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Antibody combining sites are constructed from limited set of germ-line gene segments, yet are 

capable of both recognizing a broad range of common epitopes and eliciting an adaptive 

response to newly encountered pathogens.  Carbohydrate antigens generally do not draw T cell 

help and concomitant affinity maturation in the humoral response.  Therefore, anti-carbohydrate 

responses must rely more heavily on the primary germ-line gene repertoire.  Antibodies are 

usually thought of as highly specific.  It has been suggested that polyspecificity and cross-

reactivity in germ-line antibodies is necessary to provide the protective mechanisms required to 

broaden the potential number of antigens recognized; however, the molecular mechanism 

underlying polyspecificity is poorly understood.  To investigate the phenomena of specificity, 

cross-reactivity and polyspecificity in germ-line antibodies my thesis focuses first on the unique 

LPS inner core oligosaccharide of Chlamydiaceae, which contains variations within the 

conserved  inner core trisaccharide Kdo(2→8)Kdo(2→4)Kdo (3-deoxy-D-manno-oct-2-ulosonic 

acid).  Antibodies raised against this family-specific trisaccharide showed strong V-region 

restriction with two sets of heavy and light chain V genes accounting for almost all clones 

isolated.  These groups were named after their prototypic clones as the ‘S25-2 type’ and the 

‘S25-23 type’.  In contrast to the cross-reactive S25-2 and related antibodies, the S25-23 family 

of antibodies were shown to be specific for the Chlamydiaceae-specific trisaccharide antigen 
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with no cross-reactivity to Kdo mono or disaccharides or to the Kdo(2→4)Kdo(2→4)Kdo 

trisaccharide antigen.  Interest in S25-23 was sparked by its rare high μM affinity and strict 

specificity for the family-specific trisaccharide antigen.   

The structures of the antigen binding fragments of four S25-23-type mAbs have been 

determined to high resolution in complex with the Chlamydiaceae-specific epitope, revealing the 

molecular basis for their binding behaviour.  The germ-line-encoded paratopes of these 

antibodies differ significantly from previously characterized S25-2-type mAbs.  Unlike the 

terminal Kdo recognition pocket that promotes cross-reactivity in S25-2-type antibodies, S25-26 

and the closely related S25-23 utilize a groove composed of germ-line residues to recognize the 

length of the trisaccharide antigen.  Further S25-23-type antibodies are glycosylated on the 

variable heavy chain.  Analysis of the glycan reveals a heterogeneous mixture with a common 

root structure that contains an unusually high number of terminal αGal-Gal moieties.  One of the 

unliganded structures in S25-26 shows significant order in the glycan with appropriate electron 

density for nine residues.  The elucidation of the three-dimensional structure of a Gal(α1→3)Gal 

containing N-linked glycan on a mAb variable heavy chain has potential clinical interest, as it 

has been implicated in allergic responses in patients receiving therapeutic antibodies. 

The second focus of my thesis research is the lipid A moiety of LPS, which is involved in 

septic shock.  Though the lipid A epitope appears to be cryptic during infection with Gram-

negative bacteria, there have been several reported instances of lipid A specific antibodies 

isolated from human sera.  While these antibodies are strictly selective for lipid A, there are 

reports of polyspecificity of some anti-lipid A antibodies for single stranded DNA.  In such 

cases, the breakdown of negative selection through polyspecificity has been reported to result in 

the unfortunate consequences of autoimmune disease.  This thesis reports the first crystal 
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structures of antibodies in complex with lipid A and single stranded nucleic acids, elucidating 

their mechanism for polyspecificity. Perhaps more importantly, the structures may yield clues to 

the genesis of autoimmune diseases such as systemic lupus erythematosus, thyroiditis, and 

rheumatic autoimmune diseases.  
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Chapter 1 ― Introduction 

1.1 A Historical Framework for Immunological Studies 

Immunology is the comprehensive study of host defense mechanisms that protect against 

infection and disease.  Though relatively new as a scientific discipline, its origins can be traced 

back to 5th Century BC, when Greek historian Thucydides noticed that plague survivors were 

able to nurse others without contracting the disease a second time (Retief and Cilliers, 1998);  

these individuals, had become “immune” or “exempt” from the disease.  The earliest 

documented instance of purposely induced immunity to infection occurred in 10th century 

China, where smallpox was endemic.  In desperation, the locals invented the process of 

“variolation”, where healthy people were exposed to material isolated from smallpox lesions, 

either through subcutaneous contact or through nasal insertion of powdered smallpox scabs 

(Gross and Sepkowitz, 1998).  Variolation occasionally resulted in death or disfigurement from 

smallpox due to a lack of inoculum standardization, which limited its acceptance. 

The first modern study of immunology is usually attributed to Edward Jenner, who 

himself was inoculated with smallpox as a child using variolation (Riedel, 2005).  In the late 18th 

century Jenner observed that milkmaids who had contracted the relatively mild disease of 

cowpox were immune to the more severe smallpox disease (Barquet and Domingo, 1997; Riedel, 

2005).  Jenner hypothesized that cowpox could provide the means for protection against 

smallpox.  In 1796, Jenner tested his hypothesis by extracting fluid from a pustule of a cowpox-

infected milkmaid, and using it to inoculate an 8-year-old boy.  Six weeks later, Jenner variolated 

the child and saw no reaction (Barquet and Domingo, 1997).  He called this procedure 

vaccination after the Latin word vaccinus meaning from the cow; a term that is still used today to 
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describe the inoculation of healthy individuals in order to stimulate the immune system and grant 

immunity against one or more diseases.   

Louis Pasteur significantly expanded work on vaccination and discovered by chance that 

an overnight culture of ‘old’ bacteria (named ‘Pasteurella multocida’ in honor of Pasteur) 

responsible for chicken cholera failed to induce the disease after inoculation in healthy chickens 

(Berche, 2012).  Pasteur learned he could not infect them even with fresh bacteria, thus 

concluding that the weakened or ‘attenuated’ bacteria had caused the chickens to become 

immune to the disease.  He published his results in 1880 and used the term vaccination in honor 

of Edward Jenner.  Pasteur went on to administer the first attenuated rabies vaccine in 1885 to a 

boy, who had been severely bitten by a rabid dog, and as a result he survived (Berche, 2012).  

Though Jenner and Pasteur used vaccinations, they had no knowledge of the infectious 

agents that cause disease.  It was not until late in the 19th century that Robert Koch proved that 

infectious diseases are caused by microorganisms, while each pathogen is responsible for a 

particular disease (Lederberg, 2000).  Nevertheless, the mechanisms by which the process of 

vaccination functioned were unknown and were to become the topic of considerable debate and 

research for the next century. 

1.2 The Discovery of Antibodies  

In 1845 English physician Henry Bence Jones encountered molecules in the urine (Jones, 1848) 

of a patient exhibiting symptoms of “mollities ossium”, Latin for softness of bones.  Jones 

erroneously referred to this mysterious protein as an oxide of albumin, which was later shown to 

originate from the bone marrow (Weber et al., 1903).  One hundred and seventeen years after 

Jones’ initial discovery, Edelman and Gally proved that Bence Jones proteins were in fact part of 
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antibodies (Edelman and Gally, 1962) however, their importance in immunology was recognized 

much earlier.  

After the development of vaccination and germ-theory of disease through the pioneering 

work of Edward Jenner, Louis Pasteur, and Robert Koch, interest grew in agents that could 

provide immunity against specific afflictions.  In a landmark study, Emil von Behring and 

Kitasato Shibasaburō discovered that serum from rabbits immunized with diphtheria or tetanus 

toxins contained anti-toxins which conferred immunity to non-immune rabbits, and were 

responsible for the neutralization of these toxins (Llewelyn et al., 1992; von Behring, 1890; von 

Behring and Kitasato, 1890).  The potential avenue of these agents was immediately apparent, 

and Von Behring received the first Nobel Prize in medicine for his efforts.  Following this body 

of work, Paul Ehrlich referred to these antitoxins as “antikörper”, or antibodies (Ehrlich, 1891; 

Lindenmann, 1984).  Soon after, Ladislas Deutsch coined the term antigen, a contraction of 

‘antibody generator’ which is a substance that yields an antibody response (Deutsch, 1899; 

Lindenmann, 1984).  Today we use the term ‘immunogen’ since antigens don’t necessarily 

induce an antibody response.   

The first insights into the molecular nature of antibodies came from Heidelberger, Kabat, 

and Tiselius’s electrophoresis and ultracentrifugation studies (Heidelberger and Pedersen, 1937; 

Kabat, 1939; Tiselius, 1937; Tiselius and Kabat, 1939), which showed that antibodies are 

associated with the serum γ-globulin fraction.  Following the discovery that antigen specificity 

does not require intact immunoglobulin (Rothen and Landsteiner, 1942), Rodney Porter went on 

to demonstrate the existence of ‘antigen binding’ (Fab) and ‘crystallizable’ (Fc) antibody 

fragments, and to revealing their multivalent nature (Porter, 1958).  Gerald Edelman 

subsequently showed that the peptide chains of antibody molecules were linked by both inter- 
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and intra-chain disulphide bridges (Edelman, 1959; Edelman and Poulik, 1961), accomplished by 

reduction with varying concentration of 2-mercaptoethanol.  Porter and Edelman shared the 1972 

Nobel Prize in medicine for their findings regarding the chemical nature of antibodies.   

While the importance of antibodies had become clear, many aspects of their generation 

and specificity remained elusive.  

1.3 Early immunological hypotheses on antibody specificity and diversity 

Paul Ehrlich was the first scientist to address the question of how antibodies arise.  He proposed 

his “Side-Chain Theory” during a lecture in 1890 to the Royal Society of London (Ehrlich, 1900; 

Silverstein, 2003), and suggested the existence of side-chains receptors capable of binding 

antigen in a ‘lock and key’ fashion (Witebsky, 1954), borrowing the phrase from Emil Fisher’s 

1894 paper that dealt with enzyme-substrate binding (Lichtenthaler, 1994).  Ehrlich proposed 

that antigens interact with side-chain receptors on the cell surface, resulting in the secretion of 

excess receptors (antibodies) with identical specificity (Kaufmann, 2008; Witebsky, 1954).  He 

also postulated (incorrectly) that erythrocytes possess many receptors of different types, enabling 

one type of cell to stimulate the formation of a variety of antibodies (Witebsky, 1954).  Ehrlich 

was likely the first scientist to introduce the concept of immunological self/non-self-

discrimination, coining the term “Horror Autotoxicus” (Silverstein, 2001), which he described as 

the unwillingness of the organism to endanger itself by the formation of toxic self- or auto-

antibodies (i.e. antibodies that bind host antigens).  

Karl Landsteiner later challenged Ehrlich’s side-chain theory in a series of publications 

from 1920 to 1921, where he showed that the immune system could generate antibody responses 

against synthetic antigens not found in nature (Landsteiner, 1962).  Until then it was widely 

assumed that only proteins could induce a response, but Landsteiner showed a strong antibody 
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response against synthetic small molecules linked to a protein carrier.  He called these molecules 

“haptens” (Landsteiner, 1921), and thus Landsteiner was the first scientist to demonstrate the 

incredible malleability of the immune system, paving the way for conjugate vaccines.   

Following Landsteiner’s work, Breinl and Haurowitz argued that it is not feasible for an 

organism to constantly produce antibodies against millions of artificially generated antigens; 

hence the substance leading to their formation must arise independently of the host, and antigen 

seemed to be the only candidate to solve this acquired trait (Hodgkin et al., 2007; Silverstein, 

2003).  Breinl and Haurowitz suggested a mechanism called “instructional template theory” 

(Breinl and Haurowitz, 1930), later expanded by Linus Pauling (Pauling, 1940), where they 

imagined that adaptability in the immune system was achieved through the antigens’ ability to 

instruct the specificity of the antibody to the cell (Hodgkin et al., 2007).   

Though the instructional template theory accounts for the apparent repertoire of the 

immune system, the Australian virologist Frank Macfarlane Burnet argued that under this model, 

antibody production should be linear without an increase in the amount of antigen, rather than 

the observed exponential rise in antibody production in the early phase of an immune response 

(Burnet and Fenner, 1949).  Further, the instructional theory did not account for higher affinity of 

subsequent antibody responses and did not explain the immune system’s ability to distinguish 

between self and foreign antigens (Hodgkin et al., 2007; Mackay, 1991).   

In 1955, Danish immunologist Niels Jerne described the “natural-selection” hypothesis, 

which held that every animal contained a large medley of natural antibodies that become 

diversified via an unknown mechanism (Jerne, 1955).  According to Jerne, the proliferation of 

immune cells was responsible for the reduced response time of subsequent immune challenges, 

and the function of an antigen was to select and bind to the antibodies with which it could make 
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a stochastic fit (Jerne, 1955).  Jerne also explained that during subsequent stimulus the antigen 

encounters a larger concentration of antibody molecules that fit with “highest combining 

capacity” to the antibody-producing cells (Jerne, 1955).   

Burnet expanded on this hypothesis with the “clonal selection theory” in 1957, where he 

proposed that each antibody-producing cell or lymphocyte is responsive to a particular antigen 

by virtue of specific surface receptor molecules, and on contacting its appropriate antigen, a 

single lymphocyte is stimulated to proliferate (clonal expansion) and differentiate (Burnet, 1959, 

2007).  Shortly thereafter, the first experimental evidence supporting the clonal selection theory 

was published (Nossal and Lederberg, 1958) by studying antibody production in single cells.  B 

lymphocytes were subsequently established as antibody-producing cells, further strengthening 

the theory (LeBien and Tedder, 2008; Mitchell and Miller, 1968).  Burnet also correctly 

predicted how the immune system distinguishes self- from non-self-antigens, proposing that self-

reactive lymphocytes are removed before they can mature in a process called “clonal deletion” 

(Burnet, 1959, 2007).  Despite Burnet’s accurate predictions, there was still no concrete 

explanation for the apparent diversity of primary antibody responses. 

1.4 Generation of Primary Antibody Repertoire  

It was not until 1976 that Susumu Tonegawa discovered that antibody genes are not inherited 

completely, but rather as gene segments that combine in each B cell to produce a primary B cell 

immunoglobulin receptor (BcR) (Hozumi and Tonegawa, 1976).  Most of the observed 

immunoglobulin (Ig) assortment stems from the formation of a nascent B cell lymphocyte, where 

genes coding for one variable heavy (VH) and one variable light (VL) domain are constructed 

from a limited repertoire of inherited germ-line gene segments.  These genes consist of V 

(variable), D (diversity), and J (joining) gene segments for the heavy chain, and V and J 
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segments for the light chain (Fig. 1) (Dudley et al., 2005; Murphy et al., 2012; Schroeder, 2006).  

V genes of the light chain are located on a separate chromosome and can be either of the kappa 

or the lambda type (Fig.1), with a utilization ratio of κ: λ equal to 2:1 in humans and 19:1 in 

mice.  (Jung et al., 2006; Schroeder, 2006).  Different vertebrate species show considerable 

variation in the chromosome position, number, and sequence of putative germ-line 

immunoglobulin genes, emphasizing the evolutionary pressure exerted on these genes.  For 

example the human H locus on chromosome 14, is thought to have 37 heavy chain V genes 

(IgVH), whereas mice (depending on the strain) possess more than 150 predicted V heavy genes 

located on chromosome 12 (Schroeder, 2006).  Accordingly, the combinatorial rearrangement of 

Ig gene segments that form the heavy and light chains results in roughly 107 possible 

combinations in humans and mice (Table 1) (Schroeder, 2006).  Direct comparison between 

mouse and human Ig genes is particularly important, since mice are often used as model 

organisms for study of diseases, and for the production and characterization of antibodies for 

scientific and therapeutic use.   

