repeating 

unit type 

(branching 

structure) 

References 

K1 →4)-[2,3-Pyr]-β-D-GlcpA-(1→4)-α-L-Fucp-(1→3)-β-D-Glcp-(1→ 3 3 

Erbing, C.; Kenne, L.; Lindberg, B.; Lönngren, J.; 

W. Sutherland, I. Carbohydrate Research, 1976,

50(1), 115–20. http://dx.doi.org/10.1016/s0008-

6215(00)84088-4.

K2 →3)-β-D-Glcp-(1→4)-[α-D-GlcpA-(1→3)]β-D-Manp-(1→4)-α-D-Glcp-(1→ 4 3+1 

Ovchinnikova, O.G.; Treat, L.P.; Teelucksingh, T.; 

Clarke, B.R.; Miner, T.A.; Whitfield, C.; Walker, 

K.A.; Miller, V.L. mBio, 2023, 14(3).

http://dx.doi.org/10.1128/mbio.00800-23.

K3 
→2)-[[4,6-Pyr]α-D-Manp-(1→4)]α-D-GlcpA-(1→3)-α-D-Manp-(1→2)-α-D-

Manp-(1→3)-β-D-Galp-(1→ 
5 4+1 

Dutton, G.G.S.; Parolis, H.; Joseleau, J.-P.; Marais, 

M.-F. Carbohydrate Research, 1986, 149(2), 411–

23. http://dx.doi.org/10.1016/s0008-

6215(00)90061-2.

K4 →3)-α-D-Glcp-(1→2)-α-D-GlcpA-(1→3)-α-D-Manp-(1→3)-β-D-Glcp-(1→ 4 4 

Merrifield, E.H.; Stephen, A.M. Carbohydrate 

Research, 1981, 96(1), 113–20. 

http://dx.doi.org/10.1016/s0008-

6215(00)84701-1. 
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K5 →4)-β-D-GlcpA-(1→4)-β-D-Glcp2OAc-(1→3)-[4,6-Pyr]β-D-Manp-(1→ 3 3 

Dutton, G.G.; Yang, M.-T. Canadian Journal of 

Chemistry, 1973, 51(11), 1826–32. 

http://dx.doi.org/10.1139/v73-272. 

K6 →3)-α-L-Fucp-(1→3)-β-D-Glcp-(1→3)-β-D-Manp-(1→4)-α-D-GlcpA-(1→ 4 4 

Elsässer-Beile, U.; Friebolin, H.; Stirm, S. 

Carbohydrate Research, 1978, 65(2), 245–9. 

http://dx.doi.org/10.1016/s0008-

6215(00)84316-5. 

K7 
→3)-β-D-GlcpA-(1→2)-[α-D-Galp-(1→3)]α-D-Manp-(1→2)-α-D-Manp-

(1→3)-[4,6-(S)-Pyr]β-D-Glcp-(1→3)-β-D-Glcp-(1→ 
6 5+1 

Kjellberg, A.; Widmalm, G.; Jansson, P.-E.; 

Nimmich, W. Carbohydrate Research, 1995, 

273(1), 53–62. http://dx.doi.org/10.1016/0008-

6215(95)00060-7. 

K8 
→3)-[β-D-GlcpA-(1→4)]β-D-Galp-(1→3)-α-D-Galp-(1→3)-[4,6-(R)-Pyr]β-D-

Galp-(1→4)-β-D-Glcp-(1→ 
5 4+1 

Erbing, B.; Jansson, P.-E.; Widmalm, G.; Nimmich, 

W. Carbohydrate Research, 1995, 273(2), 197–

205. http://dx.doi.org/10.1016/0008-

6215(95)00099-f.

K9 
→3)-α-L-Rhap-(1→3)[β-D-GlcpA-(1→4)]-α-L-Rhap-(1→2)-α-L-Rhap-

(1→3)-α-D-Galp-(1→ 
5 4+1 

Isaac, D.H.; Atkins, E.D.T.; Stirm, S. International 

Journal of Biological Macromolecules, 1981, 3(3), 

165–70. http://dx.doi.org/10.1016/0141-

8130(81)90058-1. 

K10 
→4)-β-D-GlcpA-(1→2)-[α-D-Galp-(1→3)]α-D-Manp-(1→3)-β-D-Galp-

(1→6)-α-D-Glcp-(1→2)-α-D-Galp-(1→ 
6 5+1 

Dutton, G.G.S.; Ng, S.K.; Parolis, L.A.S.; Parolis, H.; 

Chakraborty, A.K. Carbohydrate Research, 1989, 

193, 147–55. http://dx.doi.org/10.1016/0008-

6215(89)85114-6. 