The combinatorial shuffling of V(D)J gene segments takes place in the bone marrow 

(Fig. 2), and requires an intricate orchestration of chromatin remodelling, trans- and cis-acting 

elements in conjunction with DNA breakage and repair enzymes (Jung et al., 2006; Schroeder, 

2006).  David Baltimore and colleagues provided the first mechanistic explanation for the initial 

steps of DNA strand breakage in both BcR and T cell receptor (TcR) rearrangement with the 

discovery of recombination activating genes 1/2 (rag-1/2) (Oettinger et al., 1990; Schatz et al., 

1989).  The V(D)J gene segments are flanked by the presence of unique recombination signal 

sequences (RSS), where recombination occurs between the RSS and the coding sequences (Fig. 

2, 3).  The RSS contains a conserved palindromic heptamer or AT-rich nonamer separated by a 
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non-conserved spacer, 12 or 23 base pairs long (Jung et al., 2006).  The RAG enzyme complex 

requires that one RSS have a 12-bp spacer and the other a 23-bp spacer (12/23 rule) for efficient 

recognition and initiation of the double-stranded break (DSB) (Bischerour et al., 2009).   

The process proceeds through RAG1 and RAG2 cleavage of one of the DNA strands at 

the junction of the signal and coding sequences.  RAG1 and RAG2 then cut the opposite DNA 

strand while simultaneously producing a hairpin structure (Fig. 3).  Endonucleases randomly 

cleave the hairpin DNA, resulting in terminal nucleotide deletions and generating sites for 

palindromic or P-nucleotides additions (Maizels, 2005; Schatz and Ji, 2011; Schroeder, 2006).  

In some instances an additional 10-15 nucleotides is built by terminal deoxynucleotidyl 

transferase (TdT), and can be added to the end of the VDJ coding sequences on the heavy chain, 

a process known as N-nucleotide addition (Jung et al., 2006; Schroeder, 2006; Yuan et al., 

2005).  The nucleotide additions and deletions between the coding junctions are collectively 

referred to as junctional flexibility, which further increases the potential diversity of the primary 

antibody pool (Jung et al., 2006; Schroeder, 2006).  The DNA strand is then repaired and ligated 

to join the coding sequences and the RSS, which can result in a productive or non-productive 

BcR.   
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Figure 1: Germ-line genes encoding antibody heavy and light chains and their relative 

positions in the human genome. 

The five antibody isotypes: μ, δ, γ, α, and ε, correspond to IgM, IgD, IgG, IgA, and IgE respectively. The 

light chain possesses a smaller constant domain. Pseudogenes and IgG subisotypes are not indicated.  

Figure content based on information from Schroeder et al., (2006). 
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Table 1: Potential combinatorial diversity of antibodies from human and mouse gene 

segments. 

Not including pseudogenes.  

Heavy chain V domain Human  Mouse 

(BALB/c) 

V gene families 7 15 

V gene segments 37 150 

D gene segments 23 13 

Potential reading frames 6 6 

J gene segments 6 4 

H chain combination 30,636 46,800 

λ  light chain  

V gene families 11 3 

V gene segments 35 3 

J gene segments 4 2 

λ  light chain combinations 140 6 

κ light chain  

V gene families 5 18 

V gene segments 35 93 

J gene segments 5 4 

κ light chain combination 175 372 

Combined V diversity 9.6 x 10
6
 1.8 x 10

7

 

Table adapted from Schroeder, 2006. 
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Figure 2: Heavy chain gene rearrangement via VDJ recombination. 

Variable (VH), diversity (D), and joining (JH) gene segments for the heavy chain genes are shown, along 

with their flanking recombination signal sequences (RSS) as triangles. The events of VDJ recombination 

occur during the maturation of a B cell (left). Recombination between two genes requires the presence of 

RSS of 12 and 23 bp non conserved spacers (12/23 rule) indicated by arrows. RSS heptamers are depicted 

as yellow triangles and RS nonamers are depicted as white triangles. The heavy chain locus undergoes DH 

to JH joining during hematopoietic stem cell (HSC) maturation to progenitor B cell (pro-B cell) followed 

by VH to DHJH joining during precursor B cell (pre-B cell) maturation to large pre-B cell. The rearranged 

heavy chain is then transcribed (both the Cμ and Cδ), forming the primary RNA transcript. The primary 

transcript is then spliced and polyadenylated. The mRNA is subsequently translated forming the nascent 

polypeptide of membrane bound IgM (mIgM) and mIgD. The leader sequence for each nascent 

polypeptide is then cleaved to form a mature B cell that expresses both IgD and IgM with identical 

antigen specificity. Figure information are drawn from Kuby immunology textbook 6th edition (Kindt et 

al., 2007), chapter 5 and from Schroeder et al., (2006). 
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Figure 3: Mechanism of RAG1/2-mediated D and J gene recombination and junctional 

flexibility. 

VDJ recombination can be divided into 6 steps, with only the heavy chain recombination of J and D genes 

shown below. Step 1: Recombination signal sequences (RSSs, yellow and white triangles) are recognized 

by recombinase enzymes RAG1/2, which results in the two signal sequences, catalyzing synapse 

formation between the D and J gene segments, bringing them closer together. Step 2: RAG1/2 induces a 

single strand break in the juncture of the signal and coding sequences. Step 3: The Rag1/2 complex 

introduces a DNA double stranded break at the border between DH and JH segments and their respective 

RSS creating hairpin-sealed coding ends and blunt signal ends. The RSS and intervening DNA are 

released into the nucleus of the B cell and lost during cell division. Step 4: The hairpin is later cleaved by 

endonucleases leaving short single strand at the end of the coding sequences. Step 5: Repair of this 

sequence results in the addition of nucleotides called P-nucleotides (red) due to their palindromic nature.  

Furthermore terminal deoxynucleotide transferase (TdT) may add up to 15 nucleotides (green) to cut ends 

of D and J coding sequences. Exonuclease cleavage may also delete coding nucleotides before the action 

of TdT (not shown). Step 6: Sequences are ligated by DNA ligase IV.  Palindromic sequences are 

indicated with brackets. Figure information are drawn from Kuby immunology textbook 6th edition (Kindt 

et al., 2007), chapter 5. 
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1.5 Class Switch Recombination 

V(D)J recombined genes encoding VH and VL domains are further paired with constant (C) gene 

segments that determine antibody isotype on the C-terminal portion of the antibody.  The 

different isotype and sub-isotypes alter the effector function of the antibodies and also play a role 

in avidity (Dudley et al., 2005; Li et al., 2004; Muramatsu et al., 2000).  The five isotypes of 

heavy chains α, δ, γ, ε, and μ, correspond to IgA, IgD, IgG, IgE, and IgM antibodies respectively 

(Fig. 1).  The different isotypes play specific roles during the immune response, briefly 

summarized in Table 2.   

Initially, the combined V(D)J gene segments are transcribed and translated in a mature B 

cell, forming multiple copies of membrane-bound immunoglobulin (mIg) of IgM and IgD class, 

with identical antigen specificity (Fig. 2) (LeBien and Tedder, 2008).  Though the function of 

IgM during the primary immune response is well understood (Chu et al., 2008; Dogulu et al., 

2000; Schroeder and Cavacini, 2010), the role of IgD antibody is still enigmatic (Edholm et al., 

2011; Ohta and Flajnik, 2006).  The different antibody isotypes arise from the process known as 

class switch recombination (CSR) however the exact mechanism of class switching is unclear.  

Our current understanding is that CSR is mediated by B cell–specific enzyme activation-induced 

cytidine deaminase (AID) in combination with a chemokine gradient, presumably created by T 

helper cells and stromal cells in the light zone of the germinal centers (Klein and Dalla-Favera, 

2008; Stavnezer et al., 2008).   
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Table 2: Human antibody isotype and function. 

Table information is drawn from Kuby Immunology textbook 6th edition (Kindt et al., 2007), chapter 4. 

Isotype (gene) Sub-types (Gene) Function and primary location in body 

IgM (μ) None Primary multivalent response 

IgD (δ) None Unknown (regulatory role?) 

IgG (γ) 4 (γ
1
, γ

2
, γ

3
, γ

4
) Main serum Ig, high affinity,  

Passive immunity to fetus 

IgA (α) 2 (α
1
, α

2
) Mucosal antibody  

(also found in breast milk, saliva, tears) 

IgE (ε) None Allergic response, parasites 

1.6 Structure and Function of Immunoglobulins 

The BcR transmembrane protein consists of two parts: a mIg of one isotype and signal 

transduction membrane protein, cluster of differentiation (CD) 79 (Bankovich et al., 2007; 

Harwood and Batista, 2010; Treanor, 2012).  The former is identical to the secreted form of 

bivalent antibodies (IgD, IgE, and IgG) with the exception of the integral membrane domain, and 

the latter is a heterodimer consisting of Igα and Igβ chains (Fig. 4A).   

IgG molecules are the main serum immunoglobulin components in both humans and 

mice, and occur in subclasses IgG1 through IgG4 in humans, and IgG1, IgG2a, IgG2b, and IgG3 

in mice.  Fig. 4B depicts a generic plasma-soluble IgG1 molecule with the relative position of its 

functional and structural domains indicated.  The IgG antibody features two identical heavy and 

light polypeptide chains that combine to give a twelve-domain Y-shaped protein with two 

antigen-binding sites near the amino-termini at the tips of the Y.  IgD and IgE resemble IgG, but 

with key differences in the number and structure of the constant domains.  IgA molecules can 

self-associate through their constant region and are secreted as dimers with four antigen-binding 

sites, while IgM form pentamers with ten antigen-binding sites (Fig. 4B).  
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Figure 4: Structural features of the B cell receptor and secreted antibodies. 

(A) Schematic diagram of BcR with the heavy chain (five domain dimers) in grey and the light chain in 

white (two domain dimers).  Antigen binding can occur at two identical sites near the N-terminal portion 

of the BcR. The associated CD79 co-receptor is shown with the Igα (red) and Igβ (yellow) chains 

indicated. The intracellular domains of CD79 contain tyrosine activation motifs (Y) which have an 

important role in B cell activation. (B) Schematic diagram of the domains architecture of IgG1, IgD, IgE, 

IgA, and IgM glycoproteins. Constant domains are in dark grey (CH1- CH4, depending on the isotype). 

The antigen (black) is bound by the N-terminal VL and VH chain domains. White hexagons represent the 

N-glycans that span the Fc heavy chains and grey hexagons represent O-glycans, usually found only in 

IgD and IgA. The secretory IgA antibody is made up of two monomeric IgA molecules: a joining chain 

(J-chain) and a five-domain secretory component.  The IgM antibody is secreted as a pentamer that 

includes a joining chain and numerous N-glycan sites.  

 

A. 
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B. 
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The immunoglobulin fold that shapes the antibody consists of a pair of antiparallel β 

sheets with disulfide bonds between framework regions of the sheets to form barrels.  Four 

tightly packed β strands form one sheet and another three β strands form a second sheet (known 

as a β sandwich), generating the constant domain of these immunoglobulins.  Four- to five-strand 

sheets also interact in parallel, shaping the variable (V) region (Fig. 5). 

Antibody specificity arises via six polypeptide loops of hypervariable sequence called 

complementarity determining regions, or CDRs.  There are three CDRs in the heavy chain (H1, 

H2 and H3) and three on the light chain (L1, L2 and L3) (Fig. 5) that cooperate to form a surface 

that is usually complementary in shape, hydrophobicity and charge to the antigen.  As Kabat 

originally predicted (Kabat, 1957, 1976), the CDRs form pockets and cavities usually located 

centrally among the six CDRs, or grooves along the VH-VL interface.  The combination of J and 

D genes in the heavy chain segments is responsible for generating divergent CDR H3 sequences 

and so, unsurprisingly, CDR H3 is highly involved in the antigen-recognition process.  Further, 

CDR H3 forms no particular canonical structure, while the other five CDRs generally fall into 

eighteen canonical structures (Al-Lazikani et al., 1997).  

Antibody CDRs can be assigned based on sequence alone, owing to the conserved 

features in all antibody variable regions (e.g. conserved cysteine residues).  For example, CDR 

H3 almost always follows a Cys-(Ala)-Arg motif, where (Ala) is often an alanine residue.  This 

led Kabat (1991) to propose a standardized numbering scheme based on sequence alignments of 

the known antibody sequences.  This practical numbering scheme permits a direct comparison of 

equivalent positions within different antibody structures.  While additional numbering schemes 

have been proposed based on the structures of antibody variable regions (Al-Lazikani et al., 

1997; Chothia et al., 1992; Chothia et al., 1989; Morea et al., 1997), a refined version of the 
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Kabat numbering scheme (Abhinandan and Martin, 2008) is implemented throughout this thesis 

due to its prevalence in deposited structures and published articles.  The proposed numbering 

schemes use archetypal CDR sequence lengths and then add insertion codes as letters if 

necessary (e.g. Tyr(L)-27A).  A letter designation H or L follows the amino acid three letter 

codes indicating whether the amino acid belongs to the heavy chain (H) or the light chain (L). 

While the Fab exerts most of the variability on a sequence level, as is required for 

recognition, the Fc region is largely constant in sequence and structure.  Despite this, the 

antibody Fc portion mediates crucial immunological functions such as opsonization, complement 

activation, and antibody-dependent cell-mediated cytotoxicity (ADCC).  The Fc is composed of 

constant domains (CH) where effector functions result from cell surface receptor recognition of 

CH3 and CH4 domains, depending on the isotype (Fig. 4B).  In order to commence the adaptive 

humoral response and produce antibodies, B cell activation-triggering signals must be 

considered.  

Figure 5: Stereo ribbon diagram of VH (red) and VL (blue) domains and their 

corresponding CDRs. 

Taken from protein data bank, PDB code: 4M7J 
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B Cell Activation 

Two major signaling events determine B cell fate.  The first occurs when naïve B lymphocytes 

expressing bivalent mIg or BcR (Fig. 4A) encounter cognate antigen in the spleen and other 

lymphoid peripheral tissues.  Antigen engagement results in BCR cross-linking, which promotes 

phosphorylation of immunoreceptor tyrosine activation motifs (ITAMs) on BcR signalling 

chains Igα and Igβ (Fig. 4A) (Harwood and Batista, 2010; LeBien and Tedder, 2008).  B cell co-

receptors (e.g. CD19) and integrins may also facilitate B cell activation through regulation of 

ITAM phosphorylation and cytoskeleton rearrangements (Harwood and Batista, 2010).  Src-

family protein tyrosine kinases are thought to be responsible for ITAM phosphorylation 

(Harwood and Batista, 2010; Reth, 1989).  Phosphorylation initiates formation of an assembly of 

intracellular signalling molecules that allows coordinated regulation of downstream signalling 

events, including induction of genes that can lead to B cell differentiation and proliferation to 

memory B cells or plasma cells.  A single plasma cell can produce up to ten thousand antibody 

molecules per second (Hibi and Dosch, 1986).  This primary antibody response generates soluble 

IgM molecules with generally low affinities, although the high avidity interaction of decavalent 

IgM antibodies compensates for this (Fig. 4B).   

Typically the signalling cascade initiated by BcR cross-linking results in the 

internalization of antigen through receptor-mediated endocytosis, although this process 

predominantly occurs for protein, peptide, and glycopeptide antigens (Carbone and Gleeson, 

1997; Mareeva et al., 2008; Speir et al., 1999; Stein, 1992).  These antigens are then processed 

within endosomes, loaded onto the major histocompatibility complex class II (MHC II) receptor, 

and presented on the B cell surface.  Presentation through MHC II enables the B cell to act as an 

antigen-presenting cell, so that activation of T-helper cells can occur through TcR binding of 
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MHC II receptor-antigen complex (Fig. 6).  The activated T cell provides a second signal to the 

B cell, and hence antigens presented to T cells in this manner are classified as thymus dependent 

(TD) (Barnett et al., 2014; Parker, 1993; Vos et al., 2000).  Indeed, T cell independent germinal 

centers rapidly collapse after they are formed; thus, a robust T cell response past the initial B cell 

response is required to obtain fully matured antibodies (Allen et al., 2007; de Vinuesa et al., 

2000). 

Figure 6: B cell antigen presentation via MHC class II and T helper cell activation. 

(A) Recognition of TD antigen results in BcR cross-linking and clustering, which in turn initiate signal 

transduction cascade leading to internalization of the receptor-antigen complex and subsequent processing 

and presentation via MHC II receptor. (B) The T helper (TH) cell binds the MHC-presented peptide 

through TcR and provides further activating signals to the B cells by means of CD40L (which binds 

CD40 on B cells).  Activation is augmented by co-stimulatory receptor and cytokine release by T cells, 

which may result in further differentiation into memory B and T cells and class switch recombination. 

 

Figure adapted from Kuby Immunology text book 6th edition, chapter 11 (Kindt et al., 2007). 

A. B. 
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1.7 Affinity Maturation 

Co-stimulation with a T-helper cell causes migration of the activated B-cell to the dark zone of 

the germinal center (Fig. 7) where the B cells proliferate and differentiate into centroblast cells 

(LeBien and Tedder, 2008).  During this stage the centroblasts lose Ig receptor expression and 

undergo somatic hypermutation (SHM) of their immunoglobulin genes to produce mutant 

antibodies of potentially higher affinity (Li et al., 2004; Sharon, 1990; Teng and Papavasiliou, 

2007).   

Centroblasts express large amounts of the AID enzyme which, in addition to CSR, also 

begins the process of affinity maturation (Muramatsu et al., 2000; Peled et al., 2008).  AID has 

direct mutagenic activity and deaminates deoxycytidine residues to produce deoxyuridine, 

although the specific targeting of the immunoglobulin genes is currently unknown (Bischerour et 

al., 2009; Dudley et al., 2005; Muramatsu et al., 2000).  Uracil-DNA glycosylase enzymes repair 

uracil-DNA lesions, leaving a gap that is filled by an error prone DNA polymerase.  

Consequently, nucleotide substitutions are randomly incorporated into the immunoglobulin 

V(D)J genes.  The rate of these mutations is at least 100,000 fold higher than spontaneous 

mutations in other genes (Peled et al., 2008; Teng and Papavasiliou, 2007), and hence this 

process is described as somatic hypermutation.   

The cells next exit the dark zone, re-express the mutated surface Ig and enter the light 

zone where they become mitotically inactive centrocytes (Klein and Dalla-Favera, 2008).  The 

population of centrocytes possess surface Igs that show a wide variety of affinities for their 

antigen, and must compete to bind antigen displayed on follicular dendritic cell (FDC) surfaces 

(Harwood and Batista, 2010; Klein and Dalla-Favera, 2008).  Centrocyte survival is dependent 

on the high affinity interaction of its Ig with antigen displayed on FDC.  Selected centrocytes can 
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then interact with T-helper cells in the light zone to promote further proliferation and CSR.  An 

overview of B cell proliferation, migration, and differentiation, as originally proposed by 

MacLennan et al., (1994) is shown in Fig. 7.   

The process of SHM is entirely stochastic, though the AID enzyme primarily targets the 

immunoglobulin genes.  The sequence changes selected during affinity maturation primarily 

occur in residues within the antibody framework or adjacent to the CDR loops, which form the 

complementary surface to antigen, rather than the residues that directly contact the antigen 

(Manivel et al., 2000; Ramirez-Benitez and Almagro, 2001).  The structural implications of 

SHM have been demonstrated with structural comparisons of affinity matured antibodies and 

their germ-line precursor, revealing that mutations act to increase CDR loop rigidity and 

optimize antigen binding geometry and complementarity (Romesberg et al., 1998; Thomson et 

al., 2008; Yin et al., 2001).  Structural investigations of affinity matured anti-hen egg lysozyme 

antibody and its germ-line precursor showed that the mutations resulted in an increased degree of 

surface complementarity but did not create new antigen/antibody contacts (Li et al., 2003).   

 The processes described thus far rely on T cell intervention, but there are also antigens 

that directly provide the second B cell activation signal in T cell deficient animals (e.g. athymic 

(nude) or neonatally thymectomized mice); these antigens are collectively known as thymus-

independent (TI) antigens. 
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Figure 7: Differentiation and affinity maturation of B cells in the germinal center. 

An activated B cell migrates to the dark zone of the germinal centre where the B cell undergoes 

differentiation into a centroblast cell. Centroblast cells lose expression of their surface immunoglobulins 

(mIgs) and initiate cell division. During their expansion, centroblast undergo somatic hypermutation 

(SHM). The cells then proceed to the light zone where they re-express mutated Igs on their surface, at 

which point the cells become centrocytes. In the light zone, the centrocytes can have two different fates. 

With the help of follicular dendritic cells (FDC) and T helper cells, high affinity antibody-antigen 

contacts are selected and undergo further differentiation. A subset of selected centrocyte Igs undergo class 

switch recombination. Eventually the antigen-selected centrocytes differentiate into B memory cells 

and/or plasma cells. Low affinity Igs or unproductive antibodies produced as a result of SHM are not 

selected, which results in apoptotic cell death. 

 

Figure adapted from Klein and Dalla-Favera, 2008. 
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1.8 T Cell Independent Antigens 

While the scale and duration of the antibody response to a TD antigen depends on the nature of 

the T cell and the extent of stimulation, TI antigen responses rest on their ability to stimulate 

ancillary signals via the complement receptor (Pozdnyakova et al., 2003; Szomolanyi-Tsuda et 

al., 2006), Toll-like receptors (TLRs) (Miyake, 2007; Trinchieri and Sher, 2007), and other 

innate immune B cell receptors.  

 The TI antigens fall into two distinct classes: type I and type II.  Type 1 TI antigens 

include lipopolysaccharides (LPS) and their derivatives, which function as polyclonal B cell 

activators (Coutinho and Möller, 1973; Mond and Kokai-Kun, 2008; Vos et al., 2000).  Type 2 

TI antigens tend to be high molecular weight polymers with repeating antigenic determinants, 

such as many homo-polysaccharides (PS) (e.g. dextran), capsular PS (e.g. pneumococcal PS), 

polypeptides (bacterial flagellin), and polynucleotides (e.g. poly-C) (Mond and Kokai-Kun, 

2008; Mond et al., 1995; Vos et al., 2000).  Major distinctions of the latter group are the absence 

of polyclonal B cells and the high level of BcR cross-linking due to the repetitious nature of 

these antigens (Vos et al., 2000).  Additionally, the enhanced mIg cross-linking during 

recognition of TI type 2 antigens leads to a lower activation threshold required for induction of 

antibodies in B cells.   

Though the antigens above are classified as T cell independent, T cell activation can still 

occur through binding to the secreted immunoglobulins, via Fc receptors on surfaces of T cells 

(Ravetch and Kinet, 1991).  For instance, a study measuring the ability of polymerized flagellin 

to elicit flagella-specific antibodies showed a substantial (~75%) diminution in nude or 

thymectomized mice, suggesting that T cell help can play a regulatory role even though it is not 
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essential for eliciting a response (Huchet and Feldmann, 1974; Mizel and Bates, 2010; Sanders et 

al., 2006).   

Many of the concepts that define modern molecular immunology stem from studies of 

antibody recognition of carbohydrate antigens, chiefly carried out by pioneers Michael 

Heidelberger and Elvin Kabat, whose work focused on pneumococcal polysaccharides, dextrans 

and blood group antigens.  Further, the possible combinatorial linkages and relative degree of 

flexibility of many carbohydrates requires that antibodies must utilize multiple strategies for 

carbohydrate antigen recognition.   

The first example of carbohydrate recognition by antibodies centered about the discovery 

of the human ABO(H) blood groups by Landsteiner (though he did not know it at the time) in 

1900 and 1901, who sought to understand why some blood transfusions were successful and 

some were not.  Work on heterogeneous preparations by Kabat and others established many key 

characteristics, e.g. that the combining site could accommodate up to six residues and could take 

the form of a pocket or groove (Kabat, 1957, 1978).  Despite these endeavors, most antibody 

studies were with anti-peptide antibodies due to the relative ease with which protein and peptide 

antigens can be generated and altered (Plante et al., 2001).  In contrast to many protein and 

peptide antigens, most carbohydrate antigens are unable to recruit T cell help, resulting in a B 

cell response lacking affinity maturation, and weighted toward the production of IgM and IgG2 

in human and IgM and IgG3 in mouse (Mond and Kokai-Kun, 2008; Mond et al., 1995; Stein, 

1992; Ullrich, 2009; Vos et al., 2000; Wigelsworth et al., 2009).   

Anti-carbohydrate immune responses usually yield antibodies with ‘V-region restriction’ 

where a relatively limited set of germ-line genes generate antibodies against a broad range of 

epitopes (Blackler et al., 2012; Brooks et al., 2010b; Brorson et al., 2002; Nguyen et al., 2003; 
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Pascual et al., 1992).  In order to overcome this restricted response, glycoconjugate antigens 

have been developed in which carbohydrates or fragments thereof are coupled to proteins or 

protein moieties that can recruit T cell help.  Intracellular carbohydrate antigen processing has 

been found to involve degradation by means of reactive oxygen and nitrogen species (Duan and 

Kasper, 2011), and this knowledge has led to improved designs for a second generation of 

glycoconjugate vaccines (Astronomo and Burton, 2010; Avci et al., 2011; Buskas et al., 2008; 

Costantino et al., 2011).  However, there are two important exceptions to the T-independent 

paradigm.  Polysaccharides that carry both negatively and positively charged substituents and 

can interact with MHCII species (Avci and Kasper, 2010).  The oxidative breakdown of 

polysaccharide antigens can also produce species capable of this type of interaction (Velez et al., 

2009).  Secondly, some glycolipid antigens are presented by MHC homologs CD1a, b, c and d, 

to various families of T cell receptors (Icart et al., 2008). 

1.9 Antibody Response to Carbohydrate Antigens 

The observed affinities of anti-carbohydrate antibodies are typically 103 to 105 times lower than 

antibodies specific for protein or peptide antigens (Brorson et al., 2002; Krause and Coligan, 

1979; MacKenzie et al., 1996).  This is compensated by their initial expression as deca-valent 

IgM and their observed class switching bias toward IgG3 in mice and IgG2 in humans, which 

tend to self-associate through their constant regions to form multivalent networks (Cooper et al., 

1991; Greenspan et al., 1988).  The multivalent nature of these antibody clusters results in a 

marked increase in avidity (Edberg et al., 1972; Greenspan and Cooper, 1992; Yoo et al., 2003) 

and reflects an evolved mechanism for the recognition of multivalent or densely displayed 

carbohydrate antigens.  The surface clustering of multivalent antibodies can only occur when 

there are correspondingly large numbers of antigen molecules present, which serves to 
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distinguish between cells that display many copies of the antigen (such as bacteria) and normal 

cells that display only a few.  An antibody’s ability to distinguish identical epitopes depending 

on their environment is termed “context dependent recognition” (Caoili, 2010; Ramos and 

Moller, 1978; Wylie et al., 1982) and is particularly relevant for tumor antigen binding. 

The lower affinities observed for carbohydrate-specific antibodies and other carbohydrate 

binding proteins (e.g. lectins), are derived from the binding not being driven entirely by enthalpic 

factors, and emphasize the relative importance of entropic considerations (Bundle et al., 1998; 

Bundle and Young, 1992; Engström et al., 2005).  The general lack of rigidly defined structures 

in many carbohydrates would require entropically unfavorable immobilization of these otherwise 

flexible segments upon antibody binding (Kitov et al., 2000; Rini et al., 1992).  Attempts to 

experimentally demonstrate this have had mixed results: a rigid antigen analog of a Salmonella 

epitope with an additional interglycosidic bond was bound just as well as the free form (Bundle 

et al., 1998), while a similar analog of a Shigella flexneri epitope showed enhanced binding 

affinity (McGavin and Bundle, 2005).   

The hydrophilic nature of carbohydrates increases the possibility that water molecules 

have to be displaced or trapped during complex formation, both of which have distinct entropic 

consequences.  Generally, a greater desolvation of receptor and ligand corresponds to higher 

affinity, as the inherent entropic penalty of carbohydrate binding is offset (Fadda and Woods, 

2010; Woods, 1998).  Consistent with this view, the presence of –COOH or –CH3 groups on the 

carbohydrate can lead to higher affinities by permitting ionic or hydrophobic interactions (e.g. 

antibodies that recognize charged Kdo (deoxy-D-manno-oct-2-ulosonic acid) species) (Müller-

Loennies et al., 2000). 
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Further Diversification through Polyspecificity and Cross-reactivity 

It is clear that the properties of carbohydrate-binding antibodies differ significantly from their 

anti-protein and peptide counterparts, which requires considerable variation in recognition and B 

cell response.  The general lack of T cell recruitment requires that carbohydrates have a greater 

reliance on the primary germ-line gene repertoire (Brooks et al., 2010b; Brorson et al., 2002; 

Nguyen et al., 2003; Saha et al., 2014).  Nevertheless, germ-line antibodies are capable of 

recognizing a broad range of common epitopes and can elicit a poly-reactive response to newly 

encountered pathogens.  The estimated diversity of the antibody repertoire in humans and mice 

as a result of V(D)J recombination and junctional flexibility is roughly 108 (Schroeder, 2006) to 

1011 (Willis et al., 2013), excluding the events of affinity maturation.  Therefore, carbohydrate-

specific antibodies have a limited set of germ-line genes for recognition of a myriad 

carbohydrate antigens.  To account for this discrepancy, it is understood that the primary immune 

response against carbohydrates is prone to polyspecific and/or cross-reactive antibodies (Nguyen 

et al., 2003; Wucherpfennig et al., 2007).  

Polyspecificity and cross-reactivity are sometimes considered interchangeable terms but 

there is an important distinction between the two.  Polyspecificity refers to the capability of an 

antibody to bind chemically distinct antigens using the same paratope, and has been proposed to 

be an inherent property of germ-line immunoglobulins (Chu et al., 2008; Manivel et al., 2000; 

Nguyen et al., 2003; Willis et al., 2013).  Cross-reactivity occurs when an antibody recognizes 

two or more distinct antigens that share a similar or identical epitope (Blackler et al., 2012; 

Brooks et al., 2013; Clevinger et al., 1980; Di Padova et al., 1993a; Gerstenbruch et al., 2010; 

Jin et al., 2008; Kuhn, 1993; Midgey et al., 2012; Müller-Loennies et al., 2007; Nguyen et al., 

2003; Pascual et al., 1992; Sethi et al., 2006; Ternynck and Avrameas, 1986; Varga et al., 1973).  

Over time, selection of germ-line gene segments is necessarily biased towards their ability to 
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recognize a range of structurally related antigens.  This presents an immunological advantage to 

the host, though cross-reactive and polyspecific antibodies have also been known to play a 

central role during autoimmune responses (Jin et al., 2008; Oldstone, 1998).    

The estimated diversity of antibodies predicted by the genetic events discussed above 

does not account for the total number of antigens that the immune system may encounter 

(Sherwood, 2010).  It has been suggested that polyspecificity and cross-reactivity are protective 

mechanisms formed over time, to broaden the potential number of antigens recognized by 

primary antibodies (Cook and Tomlinson, 1995; Sethi et al., 2006).  As with the high avidity 

binding nature of germ-line IgM antibodies, other antibody classes may also employ high avidity 

binding mechanisms for the recognition of carbohydrate antigens.  A recent structure described 

by Calerese at al. described a unique immunoglobulin that employed domain swapping to 

generate a high avidity multivalent recognition of HIV gp120 carbohydrate epitope (Calarese et 

al., 2005; Calarese et al., 2003).  To date, only studies of Chlamydia-specific monoclonal 

antibodies have demonstrated the biological significance of cross-reactivity to different 

carbohydrate epitopes with varying affinities (Blackler et al., 2012; Brooks et al., 2010b; Brooks 

et al., 2008; Brooks et al., 2013; Gerstenbruch et al., 2010; Nguyen et al., 2003).  Despite these 

studies, the underlying molecular mechanism of polyspecificity is still not fully understood.  This 

thesis work aims to explore the germ-line’s ability to remain flexible for recognition of new 

antigens while maintaining the specificity required for recognition of the common antigens 

against which the immune system has evolved. 