K11 
→3)-β-D-Glcp-(1→3)-[[4,6-Pyr]α-D-Galp-(1→4)]β-D-GlcpA-(1→3)-α-D-

Galp-(1→ 
4 3+1 

Thurow, H.; Choy, Y.-M.; Frank, N.; Niemann, H.; 

Stirm, S. Carbohydrate Research, 1975, 41(1), 

241–55. http://dx.doi.org/10.1016/s0008-

6215(00)87023-8. 
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K12 
→3)-α-D-Galp-(1→2)-[[4,6-Pyr]β-D-Galp-(1→4)-β-D-GlcpA-(1→3)]β-D-

Galf-(1→6)-α-D-Glcp-(1→3)-α-L-Rhap-(1→ 
6 4+2 

Dutton, G.G.S.; Savage, A.V. Carbohydrate 

Research, 1980, 83(2), 351–62. 

http://dx.doi.org/10.1016/s0008-

6215(00)84547-4.  

K13 
→4)-[[3,4-Pyr]β-D-Galp-(1→4)-α-D-GlcpA-(1→3)]β-D-Manp-(1→4)-α-D-

Glcp-(1→3)-β-D-Glcp-(1→ 
5 3+2 

Niemann, H.; Frank, N.; Stirm, S. Carbohydrate 

Research, 1977, 59(1), 165–77. 

http://dx.doi.org/10.1016/s0008-

6215(00)83303-0. 

K14 
→4)-β-D-GlcpA-(1→3)-β-D-Galf-(1→3)-β-D-Glcp-(1→4)-[[4,6-Pyr]β-D-

Glcp-(1→2)][α-L-Rhap-(1→3)]β-D-Manp-(1→ 
6 4+2 

Dutton, G.G.S.; Parolis, H.; Parolis, L.A.S. 

Carbohydrate Research, 1985, 140(2), 263–75. 

http://dx.doi.org/10.1016/0008-6215(85)85127-

2. 

K15 
→4)-[β-D-GlcpA-(1→3)][β-D-Glcp-(1→6)]β-D-Galp-(1→3)-α-D-Galp-

(1→6)-β-D-Galp-(1→3)-β-D-Galp-(1→ 
6 4+1+1 

Parolis, H.; Parolis, L.A.S.; Whittaker, D.V. 

Carbohydrate Research, 1992, 231, 93–103. 

http://dx.doi.org/10.1016/0008-6215(92)84011-

g. 

K16 →3)-[β-D-Galp-(1→4)]-α-D-Glcp-(1→4)-β-D-GlcpA-(1→4)-α-L-Fucp-(1→ 4 3+1 

Chakraborty, A.K.; Friebolin, H.; Niemann, H.; 

Stirm, S. Carbohydrate Research, 1977, 59(2), 

525–9. http://dx.doi.org/10.1016/s0008-

6215(00)83189-4. 

K17 
→4)-β-D-Glcp-(1→2)-[α-L-Rhap-(1→3)]α-L-Rhap-(1→4)-α-D-GlcpA-(1→3)-

β-L-Rhap-(1→ 
5 4+1 

Dutton, G.G.S.; Folkman, T.E. Carbohydrate 

Research, 1980, 80(1), 147–61. 

http://dx.doi.org/10.1016/s0008-

6215(00)85322-7.  

K18 
→3)-α-L-Rhap-(1→3)-β-D-Galp-(1→4)-[α-D-Glcp-(1→4)-β-D-GlcpA-(1→2)-

α-L-Rhap-(1→3)]α-D-Glcp-(1→ 
6 3+3 

Dutton, G.G.; Savage, A.V.; Vignon, M. Canadian 

Journal of Chemistry, 1980, 58(23), 2588–91. 

http://dx.doi.org/10.1139/v80-413. 
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K19 
→2)-α-L-Rhap-(1→2)-α-D-Glcp-(1→3)-β-D-Galp-(1→3)-[α-L-Rhap-

(1→4)]α-D-GlcpA-(1→2)-α-L-Rhap-(1→ 
6 5+1 

Buerret, M.; Vignon, M.; Joseleau, J.-P. 

Carbohydrate Research, 1986, 157, 13–25. 

http://dx.doi.org/10.1016/0008-6215(86)85057-

1. 

K20 →2)-[β-D-GlcpA-(1→3)-α-D-Galp-(1→3)]α-D-Manp-(1→3)-β-D-Galp-(1→ 4 2+2 

Choy, Y.M.; Dutton, G.G. Canadian Journal of 

Chemistry, 1973, 51(2), 198–207. 

http://dx.doi.org/10.1139/v73-031. 

K21 
→3)-[[4,6-Pyr]α-D-Galp-(1→4)]α-D-GlcpA-(1→3)-α-D-Manp-(1→2)-α-D-

Manp-(1→3)-β-D-Galp-(1→ 
5 4+1 

Choy, Y.M.; Dutton, G.G. Canadian Journal of 

Chemistry, 1973, 51(2), 198–207. 

http://dx.doi.org/10.1139/v73-031. 

K21b 
→3)-[[4,6-(R)-Pyr]α-D-Galp-(1→4)]β-D-GlcpA2OAc-(1→3)-α-L-Rhap-

(1→3)-α-L-Rhap-(1→3)-β-D-Galp-(1→ 
5 4+1 

Chowdhury, T.A.; Jansson, P.-E.; Lindberg, B.; 

Lindquist, U. Carbohydrate Research, 1989, 

190(1), 145–51. http://dx.doi.org/10.1016/0008-

6215(89)84154-0. 