The recent growth in knowledge of carbohydrate-specific antibodies offers an opportunity 

to understand the structural basis for recognition, concentrating on the insights gained from the 

chemical approaches of X-ray crystallography and isothermal titration calorimetry (ITC).    
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1.10 Characterization of Carbohydrate-Antibody Systems 

The most significant recent advances in the understanding of antibody-carbohydrate interactions 

have come from structures determined by X-ray crystallography (Blackler et al., 2011; Brooks et 

al., 2010a; Brooks et al., 2010b; Brooks et al., 2010c; Brooks et al., 2013; Calarese et al., 2003; 

Doores et al., 2010; Evans et al., 2011; Gomery et al., 2012; Haji-Ghassemi et al., 2014; Murase 

et al., 2009; Nagae et al., 2013; Nguyen et al., 2003; Parker et al., 2014; Patenaude et al., 1998; 

Ramsland et al., 2004; Talavera et al., 2009; Theillet et al., 2009; Van Remoortere et al., 2003; 

Van Roon et al., 2004; Villeneuve et al., 2000; Vulliez-Le Normand et al., 2008; Xie et al., 

2005) and NMR (Broecker et al., 2014; Fernandez-Alonso et al., 2012; Haselhorst et al., 1999; 

Johnson et al., 2012; Kogelberg et al., 2003; Maaheimo et al., 2000; Oberli et al., 2010; Roldós 

et al., 2011; Sokolowski et al., 1998).  Both techniques preferentially study the smaller and more 

soluble Fab (mostly IgG isotype) or Fv (Fragment variable) antigen-binding fragments over 

intact antibodies, but the two methods provide complementary information.  A structure 

determined by X-ray crystallography will represent an average of the structures of all molecules 

in the crystal, and thus provides limited information about the dynamic changes in conformation.   

 In contrast to X-ray crystallography, NMR experiments are carried out in solution and 

can provide detailed and relevant information about the binding-induced conformational changes 

of carbohydrate ligands (Haselhorst et al., 2009; Oberli et al., 2010).  The most common 

experiments focus on the 1H nuclear Overhauser effect (NOE) transfer resonances and saturation 

transfer difference NMR or STD-NMR, which are sensitive to protein-carbohydrate interactions 

and to changes in protein and carbohydrate conformations upon binding (Kogelberg et al., 2003).  

Slow kinetics of this interaction may result in a high signal to noise ratio, as it becomes more 

difficult to distinguish the free from the bound state (Oberli et al., 2010).  The two major 
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structural methods are aided by ancillary methods that characterize the existence and strength of 

binding, such as ITC (Dam and Brewer, 2002; Dam et al., 2008; Harris and Fernsten, 2009; 

Perozzo et al., 2004), and surface plasmon resonance (SPR) (Jecklin et al., 2009; Müller-

Loennies et al., 2000).   

Few structures of intact immunoglobulins have been determined to date (Harris et al., 

1998; Saphire et al., 2003).  The flexible hinge region between the Fab and Fc of an intact 

immunoglobulin (Harris et al., 1998) impedes crystallization studies.  The Fc region also 

contains N- and O-linked glycosylation sites (Borrok et al., 2012; Ehlers et al., 2012), the extent 

of which varies among isotypes (Fig. 4).  As a result, most structural studies are carried out on 

Fab and Fv fragments generated by limited papain or pepsin proteolysis of immunoglobulins. 

However, the Fab fragments are not always amenable to crystallization since they may also 

contain glycosylation sites (Endo et al., 1995; Haji-Ghassemi et al., 2014; Leibiger et al., 1999).  

Finally, the packing of Fab molecules could be such that the constant region of one 

mounligaoccludes the binding site of its neighbour, blocking ligand access.  Unfortunately, this 

mode of crystal contact formation is common in Fab crystallization (Davies et al., 1990).   

 Expression of the antigen binding fragments, such as single-chain variable fragments 

(scFvs), where the light and heavy variable domains are connected via a linker is an increasingly 

popular option, enabling site-directed mutagenesis studies (Nagae et al., 2013; Patenaude et al., 

1998; Zdanov et al., 1994).  Fragments consisting of only VH or VL domains, called single 

domain antibodies (sdAbs), are even smaller molecules amenable to NMR techniques (Vranken 

et al., 2002), though carbohydrate-specific sdAbs are rare (Behar et al., 2009; El Khattabi et al., 

2006; Stijlemans et al., 2004).   
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1.11 Immunological Relevance of Lipopolysaccharide 

The only absolute rule in biology seems to be that cell surfaces are always festooned with 

carbohydrates (Gagneux and Varki, 1999).  In the case of Gram negative bacteria their outer 

membrane is rich in immunogenic LPS, which covers ~75% of their surfaces (Caroff and 

Karibian, 2003; Kabanov and Prokhorenko, 2010; Luderitz et al., 1982; Nikaido, 2003), so it is 

unsurprising that most reported structural studies of carbohydrate-specific antibodies are with 

antibodies against the carbohydrate structures found in LPS.  These large molecules consist of 

three components (Fig. 8A): lipid A, inner and outer core PS, and O-antigen.  The lipid A anchor 

is an acylated glucosamine disaccharide (Fig. 8B) normally embedded in the bacterial outer 

membrane, and is considered the Gram-negative toxin responsible for septic shock.   

Bacterial Gram-positive and Gram-negative infections can lead to septic shock, with 

estimates as high as one million annual cases in the United States with a mortality rate of 28-

50% (Angus et al., 2001; Engel et al., 2007; Martin, 2012).  It is the third most common cause of 

death in Germany where it claims 60,000 lives per year (Engel et al., 2007).  The inflammatory 

cascade at the onset of septic shock can be caused by the presence of bacterial 

lipopolysaccharide (LPS), which is embedded in and shed by the outer membrane of Gram-

negative bacteria (Buttenschoen et al., 2010).  The inflammatory cascade, which lead to septic 

shock, can be initiated by the formation of a signaling complex of LPS (or sometimes just lipid 

A) with Toll-like receptor 4 (TLR4) and co-receptor myeloid differentiation factor 2 (MD-2) 

(Brandenburg et al., 1993; Jack et al., 1997; Kim et al., 2007; Miller et al., 2005; Miyake, 2007; 

Poltorak et al., 1998). One heavily investigated therapeutic route has focused on the potential for 

monoclonal antibodies (mAbs) to sequester LPS (Di Padova et al., 1993a; Di Padova et al., 
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1993b; Gomery et al., 2012; Müller-Loennies et al., 2007) and prevent signaling complex 

formation.  

Although lipid A structure is also relatively conserved among pathogenic species, none of 

the numerous reported antibodies claimed to be specific for lipid A have led to successful 

clinical implementation (Bhat et al., 1993; Fujihara et al., 1993; Helmerhorst et al., 1998; Kuhn, 

1993; Kuhn et al., 1992; Miller et al., 1996; Yokota et al., 1996).  Attached to the GlcN 

disaccharide of lipid A, is the relatively conserved LPS inner core, typically composed of both 3-

deoxy-D-manno-oct-2-ulosonic acid (Kdo) residues (Fig. 8B) and L-glycero-D-manno-heptose 

(Hep).  The outer core oligosaccharides are adjoined to the inner core region and vary somewhat 

among Enterobacteriaceae species (Brabetz et al., 1997; Kabanov and Prokhorenko, 2010; 

Kawahara et al., 1987; Luderitz et al., 1982; Raetz and Whitfield, 2002).  The outermost LPS 

region is the ‘O-antigen’ or ‘O-polysaccharide’ and is composed of dozens to hundreds of 

repeating oligosaccharide units; varying both in length and composition among different species 

and even bacterial serovars (Abu-Lail and Camesano, 2003; Rietschel et al., 1994; Strauss et al., 

2009).  In fact there are over 184 different O-antigen serovars recognized for E. coli alone 

(Iguchi et al., 2014).   

 O-chains are highly antigenic, and often contain immune-dominant branching sugar 

repeats.  In O-chain biosynthesis, whether linear or branched, repeating units of two to five 

sugars are assembled as blocks and transferred to the growing chain (Raetz and Whitfield, 2002).  

The antigenicity of bacterial lipopolysaccharides makes them ideal targets for the production of 

high affinity antibodies for therapeutic and diagnostic purposes.  Not all bacteria possess the O-

antigen or even the outer core; E. coli mutants lacking the enzymes required for addition of outer 
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core oligosaccharide (e.g. ΔrfaF) have a deep rough phenotype and do not contain outer core or 

the O-antigen (Brabetz et al., 1997).   

Some bacteria modulate their surface antigens by differential expression of 

glycosyltransferases genes, termed “phase variation” (Appelmelk et al., 2008; Power et al., 

2003; van der Woude and Baumler, 2004), while others evade immune surveillance using 

“antigenic mimicry”, where their PS antigens resemble carbohydrates normally found in human 

tissue.  Helicobacter pylori provides an excellent example of the latter phenomenon.  These 

Gram negative bacteria only possess a lipooligosaccharide (LOS) devoid of outer core and O-

chain PS.  The terminal oligosaccharides of these antigens often serve to mimic host cell 

carbohydrate structures, and certain strains of H. pylori display LewisX (LeX) and LeY blood 

group antigens, which may serve to evade host immune surveillance and aid in gastric 

colonization (Moran, 2008).   

The removal of the O-antigen and the consequent exposure of the more highly conserved 

outer and inner core region enhance these structures’ immunogenicity (Russo et al., 2007).  This 

has prompted several groups to generate cross-reactive, protective antibodies against the 

conserved core oligosaccharide antigens (Broecker et al., 2014; Di Padova et al., 1993a; Müller-

Loennies et al., 2007; Müller-Loennies et al., 2003; Roche et al., 2011; Rynkiewicz et al., 2012; 

Vulliez-Le Normand et al., 2008).   

The long coevolution of bacterial pathogens with their vertebrate hosts makes these 

carbohydrates excellent probes for studying how germ-line gene segments have evolved to 

display specificity for antigens from common pathogens while maintaining the adaptability 

required to recognize new pathogens.  Much of the work presented here is focused on the LPS of 

the model system provided by Chlamydiaceae species. 



35 
 

Figure 8: Schematic overview of a general Escherichia coli LPS. 

(A) General LPS architecture of E.coli with the conserved linkages indicated for the inner and outer core 

oligosaccharide. (B) The inner core Kdo residue is anchored to the lipid A, the endotoxin principle of 

LPS, shown here with stereo chemical diagrams.                

 

 

A. B. 
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1.12 Phylogeny and Life Cycle of Chlamydiaceae species  

Members of the phylum Chlamydiae are all obligate intracellular bacteria, with a long 

evolutionary history and symbiotic relationship with eukaryotes dating back 700 million years 

(Horn et al., 2004), enabling these bacteria to colonize all branches of the eukaryotic tree, 

including protozoa (Horn, 2008).  The phylum Chlamydiae belong to a unique branch of the 

bacterial evolutionary tree due to small subunit (16S) ribosomal RNA sequence divergence 

(Horn et al., 2004; Pace, 1997).  Though there has been some controversy over genus 

classification of Chlamydiae members, they are currently grouped into a single order and class 

Chlamydiales and Chlamydiae, respectively (Niemczuk et al., 2012; Stephens et al., 2009).  As 

of 2014, the order Chlamydiales consists of eight families: Parachlamydiaceae, Simkaniaceae, 

Rhabdochlamydiaceae, Waddliaceae, Criblamydiaceae, Piscichlamydiaceae, Clavochla-

mydiaceae, and Chlamydiaceae (Domman et al., 2014; Niemczuk et al., 2012; Wheelhouse and 

Longbottom, 2012).  Many of these families are recent additions that contain poorly-studied 

species, unlike the Chlamydiaceae family, which was the first characterized (Horn, 2008; Nunes 

and Gomes, 2014).   

 Some members of the Chlamydiaceae family are pathogenic in humans, including 

Chlamydia trachomatis, the causative agent of trachoma.  It was originally designated as a virus 

owing to its ability to pass filters and multiply as contagium only in egg culture (Jaenicke, 2001) 

and is among the most common sexually transmitted diseases, with 21 million active trachoma 

cases in the world (Taylor et al., 2014).  All members of the Chlamydiae phylum share a 

biphasic developmental cycle (Fig. 9), unique to prokaryotes with host cell-dependent replication 

(Hammerschlag, 2002; Horn, 2008). 

. 
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These bacteria exist either as a metabolically inactive and infectious elementary body 

(EB) or as the metabolically active reticulate body (RB) (Fig. 9).  EBs are typically round (0.2-

0.3 µm in diameter) but can also be disk-, rod- or even star-shaped (Horn, 2008).  EB shape is 

mainly defined by a major outer membrane protein (MOMP or OmpA) and two cysteine-rich 

outer membrane proteins (OmcA, OmcB) (AbdelRahman and Belland, 2005).  These proteins 

form a rigid complex assisted by disulfide cross-linking of OmcA and OmcB (Everett and Hatch, 

1995; Newhall, 1987).  The spore-like EBs are highly resilient to conditions outside the host cell, 

owing to the condensed bacterial genome made possible by two histone-like proteins HctA and 

HctB (Barry et al., 1992; Brickman et al., 1993).  This increases the viability of these bacteria 

during cell-to-cell transmission.  Further, the outer membrane proteins possess high mannose N-

glycans, which mediate Chlamydia trachomatis attachment and infectivity in HeLa cells (Kuo et 

al., 2004; Kuo et al., 1996; Swanson and Kuo, 1991).  Despite these findings, the attachment 

process of EBs during the infectious cycle of Chlamydiae is not fully understood, as differences 

can be observed among different species and serovars.  Namely, OmpA is involved in heparin 

sulfate-dependent host cell adhesion during infectivity of C. trachomatis serovar L1, but not in 

serovar E (Su et al., 1996; Taraktchoglou et al., 2001).  

Following attachment, the EBs enter the cell in a process that may involve the type three 

secretion system and the host cell effector protein Tarp (translocated actin-recruiting 

phosphoprotein) (Clifton et al., 2004).  Tarp promotes actin filament nucleation, aiding host cell 

entry (Jewett et al., 2006).  The EB enters the cell via endocytosis and then undergoes significant 

morphological changes within a vacuole called an inclusion, whereupon it differentiates into the 

metabolically active RB (Fig. 9) (AbdelRahman and Belland, 2005; Valdivia, 2008).  Loss of 

outer membrane rigidity occurs due to reduction of cross-liked OmcA, OmcB disulfide bonds, 
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and decondensation of the bacterial chromosome.  Subsequently, RBs undergo binary fission, 

and undergo a period of rapid cell division, followed by differentiation back into EBs.  The host 

cell then lyses, releasing the EBs to infect other cells.  

Figure 9: Life cycle of Chlamydiae. 

Chlamydial life cycle, showing the different stages of infection.  Infectious elementary bodies (EB, black) 

are smaller due to their condensed genome. During differentiation into reticulate body (RB, red) the 

chlamydial cells may arrest cell division cycle, resulting in formation of elongated reticulate body (RB, 

red) and persistence in host cell. Figure adapted from Hammerschlag (2002).   
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1.15 The Chlamydiaceae Lipooligosaccharide 

In the early 1980s, the genus Chlamydia was thought to contain a immunogenic, heat stable and 

group-specific epitope, resembling features of Gram negative LPS (Nurminen et al., 1983).  

Further characterization validated this hypothesis and showed that the epitope contained Kdo 

sugar, D-glucosamine, phosphate, and long chain β-hydroxy fatty acids (Brade et al., 1986; 

Caldwell and Hitchcock, 1984; Nurminen et al., 1985).  A major hurdle in structure 

determination of the genus-specific LPS was that chlamydial species could not be directly 

cultured, and instead had to be grown in embryonated eggs or tissue culture.   

 Nano and Caldwell’s recombinant expression of chlamydial LPS epitope in E. coli 

(1985), circumvented this problem, and structural and serological characterization by Brade et al. 

(1987) soon followed.  This was serendipitously achieved by cloning random DNA fragments 

from C. trachomatis; where one 6.5 kb DNA insert produced the truncated chlamydial LPS 

epitope.  The authors concluded that this short fragment likely did not contain the ten to twenty 

enzymes required for chlamydial LPS synthesis and rather the fragment encodes a specific 

chlamydial glycosyltransferase (Nano and Caldwell, 1985).  The gene responsible was later 

identified as the Kdo transferase (gseA) from C. trachomatis (Belunis et al., 1992).  The genus-

specific LPS epitope (now family-specific referring to Chlamydiaceae) was found to be related 

to enterobacterial deep rough mutants, whose LPS lacks the outer core region, and is composed 

solely of inner core Kdo(2→4)Kdo disaccharide (Brade et al., 1987; Holst et al., 1991). 

All species belonging to the Chlamydiaceae family possess this truncated LOS, 

consisting of short Kdo(2→8)Kdo(2→4)Kdo trisaccharide linked to the bisphosphorylated 

glucosamine disaccharide of lipid A (Fig. 10) (Blackler et al., 2012; Brade et al., 1987; Kosma, 

1999).  The Chlamydophila psittaci contains a species-specific Kdo(2→4)Kdo(2→4)Kdo 
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trisaccharide and branched Kdo(2→4)[Kdo(2→8)]Kdo(2→4)Kdo tetrasaccharide antigens (Fig. 

10) (Heine et al., 2003; Holst et al., 1995).  The latter structures have allowed serologic 

differentiation between Cph. psittaci from Cph. pecorum, Cph. pneumoniae and C. trachomatis 

with monoclonal antibodies, signifying its utility in diagnostics (Müller-Loennies et al., 2006). 

Figure 10: The lipooligosaccharide of Chlamydiaceae. 

The chemical structure shows the C. psittaci-specific Kdo tetrasaccharide antigen, which harbours the 

three main LPS antigens found on Chlamydiaceae. These consist of a Kdo(2→4)Kdo(2→4)Kdo 

trisaccharide, Kdo(2→8)Kdo(2→4)Kdo trisaccharide, and the C. psittaci-specific Kdo tetrasaccharide, all 

linked to the lipid A disaccharide backbone.  The lengths of the fatty acids found in the lipid A of C. 

psittaci 6BC (Rund et al., 2000) are indicated. The Kdo(2→8)Kdo(2→4)Kdo trisaccharide antigen (red) 

is specific to the Chlamydiaceae family. Figure adapted from Haji-Ghassemi et al. (2014). 
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1.16 Antibodies Against Chlamydial Epitopes 

The lack of an effective vaccine against Chlamydia has spurred efforts to generate high affinity 

antibodies against antigenic LPS (Brade et al., 1994; Brade et al., 2000; Igietseme et al., 2011).  

Mice immunized with whole chlamydial EBs produce antibodies specific for various chlamydial 

LPS epitopes (Brade et al., 1990; Holst et al., 1991; Peterson et al., 1998).  Professor Helmut 

Brade’s group in Borstel, Germany has generated an extensive panel of monoclonal antibodies 

(partly represented in Table 3) against a range of chlamydial epitopes and modifications thereof 

by immunizing mice with synthetic glycoconjugates of Kdo oligosaccharides, many of which 

have been characterized in detail (Brade et al., 1994; Brade et al., 2002; Brade et al., 1993; 

Brade et al., 1990; Brade et al., 2000; Brade et al., 1997b; Fu et al., 1992; Kosma et al., 1990; 

Kosma et al., 2008; Kosma et al., 2000; Kosma et al., 1999; Kosma et al., 1988; Kosma et al., 

1989; Maaheimo et al., 2000; Müller-Loennies et al., 2002; Müller-Loennies et al., 2006; 

Müller-Loennies et al., 2000; Muller et al., 1997).  Kdo antigens were conjugated to BSA in 

order to induce an affinity-matured IgG response.   

As observed in other carbohydrate-specific antibodies, the panel of antibodies generated 

against chlamydial LPS showed strong V-gene restriction (Blackler et al., 2011; Brooks et al., 

2010b; Brooks et al., 2008), with two heavy and two light chain V genes accounting for almost 

all clones isolated (Table 4).  These groups were named after their prototypic clones, the S25-2-

type and the S25-23-type (reviewed in Blackler et al., 2012), both of which have been examined 

by serology, surface plasmon resonance (SPR), nuclear magnetic resonance (NMR) and, for S25-

2, by crystallography (Fu et al., 1992; Haselhorst et al., 1999; Maaheimo et al., 2000; Müller-

Loennies et al., 2000; Nguyen et al., 2001; Nguyen et al., 2003; Sokolowski et al., 1998).  S25-

2-type antibodies (i.e. antibodies that shared V gene usage with S25-2 but had different D and J 
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genes) displayed various avidities to a panel of chlamydial LPS antigens and included antibodies 

that ranged from cross-reactive to specific (Table 5) (Blackler et al., 2011; Brade et al., 1997b; 

Brooks et al., 2010b; Brooks et al., 2008; Brooks et al., 2013; Evans et al., 2011; Gerstenbruch 

et al., 2010; Müller-Loennies et al., 2006; Müller-Loennies et al., 2000; Nguyen et al., 2003). 

The structures of their Fabs (fragment antigen binding), determined unliganded and in complex 

with a number of antigens, provided molecular insight into the effects of V-gene restriction, DJ 

gene influence, and affinity maturation (Blackler et al., 2011; Brooks et al., 2010b; Brooks et al., 

2008; Brooks et al., 2013; Evans et al., 2011; Haji-Ghassemi et al., 2014; Nguyen et al., 2001; 

Nguyen et al., 2003).  

 Structures of S25-2-type antibodies show that the common V-gene of S25-2-type 

antibodies provides specific recognition of a single (usually terminal) Kdo residue (Blackler et 

al., 2011; Brooks et al., 2010b; Brooks et al., 2008; Brooks et al., 2013; Evans et al., 2011; 

Nguyen et al., 2003) that confers to the combining site tremendous cross-reactive potential and 

provide recognition of a wide range of antigens of Kdo-like structure through conserved binding.  

Further, the CDR H3 refines binding site specificity; an H3 leaning outward from the combining 

site has diminished influence over antigen binding, whereas one that infringes on the combining 

site can dictate fine specificity by allowing only a subset of antigens to bind.  S25-2 itself has a 

short outward-leaning CDR H3 and is cross-reactive toward many antigens (Nguyen et al., 2001; 

Nguyen et al., 2003). 

Members of the S25-23 family of antibodies are specific for the 

Kdo(2→8)Kdo(2→4)Kdo trisaccharide antigen, with no observable cross-reactivity with Kdo 

mono- or disaccharides or with the Kdo(2→4)Kdo(2→4)Kdo trisaccharide antigen (Brade et al., 

1997b; Fu et al., 1992; Holst et al., 1991; Müller-Loennies et al., 2000).  Furthermore, this group 
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of antibodies proved to be recalcitrant to structure determination. S25-23, in particular, eluded all 

crystallization attempts over an eighteen-year period.  The efforts to determine the three-

dimensional structures of the S25-23-type antibodies were initially prompted by their striking 

differences from S25-2-type antibodies in terms of germ-line gene usage, their high µM affinity 

for antigen (Müller-Loennies et al., 2000), and their complete lack of cross-reactive potential, all 

of which require S25-23-type antibodies to display a distinct antigen recognition mechanism. 

1.17 Antibodies Against Lipid A 

Antibodies specific for lipid A were first observed after treating bacterial LPS with acid, 

liberating the lipid A fragment to act as a neoantigen when embedded into erythrocytes or 

liposomes (Galanos et al., 1971; Kuhn et al., 1992).  Of particular significance were mAbs A6 

(IgG2b) isolated from mice immunized with heat killed E.coli J5 cells (Appelmelk et al., 1988), 

and S1-15, also referred to as S1 (Kuhn et al., 1992).  Binding studies showed a mAb A6 

preference for the bisphosphorylated (i.e. native) glucosamine disaccharide, with only weak 

binding to the monophosphorylated carbohydrate backbone (Kuhn et al., 1992).  In contrast S1-

15 displayed high avidity for both the monophosphorylated and bisphosphorylated lipid A 

backbone (Brade et al., 1993; Kuhn et al., 1992).  Neither antibody was observed to recognize 

intact LPS. 

Studies by Brade et al. suggested that such antibodies bind as well to the 

bisphosphorylated glucosamine disaccharide backbone even without the acyl chains (Brade et 

al., 1993); indicating that S1-15 and A6 likely recognize the carbohydrate backbone exclusively.  

Binding studies of the C6’ methyl-capped disaccharide showed that neither antibody bound lipid 

A lacking a free hydroxyl at C6 on the β-glucosamine, which serves as the attachment point for 

LPS inner core residues (Brade et al., 1997a). 
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Interestingly, a number of anti-lipid A antibodies have been reported to display 

polyspecificity to a range of antigens, including cardiolipin (Bhat et al., 1993), I antigen on B-

lymphocytes (Bhat et al., 1993), double stranded DNA (dsDNA) (Fujihara et al., 1993), and 

single stranded DNA (ssDNA) (Bhat et al., 1993; Helmerhorst et al., 1998).  Other reports show 

mice immunized with bacterial LPS resulting in mAbs with a polyspecific response to DNA 

(Izui et al., 1977; Sumazaki et al., 1986).  Antibodies against ssDNA are noteworthy since they 

are implicated in autoimmune diseases such as systemic lupus erythematosus (Ravirajan et al., 

2001; Robertson and Pisetsky, 1992; Spellerberg et al., 1995; Tillman et al., 1992), autoimmune 

thyroid disease (Pedro et al., 2006), and rheumatic disorders (Kaburaki et al., 1992; Miller et al., 

1996).  Further, a study by Spellerberg et al. (1995) implicated a specific variable heavy chain 

family gene, V(H)4-21, in dual recognition of lipid A and ssDNA, demonstrating a possible link 

between systematic infection with Gram negative bacteria and development of systemic lupus 

erythematosus.  Until the structural findings described in this thesis there were no reports of 

crystal structures of any anti-lipid A mAbs, either unliganded or in complex. 
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Table 3:  Characterized monoclonal antibodies against chlamydial LPS antigens 

Antibody
a
 Immunogen

b
 Isotype Primary Citation 

S45-18 Kdo(2→4)Kdo(2→4)Kdo IgG
1
 Brade et al., 2000 

S73-2 Kdo(2→8)[Kdo(2→4)]Kdo IgG
1
 Brooks et al., 2010 

S54-10 Kdo(2→8)[Kdo(2→4)]Kdo(2→4)Kdo(2→6)βGlcN4P(1→6)αGlcN IgG
1
 Brooks et al., 2010 

S69-4 Kdo(2→8)[Kdo(2→4)]Kdo(2→4)Kdo(2→6)βGlcN4P(1→6)αGlcN IgG
1
 Müller-Loennies et al., 2006 

S25-2 Kdo(2→8)Kdo(2→4)Kdo(2 →6)βGlcNAc IgG
1
 Fu et al., 1992 

S25-27 Kdo(2→8)Kdo(2→4)Kdo(2 →6)βGlcNAc IgG
1
 Fu et al., 1992 

S25-39 Kdo(2→8)Kdo(2→4)Kdo(2 →6)βGlcNAc IgG
1
 Maaheimo et al., 2000 

S64-4 Kdo(2→8)[Kdo(2→4)]Kdo(2→4)Kdo(2→6)βGlcN4P(1→6)αGlcN IgG
1
 Evans et al., 2011 

S25-23 Kdo(2→8)Kdo(2→4)Kdo(2 →6)βGlcNAc IgG
1
 Fu et al., 1992 

S25-26 Kdo(2→8)Kdo(2→4)Kdo(2 →6)βGlcNAc IgG
1
 Fu et al., 1992 

S25-5 Kdo(2→8)Kdo(2→4)Kdo(2 →6)βGlcNAc IgG
1
 Fu et al., 1992 

S40-8 Kdo(2→8)[Kdo(2→4)]Kdo(2→4)Kdo(2→6)βGlcN4P(1→6)αGlcN IgG
2b

 Brade et al., 1997a 

S40-26 Kdo(2→8)[Kdo(2→4)]Kdo(2→4)Kdo(2→6)βGlcN4P(1→6)αGlcN IgG
2b

 Brade et al., 1997a 

S5-10 Chlamydial elementary bodies IgG
3
 Brade et al., 1990 

a Antibodies shaded in grey are the focus of my thesis work. 
b Immunogens were presented as BSA glyconjugates, except for S5-10 which was chlamydial elementary bodies.  
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Table 4: Amino acid sequences of the CDRs for mAbs raised against chlamydial LPS. 

Sequences of antibody CDR regions and their germ-line (GLa) origin show high similarity between these antibodies and illustrate the phenomenon 

of V-gene restriction. Most of the antibodies share V-genes with S25-2 GL-1 (shaded light red) and S25-23 GL-2 (shaded light green), and hence 

referred to as S25-2-type or S25-23-type respectively. Exceptions includes S64-4, S40-8, S40-26, and S5-10 which deviate from S25-2 and S25-23 

due to different VL chain genes (shaded in blue for S64-4 and light purple remainder). S64-4 share VH gene with S25-2, while S40-8, S40-26 and 

S5-10 VH gene (shaded green) closely relate to that of S25-23-type antibodies. Residues in bold face type signify mutations or deletions (-) from 

germ-line, except for D-JH-genes, which are highly variable.  Sequences were determined by our collaborators: Helmut, Lore Brade, and Sven 

Müller-Loennies from Research Center Borstel, Gerany. 

CDRs L1 L2 L3 H1 H2 H3 
Genes VL-gene JL-gene VH-gene D-JH-genes 

 Antibody         

GL-1 QSLLNSRTRKNY WASTRES CKQSYNL RTF GFTFTDYYMS FIRNKANGYTTEYSAS ARD HDGYYERFA 

S25-2 QSLLNSRTRKNY WASTRES CKQSYNL RTF GFTFTDYYMS FIRNKANGYTTEYSPS ARD HDGYYERFS 

S25-39 QSLLNSRTRKNY WASTRES CKQSYNL RTF GFTFTDYYMS FIRNKAKGYTTEYSAS ARD HDGYYERFA 

S25-27 QSLLNSRTRKSY WASTRES CKQSYNL RTF GLTFTDYYMS FIRNKANGYTTEYSAS ARD HDGYYERFA 

S69-4 QSLLNSRTRKNY WASTRES CKQSYNL RTF GFTFTDYYMG FIRNKAKGYTTEYSAS ARD LIYFDYDDAMD 

S54-10 QSLLNSRTRKNY WASTRES CKQSYNL RTF GFTFTDYYMS FIRNKVKGYTIDYSAS ARD MRRFDDGDAMD 

S73-2 QSLLNSRTRKNY WASTRES CKQSYNL RTF GFTFTDYYMS FIRNKAKGYTTEYSAS ARD INPGSDGYYDALD  

S45-18 QSLLNSRTRKSY WASTRES CKQSYNL RTF GFTFTDYYMS FIRNKPKGYTTEYSAS VRD IYSFGSRDGMD 

GL-2 KSVSTSGY LASNLES CQHSRSELP WTF GFTFTDYYMS FIRNKANGYTTEYSAS ARD XXXXXXXWFAb 

64-4 KSVSSSVN LASNLES CQHSRSEL- WTF GFTFIDYYMS FIRNKGNGYTTEYSTS ARD IGYGNSPFA 

GL-3c QSIVHSNGNTY KVSNRFS CFQGSHVP YTF GFSLTSYGVH VIWSGGSTDYNAA ARM MVTTDWFA 

S25-23 QTIVHKNGNTY KVSNRFS CFQGSHVP YTF GFSLTTYGVH VIWSGGTTEYNAA VRM RITTDWFA 

S25-5 QTAVHSNGNTY KVSNRFY CFQGSHVP YTF GFSLSTYGVH VIWSGGSTDYNAA DRM RITTDWFA 

S25-26 QYIVHRNGNTY KVSNRFS CFQGSHVP YTF GFSLTTYGVH VIWSGGSTDYNAA ARM RITTDWFA 

GL-4 SSVSSSY STSNLAS CHQYHRSPPM YTF GFSLTSYGVH VIWRGGSTDYNAA AKN TTDYAMD 

S40-8 SSVSSSY STSNLAS CHQYHRSPPM GTF GFSLTSHGVH VIWRGGSTDYNAA AKN NKDYAMD 

S40-26 SSVSSSY STSNLAS CHQYHRSPPM GTF GFSLTNHGVH VIWRGGSTDYNAA VKN NQDYAMD 

S5-10 SSVSSSY STSNLAS CHQYRRSP-- RTF GFSLTNYGVH VIWRGGSTDYNAA AKN WDNYVME 
a From the IMGT/V-quest database (Brochet et al., 2008; Monod et al., 2004). 
b The germ-line sequences for D-JH-genes of S64-4 was partially not reported (Evans et al., 2011).  
c Amino acid sequence of S25-23 and S25-26 antibodies are first reported in Omid et al., 2014, while the remainder is unpublished. 
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Table 5: Relative binding avidities of S25-2- and S25-23-type IgGs against various chlamydial LPS fragments. 