K22 
→3)-[[4-O-(S)-1-carboxyethyl]β-D-GlcpA-(1→6)-α-D-Glcp-(1→4)]β-D-

Galp6OAc-(1→4)-β-D-Glcp-(1→ 
4 2+2 

Parolis, L.A.S.; Parolis, H.; Niemann, H.; Stirm, S. 

Carbohydrate Research, 1988, 179, 301–14. 

http://dx.doi.org/10.1016/0008-6215(88)84126-

0. 

K23 →3)-[β-D-GlcpA-(1→6)-α-D-Glcp-(1→2)]α-L-Rhap-(1→3)-β-D-Glcp-(1→ 4 2+2 

Dutton, G.G.S.; Mackie, K.L.; Savage, A.V.; 

Stephenson, M.D. Carbohydrate Research, 1978, 

66(1), 125–31. http://dx.doi.org/10.1016/s0008-

6215(00)83245-0. 

K24 
→2)-[β-D-Manp-(1→4)]α-D-GlcpA-(1→3)-α-D-Manp-(1→2)-α-D-Manp-

(1→3)-β-D-Glcp-(1→ 
5 4+1 

Choy, Y.-M.; Dutton, G.G.; Zanlungo, A.M. 

Canadian Journal of Chemistry, 1973, 51(11), 

1819–25. http://dx.doi.org/10.1139/v73-271. 
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K25 →3)-[β-D-Glcp-(1→2)-β-D-GlcpA-(1→4)]β-D-Galp-(1→4)-β-D-Glcp-(1→ 4 2+2 

Niemann, H.; Kwiatkowski, B.; Westphal, U.; 

Stirm, S. Journal of Bacteriology, 1977, 130(1), 

366–74. http://dx.doi.org/10.1128/jb.130.1.366-

374.1977. 

K26 
→3)-β-D-Galp-(1→2)-[[4,6-Pyr]β-D-Galp-(1→4)-β-D-Glcp-(1→6)-α-D-Glcp-

(1→4)]α-D-GlcpA-(1→3)-α-D-Manp-(1→2)-α-D-Manp-(1→ 
7 4+3 

Di Fabio, J.; Dutton, G.G.S. Carbohydrate 

Research, 1981, 92(2), 287–98. 

http://dx.doi.org/10.1016/s0008-

6215(00)80399-7. 

K27 
→3)-[4,6-Pyr]β-D-Glcp-(1→3)-D-Galp-(1→3)-[D-Glcp-(1→4)][β-D-GlcpA-

(1→6)]D-Galp-(1→6)-β-D-Glcp-(1→ 
6 4+1+1 

Churms, S.C.; Merriefield, E.H.; Stephen, A.M. 

Carbohydrate Research, 1980, 81(1), 49–58. 

http://dx.doi.org/10.1016/s0008-

6215(00)85676-1. 

K28 
→2)-α-D-Galp-(1→3)-[β-D-Glcp-(1→3)-β-D-GlcpA-(1→2)]α-D-Manp-

(1→2)-α-D-Manp-(1→3)-β-D-Glcp-(1→ 
6 4+2 

Curvall, M.; Lindberg, B.; Lönngren, J.; Nimmich, 

W. Carbohydrate Research, 1975, 42(1), 95–105.

http://dx.doi.org/10.1016/s0008-

6215(00)84103-8.

K30 
→4)-β-D-Glcp-(1→4)-[[3,4-Pyr]β-D-Galp-(1→6)][α-D-GlcpA-(1→3)]β-D-

Manp-(1→4)-β-D-Manp6OAc-(1→ 
5 3+1+1 

Ravenscroft, N.; Parolis, L.A.S.; Parolis, H. 

Carbohydrate Research, 1994, 254, 333–40. 

http://dx.doi.org/10.1016/0008-6215(94)84268-

x. 

K31 
→3)-β-D-Glcp-(1→3)-[[4,6-Pyr]β-D-Glcp-(1→2)-α-D-Manp-(1→4)]α-D-

GlcpA-(1→3)-β-D-Galp-(1→ 
5 3+2 

Cho-Chak, C.; Sui-Lam, W.; Yuen-Min, C. 

Carbohydrate Research, 1979, 73(1), 169–74. 

http://dx.doi.org/10.1016/s0008-

6215(00)85486-5. 
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K32 
→3)-α-D-Galp-(1→2)-[3,4-Pyr]α-L-Rhap-(1→3)-β-L-Rhap-(1→4)-α-L-Rhap-

(1→ 
4 4 

Dutton, G.G.S.; Mackie, K.L.; Savage, A.V.; Rierger-

Hug, D.; Stirm, S. Carbohydrate Research, 1980, 

84(1), 161–70. http://dx.doi.org/10.1016/s0008-

6215(00)85439-7. 
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