For illustrative purposes only few S25-2-type antibodies are shown. MAb concentrations are expressed in ng/mL yielding an optical density at 405 

nm of >0.2. Wells were coated with 2 and 20 pmols/well. The Kdo(2→8)Kdo(2→4)Kdo trisaccharide-containing antigens are shown in bold. 

Dashes ‘-‘ means no binding could be detected.  All measurements were taken by Sven Müller-Loennies, Borstel, Germany. 

Ag # Antigena S25-2b S25-39b S69-4c S64-4d S45-18c 

2 20 2 20 2 20 2 20 2 20 

1 Kdo 500 125 500 63  - - - 16 2 

2 Kdo(2→8)Kdo(2→4)Kdo 32 8 8 4 - - - 250 8 1 

3 Kdo(2→8)Kdo(2→4)Kdo(2→6)GlcNAc 63 8 8 4 - - - 125 125 16 

4 Kdo(2→8)Kdo(2→4)Kdo(2→6)GlcNAc4P(1→6)GlcNAc 16 4 8 4 - - 2 2 32 4 

5 Kdo(2→8)Kdo(2→4)Kdo(2→6)GlcNAc4P(1→6)GlcNAc1P 63 8 16 4 - - 2 2 1000 32 

6 Kdo(2→4)Kdo(2→4)Kdo 1000 250 63 32 16 4 - - 0.5 1 

7 Kdo(2→8)Kdo 250 63 16 16 - - - - 4 1 

8 Kdo(2→4)Kdo 500 125 125 32 - - - - 2 1 

9 Kdo(2→4)Kdo(2→4)Kdo(2→6)GlcNAc4P(1→6)GlcNAc - 500 63 16 250 16 500 4 1 1 
 S25-23b S25-5b S25-26b S40-8b S40-26b 

2 20 2 20 2 20 2 20 2 20 

1 Kdo  - - - - - - - - - 

2 Kdo(2→8)Kdo(2→4)Kdo 4 4 8 2 16 4 32 1 8 8 

3 Kdo(2→8)Kdo(2→4)Kdo(2→6)GlcNAc 4 4 4 2 8 4 16 1 8 4 

4 Kdo(2→8)Kdo(2→4)Kdo(2→6)GlcNAc4P(1→6)GlcNAc 8 4 8 4 32 8 2 1 4 4 

5 Kdo(2→8)Kdo(2→4)Kdo(2→6)GlcNAc4P(1→6)GlcNAc1P 8 4 32 4 63 8 4 1 8 4 

6 Kdo(2→4)Kdo(2→4)Kdo - - - - - - - - - - 

7 Kdo(2→8)Kdo - - - - - - - - - - 

8 Kdo(2→4)Kdo - - - - - - - - - - 

9 Kdo(2→4)Kdo(2→4)Kdo(2→6)GlcNAc4P(1→6)GlcNAc - - - - - - - - - - 
a Antigen # 5 was conjugated by glutaraldehyde cross linking of GlcN with BSA, antigens 4 and 9 were conjugated to BSA after reductive 

amination at C1 converting the reducing end GlcNAc to the alditol; all other synthetic antigens were conjugated by reaction via a synthetically 

introduced cysteamine spacer group at the reducing end.  
b Data for mAbs S25-2, S25-39, S25-23, S25-5, S40-8, and S40-26 for antigens 1-3 and 6-8 are from Fu et al. 1992, Brade et al., 1997a and 

Blackler et al., 2011, while data for antigens 9 and 5 are from Haji-Ghassemi et al., 2014.  
c Data for mAbs S69-4 and S45-18 are from Brade et al., 2000, Müller-Loennies et al., 2006, Brooks et al., 2010, and Gerstenbruch et al., 2010. 
d Data for mAb S64-4 are from Evans et al., 2011. 
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  Chapter 2 ― Objective and Hypotheses 

Antibodies against carbohydrate antigens are excellent probes for the study of germ-line gene 

segments since carbohydrate antigens generally do not elicit T cell help and are more reliant on 

the primary germ-line gene repertoire.  By identifying mutations accrued during affinity 

maturation and comparing them with well-established murine germ-line sequences, it is possible 

to extrapolate germ-line paratopes and deduce their interactions.  Affinity maturation of 

antibodies against carbohydrate antigens can be induced through chemical conjugation to 

proteins (e.g. BSA) or other T-cell dependent antigens.  Since V-gene restriction is common in 

the germ-line response to carbohydrate antigens, I hypothesize that: 

1. The germ-line has evolved to recognize carbohydrate antigens with a minimum degree of 

affinity maturation, and that residues responsible for initial recognition will remain 

conserved. 

 By obtaining the structure of antibodies specific for Kdo trisaccharides I can begin to 

address the mechanisms utilized for specificity (i.e. S25-23-type mAbs) and contrast findings 

with the structures of other antibodies that do not show high specificity but are cross-reactive 

against the same Kdo trisaccharides (i.e. S25-2-type antibodies).  This leads to the second 

hypothesis:   

2. There exist other motifs and mechanisms in the germ-line that encode antibody 

combining sites that recognize the conserved Kdo trisaccharide.  

Further, S25-23-type antibodies proved to be challenging for structure determination, 

with S25-23 itself eluding all efforts to crystallize it over an 18 year period.  The last decade of 

experimental evidence has suggested that the one-antibody-to-one-antigen paradigm of exquisite 
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specificity is overly simplistic, particularly with respect to carbohydrate antigens.  The research 

presented in this thesis is designed to yield critical information about the evolution of inherited 

immunity and to elucidate how the primary antibody response to carbohydrates has evolved both 

to recognize common pathogens and to adapt to new pathogens.  

Another critical aspect in the development of new antibody-based therapeutics is the 

exploration of polyspecificity and autoimmunity.  To this end, this research has focussed on the 

reported ability of some lipid A-specific antibodies to bind single stranded DNA (ssDNA), 

making these antibodies polyspecific.  It is of particular interest to determine the germ-line 

interactions for lipid A-specific immunoglobulins, as these carbohydrate antigens have limited 

exposure to the immune system.  This leads to the hypotheses regarding the behaviour and 

binding mechanisms of four lipid A-specific mAbs: S1-15, A6, S55-3, and S55-5. 

3. The combining sites of lipid A-specific mAbs will only accommodate the two 

glucosamines of lipid A, leaving the fatty-acyl chains solvent exposed.  

4. Anti-lipid A mAbs are able to bind ssDNA through contacts with the backbone 

phosphates on DNA, requiring a minimal of 4 linear nucleotides as the epitope. 

 The structural work with lipid A-specific antibodies presented here will provide insight 

into lipid A epitope recognition.  Our long term objectives are to identify how germ-line genes 

are responsible for dual recognition of ssDNA and lipid A, and provide the first structural 

evidence for their polyspecific mechanism, with hope that these structural data become the 

foundation for the development of new therapeutics for treatment of septic shock and 

autoimmune diseases. 
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Chapter 3 ― Characterization of Chlamydiaceae-Specific Antibodies 

3.1 RESULTS 

NOTE that all antibody production, antigen production, ELISA, SPR and ITC experiments were 

carried out by my collaborators Helmut Brade, Lore Brade and Sven Müller-Loennies of the 

Research Centre in Borstel, Germany. All antigen synthesis was carried out by my collaborator 

Paul Kosma, BOKU, Vienna, Austria.  All mass-spectrometric determinations of glycosylation 

were carried out by Pauline Rudd at NIBRT in Dublin, Ireland, and David Harvey at Oxford, 

UK. 

Research material for S25-26, and ITC of S25-23 was originally published in the Journal of 

Biological Chemistry. Haji-Ghassemi O, Muller-Loennies S, Saldova R, Muniyappa M, Brade L, 

Rudd PM, Harvey DJ, Kosma P, Brade H, Evans SV. Groove-type Recognition of 

Chlamydiaceae-specific Lipopolysaccharide Antigen by a Family of Antibodies Possessing an 

Unusual Variable Heavy Chain N-Linked Glycan. J Biol Chem. 2014; 289: 16644-16661. © the 

American Society for Biochemistry and Molecular Biology.  Please refer to the appendix for 

permission and journal policy on materials reproduced here.   

Characterization of Chlamydiaceae-Specific Antibodies Through ELISA and ITC ― The avidities 

of S25-23- and S25-2-type antibodies to various chlamydial LPS structures (Table 5) were 

determined by ELISA using Kdo oligosaccharides isolated from deacylated LPS of recombinant 

bacteria, which expressed chlamydial Kdo transferases. To establish these antibodies’ cross-

reactive potential, binding assays were performed at low (2 pmol/well) and high (20 pmol/well) 

coated antigen concentrations (Table 5), and the results were compared with previously 
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published binding data (Brade et al., 2000; Brade et al., 1997b; Brooks et al., 2010b; Evans et 

al., 2011; Fu et al., 1992; Gerstenbruch et al., 2010; Müller-Loennies et al., 2006).   

ITC experiments carried out for S25-23 and S25-26 mAbs (Haji-Ghassemi et al., 2014) 

revealed affinities (Table 6) comparable to those found in a previously published surface 

plasmon resonance study of S25-23 (Müller-Loennies et al., 2000) with S25-23 showing high 

µM affinity (6.5 × 10−8 M).  Consistent with the ELISA data, S25-23 bound both the 

Kdo(2→8)Kdo(2→4)Kdo(2→6)GlcNAc4P(1→6)GlcNAc1P pentasaccharide bisphosphate 

(PSBP-Ac, indicating acetyl group present on the glucosamine) and the synthetic 

Kdo(2→8)Kdo(2→4)Kdo O-allyl (Kdo3-allyl) trisaccharide with higher affinity than S25-26 

antibody.  The affinity of the S25-5 Fab chlamydial LPS compounds was determined using SPR 

by direct binding to immobilized glycoconjugates (Table 7, personal communication with Sven 

Müller-Loennies) and by the solution affinity method (Table 8, personal communication with 

Sven Müller-Loennies) (Adamczyk et al., 2000; Brooks et al., 2008). As expected, S25-5 only 

displayed binding to the Kdo(2→8)Kdo(2→4)Kdo-containing antigens (Table 8).  Consistent 

with the ELISA results, S25-5 displays lower affinity when compared to S25-23, but marginally 

higher affinity than S25-26 for the Kdo(2→8)Kdo(2→4)Kdo trisaccharide and 

Kdo(2→8)Kdo(2→4)Kdo(2→6)GlcN4P(1→6)GlcN1P (PSBP) antigens.  Though SPR or ITC 

data are not available for S40-8, the ELISA data suggests higher avidity of S40-8 antibody 

towards Kdo pentasaccharide (i.e. the trisaccharide antigen bound to the glucosamine backbone 

sugar residues of the lipid A moiety) antigens and lower avidity to Kdo(2→8)Kdo(2→4)Kdo 

trisaccharide and Kdo(2→8)Kdo(2→4)Kdo(2→6)GlcNAc tetrasaccharide glycoconjugates when 

compared to S25-26 and S25-23 antibodies (Table 5). 
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Table 6: Binding affinities of S25-23 and S25-26 estimated from ITC. 

Measurements estimated toward PSBP-Ac containing the lipid A disaccharide backbone and the synthetic 

Kdo3-allyl.  Experiments were performed at 25 °C (298 K) in PBS at pH 7.4.  Data collection was carried 

out by Sven Müller-Loennies at Borstel research institute, Germany. 

mAb ligand Ka  

(M-1 × 106) 
Kd 
(M) 

ΔGº  

(kJ/mol) 
–TΔSº 

 (kJ/mol) 
ΔHº  

(kJ/mol) 

S25-23 
PSBP-Ac 10.1 ± 2.38 9.90 x 10-8 -40.0 -2.36 -37.6 ± 0.7 

Kdo3-allyl 15.3 ± 2.07 6.54 x 10-8 -41.0 -9.23 -31.8 ± 0.3 

S25-26 
PSBP-Ac 0.65 ± 0.07 1.55 x 10-6 -33.2 -7.06 -26.1 ± 0.5 

Kdo3-allyl 1.28 ± 0.08 7.81 x 10-7 -34.9   -13.72 -21.1 ± 0.1 

Data are taken from Haji-Ghassemi et al., 2014 

Table 7: Kinetic and binding constants of S25-5 Fab for immobilized glycoconjugates 

determined by SPR. 

Data collection was carried out by Sven Müller-Loennies at Borstel research institute, Germany.  Results 

are unpublished. 

Antigen-Conjugate kon 

(×104/Ms) 
koff 

(×10-3/s) 
KD  

(10-7 M) 
Conc. Range 

(µM) 
Surface 

density 

Kdo(2→8)Kdo(2→4)Kdoa 5.4 3.7 6.8 x 10-8 0.05-3.2 566RU 

8.2 3.2 3.9 x 10-8 0.1-3.2 566RU 

6.4 3.6 5.6 x 10-8 0.1-3.2 164RU 
a BSA glycoconjugate 

Table 8: Solution Affinity of S25-5 Fab to free Kdo oligosaccharides determined by SPR. 

Data collection was carried out by Sven Müller-Loennies at Borstel research institute, Germany. Results 

are unpublished. 

Antigen KD (10-7 M) Conc. Range  
Kdo(2→8)Kdo(2→4)Kdo 2.3 x 10-7 0.045-2.7 µM 

Kdo(2→8)Kdo(→4)Kdo(2→6)GlcN4P(1→6)GlcN1P (PSBP) 8.3 x 10-7 0.17-5 µM 

Kdo(2→4)Kdo(2→4)Kdo No binding 1 µM 

Kdo(2→8)Kdo No binding 33 µM 

Kdo(2→4)Kdo No binding 5 µM 
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X-ray Diffraction Data Collection, Solution, and Refinement of S25-26 ― Data collection and 

final refinement statistics for liganded and unliganded structures of mAb S25-26 are shown in 

Table 9.  Data were collected to 1.95 Å resolution for crystals of S25-26 grown in the presence 

of Kdo(2→8)Kdo(2→4)Kdo O-allyl trisaccharide (Fig. 11) in a trigonal unit cell with systematic 

absences indicating space group P3121 or P3221 with an Rsym of 0.064.  The structure was 

solved in space group P3221 by molecular replacement with one complex in the asymmetric unit.  

Excellent electron density was observed for the entire trisaccharide ligand (Fig. 11) and for all 

amino acid residues in the combining site.  Appropriate electron density was seen for the 

remainder of the protein, with the exception of Framework Region 3 (FR3) of the VL chain and 

residues 127–138 and 181–193 on the heavy chain constant domain. Data were collected from 

three different crystal forms of unliganded S25-26.  Unliganded 1 is orthorhombic P212121 with 

data collected to 2.75 Å resolution with an Rsym of 0.087.  Unliganded 2 and 3 are both 

monoclinic C2 with data collected to 2.09 and 2.35 Å resolution, with an Rsym of 0.114 and 

0.071, respectively.  The unliganded forms have 2, 2, and 3 molecules per asymmetric unit, 

respectively.  The VH domain of molecule 3 in Unliganded 3 had significantly higher thermal 

motion, which manifested as poor electron density in solvent-exposed regions, particularly in 

CDR H2 and the FR3 (an area also commonly referred to as “CDR H4” for its high variability 

compared with other framework regions).  A few of the N-terminal amino acid residues were 

also disordered in the heavy chain of this domain and were not included in the final model. 

X-ray Diffraction Data Collection, Solution, and Refinement of S40-8, S25-23, and S25-5 ― Data 

collection and final refinement statistics for liganded and unliganded Fab structures of mAb S40-

8 are given in Table 10.  Data were collected to 1.64 Å resolution for crystals of S40-8 Fab 

grown in the presence of PSBP antigen (Fig. 11).  The structure was solved in the monoclinic 
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space group C2 by molecular replacement with one complex in the asymmetric unit and an Rsym 

of 0.052.  Superb electron density was observed for the entire PSBP ligand (Fig. 11) and for all 

amino acid residues in the combining site.  Appropriate electron density was seen for the 

remainder of the protein, with the exception of the solvent exposed residues 128 to 136 and 157-

161 on the H chain constant domain, which is often observed to be disordered in IgG2b Fab 

structures (Mol et al., 1994a; Mol et al., 1994b; Pokkuluri et al., 1994; Tormo et al., 1992).  Data 

for the unliganded S40-8 Fab crystal were collected to 2.99 Å resolution in a tetragonal unit cell, 

and subsequently solved in space group P4322 with an Rsym of 0.104 and with one Fab in the 

asymmetric unit.  Despite the relatively low resolution, the majority of the heavy and light chains 

could be modelled.  Diffraction of the unliganded crystals was obtained after screening dozens of 

crystals in various sizes, which reflects the high solvent content (~79%) and high thermal motion 

(mean B-factor of 69.1).  

Data collection and final refinement statistics for liganded Fab structures of mAbs S25-23 

and S25-5 are given in Table 9.  Two crystal forms (CF-1 and CF-2) of S25-23 were obtained in 

the presence of PSBP antigen and data were collected to 2.29 Å and 1.75 Å resolution for CF-1 

and CF-2, respectively (Table 9).  Both crystal forms were solved in the monoclinic C2 space 

group with an Rsym of 0.069 and 0.059 for CF-1 and CF-2, respectively.  Due to the identical 

nature of the combining site between CF-1 and CF-2 and the higher resolution obtained for the 

latter, most of the data analysis is focused on CF-2 in complex with PSBP (Fig. 11).  Refined 

data for both CF-1 and CF-2 show excellent electron density for the entire antigen and the 

majority of the polypeptide chains, with only a few solvent exposed regions of the constant 

domain exhibiting poor density, as in the case of the S25-26 Fab.  Finally, a recent structure for 

S25-5 Fab was obtained in complex with PSBP antigen (Fig. 11), and refined to a resolution of 
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2.09 Å with an Rsym of 0.119 in the orthorhombic space group C2221.  Excellent density was 

obtained for the antigen with the exception of the GlcN1P residue, which exhibited higher 

thermal motion (either via dynamic or static disorder in the crystal lattice) and poor density.  As 

with the other IgG1 antibodies, several solvent exposed residues on the constant domain could 

not be modelled due to poor density. 

Table 9: Data collection and refinement statistics for liganded and unliganded S25-26 Fab 

structures. 

 

Crystal Kdo3-allyl Unliganded 1 Unliganded 2 Unliganded 3 

PDB code: 4M7J 4M7Z 4M93 4MA1 

Resolution (Å) 25.0-1.95 25.0-2.75 25.0-2.09 25.0-2.35 

Space group P3221 P212121 C2 C2 

a (Å) 74.5 85.3 118.9 195.7 

b (Å) 74.5 112.0 88.8 66.4 

c (Å) 149.9 156.9 101.9 121.9 

,β, () 90,90,120 90,90,90 90,102,90 90,114,90 

Wavelength (Å) 0.979 0.979 0.979 0.979 

Volume (Å3) 7.20 × 105  1.50 × 106 1.05 × 106 1.46 × 106 

Mean B-factor (Å2) 63.1 52.2 38.4 48.3 

Z 1 2 2 3 

Unique reflections 35967 39918 61241 62649 

Redundancy  13.7 (12.8) 7.1 (7.0) 3.2 (2.9)  4.3 (4.3) 

<I/σ(I)> 39.0 (5.27) 30.7 (2.95) 9.8 (6.97) 16.3 (2.31) 

Rsym (%) 6.40 (55.6) 8.70 (67.2) 11.4 (57.7) 6.20 (58.1) 

Completeness (%) 99.8 (100.0) 99.8 (99.9) 96.7 (99.9) 99.9 (100.0) 

Protein atoms 3368 6672 6706 10061 

Solvent atoms 219 124 272 243 

Ligand 51 0 0 0 

Ramachandran outliersa  1 0 2 1 

Solvent content (%) 50.9 68.6 55.3 51.7 

Refinement       

Rwork (%) 21.2 21.6 21.8 22.9 

Rfree (%) 24.7 23.8 25.1 26.0 

r.m.s. bond lengths (Å) 0.0089 0.011 0.0096 0.012 

r.m.s.  bond angles () 1.37 1.52 1.42 1.61 

Table adapted from Haji-Ghassemi et al., 2014.  
aRamachandran outliers are amino acids with dihedral angles (phi and psi) outside the accepted region. 
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Table 10: Data collection and refinement statistics for S40-8, S25-23, and S25-5 Fab 

structures. 

Unliganded data set was only collected for S40-8. All others were obtained in complex with PSBP 

antigen. S25-23 was crystallized in two different crystal forms in complex with the PSBP antigen, 

referred to as crystal form 1 (CF1) and crystal form 2 (CF2) respectively.  

Crystal S40-8 Unlig. S40-8 S25-23 CF1 S25-23 CF2 S25-5 

Resolution (Å) 25.00-2.99 25.0-1.64 25.00-2.29 25.00-1.75 25.00-2.09 

Space group P4322 C2 C2 C2 C2221 

a (Å) 100.0 119.9 116.2 171.7 100.0 

b (Å) 100.0 80.0 45.5 62.7 100.0 

c (Å) 230.3 60.5 75.7 107.1 230.3 

,β, () 90,90,90 90,118,90 90,105,90, 90,116,90 90,90,90 

Wavelength (Å) 0.979 0.979 0.979 0.979 0.979 

Volume (Å3) 2.30 × 106 5.14 × 105 3.86 × 105 1.04 × 106 9.10 × 105 

Mean B-factor (Å2) 69.1 31.6 51.5 26.0 31.3 

Z 1 1 1 2 1 

Unique reflections 20112 56792 55600 95552 24917 

Redundancy  9.6 (9.9) 3.9 (3.8) 3.4 (3.3) 4.1 (4.2) 6.5 (6.6) 

<I/σ(I)> 23.1 (4.12) 24.5 (2) 18.2 (3.59) 22.7 (3.11) 16.1 (4.21) 

Rsym (%) 10.4 (66.6) 5.20 (65.0) 6.90 (51.9) 5.90 (54.3) 11.9 (52.9) 

Completeness (%) 100.0 (100.0) 97.7 (94.4) 93.8 (96.7) 99.9 (100.0) 100.0 (100.0) 

Protein atoms 3240 3262 3332 6660 3314 

Solvent atoms 41 360 24 604 171 

Ligand 0 76 76 76 76 

Ramachandran outliers  0 0 0 0 2 

Solvent content (%) 79.49 54.12 38.8 54.4 48.15 

Refinement      

Rwork (%) 17.6 21.2 18.9 19.7 18.5 

Rfree (%) 22.0 24.7 23.0 23.0 21.7 

r.m.s. bond lengths (Å) 0.011 0.0089 0.0096 0.0087 0.0097 

r.m.s.  bond angles () 1.53 1.37 1.47 1.43 1.45 

Structures not yet deposited 
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Figure 11: Complex structures of S25-23 type antibodies: S25-26, S40-8, S25-23, and S25-5. 

Left panel shows the electrostatic surface potential of the combining sites for mAbs S25-26, S40-8, S25-

23, and S25-5. S25-26 is shown in complex with the Kdo3-allyl trisaccharide antigen, while the remainder 

are all in complex with the PSBP antigen. Right panel shows a stereo diagram of 2Fo−Fc electron density 

map (blue) contoured at 1.0-1.5σ corresponding to each antigen. Color scheme used: carbon, green; 

oxygen, red; nitrogen, blue; water, cyan.  

 



58 
 

N-Linked Glycosylation ― Inspection of the electron density maps of all structures of S25-23-

type Fab structures revealed that each molecule contained an N-linked glycosylation site on 

Asn(H)-85 (Table 11) (residues are identified as H or L to denote the heavy chain and light 

chain, respectively, numbered according to the Kabat scheme) with clear density at the outset of 

refinement for a single covalently bound N-acetylglucosaminyl (GlcNAc) residue.  In a few 

structures density could be observed for α(1→6) linked fucose on the first GlcNAc, a residue 

typically found on mammalian proteins, and in some cases density could be observed beyond the 

N-linked GlcNac residue.  N-Glycan structures present on S25-26 and S40-8 Fabs were 

determined by a combination of high performance liquid chromatography (HPLC), 

exoglycosidase digestions, and negative ion electrospray mass spectrometry.  All major glycans 

were found to have corefucosylated biantennary complex structures with antennae terminating in 

Gal or αGal-αGal or glycolylneuraminic acid (Neu5Gc)-αGal (Haji-Ghassemi et al., 2014).   

The determined composition of the N-linked glycans is shown in Tables 12 and 13. 

Approximately 61.2% and 69.4% of the N-glycans for S25-26 and S40-8 Fab contained the root 

structure corresponding to fucosylated Man3GlcNAc2 with an αGal-αGal-GlcNAc antenna on 

the 3-linked mannose (Man) (FA1G[3]1Ga(3)1; see Peak 8 in Table 13 for structure), the 

majority of which enclose a fucosylated biantennary glycan with antennae terminating in αGal 

and Neu5Gc (FA2G2Ga(3)[3]1S1 structure; Peak 17a and 18 in Table 13).  The electrospray 

spectrum showed the same major glycans, but the minor compounds were obscured by peaks 

from contaminating compounds (Haji-Ghassemi et al., 2014). Weak anion exchange-high 

performance liquid chromatography (WAX-HPLC) analysis indicated 47.3%, 74.6% neutral, 

44.1%, 22.7% mono-sialylated, and 8.34%, 2.74% di-sialylated glycan content for S25-26 and 

S40-8 respectively.  No tri- or tetra-sialylated antennary structures were detected. 
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With the knowledge of the composition of the major glycans, a significant number of 

sugar residues could be modeled into the electron density of Unliganded 3 structure for S25-26 

(Fig. 12A–C).  The N-linked mono-antennary oligosaccharide FA1G[3]1Ga(3)1 was 

successfully modeled into electron density of molecule 1 of Unliganded 3 (Table 12, Fig. 12A). 

No electron density corresponding to ordered carbohydrate residues could be seen beyond the 

mannose core structures in molecules 2 and 3 (Fig. 12B, C). Unambiguous electron density 

beyond the initial GlcNAc residue could not be seen in other crystal forms of S25-26.  The N-

glycans of S25-23 CF-2 structure was also modelled into the density for both molecules in the 

asymmetric unit (Fig. 12D, E), though density was not observed beyond the second GlcNAc 

residue.  In all other S25-23-type Fab structures density was only observed for the core fucose 

linked GlcNAc residue (not shown). 
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Table 11: Amino acid sequences of the variable regions for S25-23, S25-26, S25-5, and S40-

8 monoclonals. 

The germ-line (GL) sequence of S25-23, S25-26, and S25-5 is displayed as GL1. The germ-line sequence 

of S40-8 is displayed as GL2. Numbering is based on the Kabat scheme. The Asn-Asp-Thr glycosylation 

site on each antibody is highlighted in yellow. Mutations from germ-line are shown in bold. 

Clone Variable Light Chain (VL)  

          10         20     26 ABCDE    32       40        49      56 

S25-23 DVLMTQTPLS LPVSLGDQAS ISCRSS QTIVHKNGNTY LEWYLQKP GQSPKLLIY KVSNRFS 

S25-26 DILMNQTPLS LPVSLGDQAS ISCRSS QYIVHRNGNTY LEWYLQKP GQSPKLLIY KVSNRFS 

S25-5 DVLMTQSPLS LPVSLGDQAS ISCRSS QTIVHSNGNTY LEWYLQKP GQSPKLLIY KVSNRFY 

GL1 DVLMTQTPLS LPVSLGDQAS ISCRSS QSIVHSNGNTY LEWYLQKP GQSPKLLIY KVSNRFS 

S40-8  DIVLNQSPAI MSASLGERVT VTCTAS SSVSSS----Y LHWSQQKP GSSPKLWIY STSNLAS 

GL2 QIVLNQSPAI MSASLGERVT MTCTAS SSVSSS----Y LHWYQQKP GSSPKLWIY STSNLAS 

                                        <--CDR L1-->                   <CDR L2> 
 60            70         80      87        AB   98        107 

S25-23 GVPD RFSGSGSGTD FTLKISRVEA ADLGVYY CFQGSHVP-- YTF GGGTKLEIK 

S25-26 GVPD RFSGSGSGTD FTLKISRVEA EDLGVYY CFQGSHVP-- YTF GGGTKLEIK 

S25-5 GVPD RFSGSGSGTD FTLKISRVEA EDLGVYY CFQGSHVP-- YTF GGGTKLEIK 

GL1 GVPD RFSGSGSGTD FTLKISRVEA EDLGVYY CFQGSHVP-- YTF GGGTKLEIK 

S40-8 GVPA RFSGSGSGTS YSPTISSMEA EDAATYY CHQYHRSPPM GTF GGGTKLELK 

GL2 GVPA RFSGSGSGTS YSPTISSMEA EDAATYY CHQYHRSPPM YTF GGGTKLELK           

                                              <---CDR L3--->                   

Clone Variable Heavy Chain (VH)  

          10         20    25         35    40        49            62 

S25-23 EVQLQESGPG LVQPSQSLSI TCTVS GFSLTTYGVH WVRQS PGKGLEWLG VIWSGGTTEYNAA 

S25-26 EVQLKESGPG LVQPSQSLSI TCTVS GFSLTTYGVH WVRQS PGKGLEWLG VIWSGGSTDYNAA 

S25-5 EVQLVESGPG LVQPSQSLSI TCTVS GFSLSTYGVH WVRQS PGKGLEWLG VIWSGGSTDYNAA 

GL1 QVQLKQSGPG LVQPSQSLSI TCTVS GFSLTSYGVH WVRQS PGKGLEWLG VIWSGGSTDYNAA 

S40-8 EVQLVESGPG LVQSGGSLRL SCATS GFSLTSHGVH WVRQS PGKGLEWLG VIWRGGSTDYNAA 

GL2 QVQLKQSGPG LVQSGGSLRL SCATS GFSLTSYGVH WVRQS PGKGLEWLG VIWRGGSTDYNAA 

                             <-CDR H1->                 <---CDR H2---> 

        70         80  ABC         92        AB 101         112 

S25-23 FISRLSIS KDNSKSQVFF KMNSLQTNDTAIYFC VRMRITTDWF-A YWGQGTLVTVS 

S25-26 FISRLSIS KDNSKSHVFF KMNSLQANDTAIYYC ARMRITTDWF-A YWGQGTLVTVS 

S25-5 FISRLSIT KDNSKSQVFF KMNSLQPNDTAVYYC DRMRITTDWF-A YWGQGTLVTVS 

GL1 FISRLSIS KDNSKSQVFF KMNSLQANDTAIYYC ARMMVTTDWF-A YWGQGTLVTVS 

S40-8 FMSRLSIT KDNSKSQVFF KMDSLQANDTAIYYC AKNNKDYAM--D YWGQGTSVTVS 

GL2 FMSRLSIT KDNSKSQVFF KMNSLQADDTAIYYC AKNTTDYAM--D YWGQGTSVTVS 

                                                <--CDR H3-->                   
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Table 12: Singly charged glycans identified by MS and/or MS/MS in sample S25-26. 

Mass to charge ratios (m/z) found correspond to peaks observed in Fig. 13B. Data taken from Haji-

Ghassemi et al., 2014.  Structures were determined from raw data collected by Dr. David J. Harvey at 

department of biochemistry, University of Oxford, United Kingdom.  

m/z Composition 
Structurec  

Found Calc. Hex HexNAc Fuc Neu5Gc 

1518.6 1518.5a 4 3 1 0 
 

1559.6 1559.5a 3 4 1 0 

 

1721.6 1721.6a 4 4 1 0 

 

1883.7 1883.6a 5 4 1 0 

 

2045.8* 2045.7a 6 4 1 0 

 

2092.7* 2092.7b 5 4 1 1 

 

2207.8* 2207.7a 7 4 1 0 

 

2254.9* 2254.8b 6 4 1 1 

 

2399.9 2399.8b 5 4 1 2 

 

 

* Structures also found in S40-8 Fab 

a [M + (H2PO4)]- 

b [M − H]- 

c The angle of the lines linking the symbols denotes the linkage position:  | = 2-link, ⁄  = 3-link,— =4-link,       

\ = 6-link. α-Bonds are shown with dashed lines, and β-bonds are with full lines.  For more details, see 

Harvey et al., 2009. 
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Table 13:  Summary of N-glycans identified for S25–26 and S40-8 Fab and their relative 

abundance. 

All structures were determined by Pauline Rudd’s group at the national institute for bioprocessing 

research and training (NIBRT), Dublin, Ireland. 

Peak Abbreviation1 Structure GU S25-26* (%) S40-8 (%) 

1 FA1 
 

5.37 0.46 0.47 

2 FA2 

 

5.91 2.68 1.69 

3 FA[6]1G1 
 

6.24 0.13 0.20 

4 FA[3]1G1 

 

6.40 0.34 0.28 

5 FA2G[6]1 

 

6.75 1.26 2.08 

6 FA2G[3]1 
 

6.88 1.30 0.92 

7 
 

FA1G[6]1Ga(3)1 
 

7.17 0.29 0.35 

8 FA1G[3]1Ga(3)1 

 

7.33 1.19 1.09 

9 FA2G[6]1Ga(3)1 

 

7.59 0.84 1.82 

10 FA2G2 
 

7.68 1.15 0.97 

11 FA2G[3]1Ga(3)1 

 

7.76 0.98 0.89 

12a M6GlcNAc[6]1G1Ga(3)1 
 

8.03 1.60 1.00 

12b FA2G[6]1S1 
 

8.03 1.27 0.94 

13a FA2G2Ga(3)[6]1 

 

8.41 1.50 1.00 

13b FA2G[3]1S1 
 

8.41 0.48 0.12 
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14a M6GlcNAc[3]1G1Gal1 

 

8.55 0.10 1.14 

14a FA2G2Ga(3)[3]1 

 

8.55 3.13 4.50 

14b FA[6]1G1Ga(3)1S1 
 

8.55 0.50 0.15 

14b FA[3]1G1Ga(3)1S1 

 

8.55 0.50 0.15 

15 M6GlcNAc2G[6]1Ga(3)1 
 

8.87 4.24 6.79 

16a M6GlcNAc2G[3]1Ga(3)1 

 

9.21 0.10 0.10 

16b FA2G2S1 
 

9.21 6.20 3.00 

16b FA2G[6]1Ga(3)1S1 

 

9.21 0.32 0.19 

17a FA2G2Ga(3)2 

 

9.42 23.16 45.50 

17b FA2G2Ga(3)[6]1S1 
 

9.42 4.71 2.83 

17b FA2G[3]1Ga(3)1S1 

 

9.42 0.50 0.50 

18 FA2G2Ga(3)[3]1S1 

 

10.07 31.05 17.37 

19 FA2G2Ga(3)2S1 

 

10.34 0.66 0.47 

20 FA2G2S2 
 

10.86 8.74 3.02 

1 Structure abbreviation: All N-glycans have two core GlcNAc; F at the start of the abbreviation indicates 

a core (1→6) fucose linked to the inner GlcNAc; Mx, number (x) of mannose on core GlcNAc; Ax, 

number of antenna (GlcNAc) on trimannosyl core; A2, biantennary with both GlcNAc as (1→2) linked; 

Gx, number (x) of (1-4) linked galactose on the antenna; Gax, number (x) of (1-3) linked galactose to 

G; Sx, number (x) of sialic acids (Neu5Gc) linked to galactose.  

* Data for S25-26 is taken from Haji-Ghassemi et al., 2014. 
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Figure 12: Electron density for N-glycans of S25-23-type Fab structures. 

Stereo diagrams of the modeled N-linked glycans attached to Asn(H)-85 glycosylation site in S25-26 

Unliganded 3 structure for (A) molecule 1, (B) molecule 2, and (C) molecule 3, and (D) molecule 1 and 

(E) molecule 2 of S25-23 CF-2 structure. 2Fo−Fc electron density map for the N-glycans were contoured 

to 0.7σ for S25-26 structures and 0.9σ (D) and 0.7σ (E) for S25-23 CF-2 structures. NAG, β-D-N-

acetylglucosamine (light blue); FUC, α-L-fucose (magenta); BMA, β-D-mannose (green); MAN, α-D-

mannose (green); GLA, β-D-galactose (yellow), GAL, α-D-galactose (yellow). Figures of S25-26 N-

glycans are taken from Haji-Ghassemi et al., 2014.  

 

A. 

B. C. 

D. E. 
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Germ-line Gene Usage and Sequence Comparison ― Amino acid sequences for the CDR 

regions of selected S25-2 and S25-23-type antibodies are given in Table 4, along with their 

original germ-line sequences.  Their germ-line gene designations are provided in Table 14.  

MAbs S25-23, S25-26 and S25-5 arise from the same germ-line gene segments.  There are only 

13 differences in sequence identity between S25-23 and S25-26, of which 4 are in the CDR 

regions (Table 11).  The S25-26 light chain was found to share 289/294 and 34/37 nucleotide 

identities with the V gene IGKV1-117*1 and J gene IGKJ1*2, respectively (The ‘*N’ indicates 

that the gene corresponds to reading frame N).  The S25-26 heavy chain was found to share 

279/285 and 46/47 nucleotide identities with the V gene IGHV2-2*2 and J gene IGHJ3*1, 

respectively.  The J and D gene segments of S25-23, S25-26, and S25-5 were derived from the 

same germ-line as S25-2 (Table 14) but had a different sequence due to mutations in the D and J 

gene and a reading frameshift at the segment junctions.  The S25-2 D gene corresponds to 

reading frame 3, whereas S25-23, S25-26, and S25-5 belong to frame 1. 

 While mAbs S40-8 and S40-26 utilize different VL genes than S25-23, S25-26, and S25-

5, they are grouped S25-23-type antibodies due to the near-identical heavy chain sequences 

(Table 11) and similar binding behaviour (both being specific to the Chlamydiaceae epitope, 

Table 5).  The S40-8 VL was found to share 275/282 and 33/39 nucleotide identity with the V 

gene IGKV4-74*01 and J gene IGKJ2*01, respectively.  The VH was found to share 277/285, 

51/53, and 6/8 nucleotide identities with the V gene IGHV2-5*1, J gene IGHJ4*1, and D gene 

IGHD1-1*1, respectively.   

Structure Alignment and Conformational Flexibility ― Least squares superposition of all 

corresponding ordered α-carbon atoms of the VL regions of the liganded and 7 unliganded Fv 

structures of S25-26 (Fig. 13A) shows the flexible nature of the VH-VL domain association, 
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where superposed light chains result in rmsd (root mean square deviation) of 0.21 Å for the light 

chain and 0.82 Å for the heavy chain with a maximum deviation of 7.54 Å in FR2 on the heavy 

chain.  A separate superposition of the corresponding ordered -carbon atoms of the variable 

regions (both light and heavy chains) of the one liganded structure and all seven of the 

unliganded Fv structures (Fig. 13B) was used to calculate the rmsd for each CDR loop. The 

largest movements between α-carbons of the liganded and unliganded structures were observed 

for CDR H3 and L1, at 6.80 and 4.58 Å, respectively.  

 Similarly, least square superposition of the corresponding ordered alpha carbon atoms of 

the variable regions (both light and heavy chains) of the liganded structure and unliganded Fv 

structures of S40-8 were used to calculate the root mean square deviations (rmsd) for each CDR 

loop.  The mean rmsd between the liganded and unliganded Fv structures was only 0.245 Å, with 

the largest deviations between -carbons were observed for Gly(H)-42 on framework region 2 

(FR2) and Ser(L)-14 on FR1, at 2.97 Å and 2.43 Å respectively.  Superposition of the -carbon 

atoms for liganded S40-8 and S25-26 Fv structures was also conducted for comparison (Fig. 

13C).  The unliganded structures of S25-5 and S25-23 are not available, and therefore 

comparisons cannot be made.  
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Figure 13: Conformational flexibility and alpha carbon alignments. 

(A) Stereo image of the superposition of VH and VL domains of eight independent S25-26 Fab structures. 

First alignment was carried out only using the α-carbon trace of liganded VL as the reference structure. 

(B), second alignment was carried using the Fv region of the liganded structure as reference. Stereo view 

displaying α-carbon traces of the CDR loops for each structure is also shown. Displacement of CDRL1 

and H3 is highlighted. Dark blue, liganded light chain. Cyan, unliganded light chains. Green, unliganded 

heavy chains. Red, liganded heavy chain. One of the VH domains of an unliganded structure was 

disordered and, therefore, not included in the alignments. (C) Alignment between the Fv regions of S25-

26 and S40-8 liganded structures. Stereo view displaying α-carbon traces of the CDR loops for each 

structure. Green, S40-8 VH region. Red, S25-26 VH region. Magenta, S40-8 VL region. Cyan, S25-26 VL 

region. A and B figures are from Haji-Ghassemi et al., 2014. 

 

A. 

B. 

C. 
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Antibody-Antigen Contacts ― There are 13 hydrogen bonds between S25-26 antibody and Kdo3-

allyl trisaccharide antigen with 16 bridging water interactions (Fig. 14A, B), facilitated via 9 

water molecules.  There are 14, 12, and 13 hydrogen bonds between S40-8, S25-23, and S25-5 

and the PSBP antigen with 8, 18, and 16 bridging water interactions respectively (Fig. 14C, D, 

E, F).  High sequence similarity between S25-26, S25-23, and S25-5, means that most of the 

residues contacting antigen are identical. In the case of S25-5, all residues contacting antigen are 

identical to S25-26.  The differences between S25-26 and S25-23 are highlighted in Fig. 14E.   

A bidentate salt bridge occurs between the terminal Kdo carboxyl group (KdoIII) and 

Arg(H)-94. The KdoIII makes 2 hydrogen bonds to the protein backbone of CDR H1 and another 

with Asn(L)-28.  Hydrogen bonds to the central Kdo (KdoII) residue are formed with CDR 

residues Arg(H)-96 and His(L)-27D and water bridges to Ser(H)-53 and Asp(H)-58. Similar to 

the terminal Kdo sugar, multiple hydrogen bond contacts occur with the carboxyl group of KdoI 

through residues on CDR H2.  Trp(H)-52 is part of a groove forming hydrophobic contacts with 

the back face of the KdoII (Fig. 14G) for all S25-23-type antibodies.   

S40-8 is the only antibody of the group that forms specific interaction with lipid A 

carbohydrate backbone.  A bifurcated salt bridge occurs between 4P of second glucosamine of 

lipid A and germ-line encoded residue Arg(H)-53 (Fig. 14C, D).  There are three hydrogen 

bonds directed toward each carboxyl group of the terminal (Kdo III) and first Kdo residue in the 

S40-8 liganded structure.  Hydrogen bonds to the central Kdo (KdoII) residue are formed with 

Tyr(H)-99 and His(L)-27D.  There are no direct involvement of light chain residues, although 

Tyr(L)-92 does form a water bridged interaction to the central Kdo residue.  Compared with 

other S25-23-type structures S40-8 also showed relatively fewer water mediated interactions, 

despite being the highest resolution structure obtained (Fig. 14C). 
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S25-23 forms an additional salt bridge interaction between Lys(L)-27E and the KdoII 

carboxyl group.  Interestingly, Arg(L)-27E of S25-26 instead forms a salt bridge to symmetry 

related residue Glu(L)-195 of the constant domain.  The KdoII carboxyl group in the S25-26 

structure is stabilized through a symmetry related salt bridge through Lys(L)-147, though the 

hydrogen bond is significantly weaker (3.46 Å vs 2.56 Å of Lys(L)-27E).  There are near-

identical number of water bridged interactions to Kdo3-allyl between S25-23, S25-26, and S25-5 

facilitated through 8-10 water molecules.  In contrast, the liganded S25-5 structure possesses a 

Ser(L)-27E instead of an Arg or Lys and is therefore unable to make the additional salt bridge to 

KdoII.  The crystal form-1 (CF-1) of S25-23 solved to a lower resolution is not discussed in 

terms of contacts, due to near identical hydrogen bonding as CF-2 and fewer ordered water 

molecules in the combining site. 

Buried Accessible Surface Area ― The total buried accessible surface area of S40-8 and S25-26 

binding groove are 332 Å2 and 331 Å2, respectively.  The VL chain contributes to 47.2 Å2 to the 

accessible surface area, whereas the VL chain of S40-8 contributes 24.5 Å2 provided by Arg(L)-

93 and Tyr(L)-91 residues (Fig. 14C).  The total buried accessible surface area of S25-23 and 

S25-5 are comparable to S40-8 and S25-26.  
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Table 14:  Germ-line gene designation for the variable regions of S40-8, S25-23, S25-26, 

S25-5 and S25-2 mAbs. 

The * corresponds to the reading frame (e.g. *02 corresponds to reading frame 2).  Germ-line gene 

designations determined from the IMGT/V-quest database    

Variable Light Chain (VL)  Variable Heavy Chain (VH)  

Clone V J V D V 

S25-23 IGKV1-117*01 IGKJ1*02 IGHV2-2*02 IGHD2-3*01 IGHJ3*01 

S25-26 IGKV1-117*01 IGKJ1*02 IGHV2-2*02 IGHD2-3*01 IGHJ3*01 

S25-5 IGKV1-117*01 IGKJ1*02 IGHV2-2*02 IGHD2-3*01 IGHJ3*01 

S40-8 IGKV4-74*01 IGKJ2*01 IGHV2-5*01 IGHD1-1*01 IGHJ4*01 

S25-2 IGKV8-21*01 IGKJ2*02 IGHV7-3*02 IGHD2-3*03 IGHJ3*01 

Table adapted from Haji-Ghassemi et al., 2014 
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Figure 14: Antibody-antigen contacts of S25-23-type antibodies. 

(A) Stereo v of S25-26 in complex with Kdo3-allyl trisaccharide antigen (green) showing hydrogen bonds 

(pink dashed spheres) and water (blue spheres) bridges between the antigen and S25-26.  CDR loops of 

the light and heavy chain are colored white and gray, respectively. (B) Two-dimensional view of S25-26 

in complex with Kdo3-allyl antigen. (C) Stereo view of S40-8 in complex with PSBP (green) antigen. (D) 

2D view of S40-8 in complex with PSBP antigen. (E) Stereo view of S25-23 and (F) S25-5 in complex 

with PSBP antigen. The former (E) has two different residues in the combining site compared to S25-26, 

while the latter (F) is identical to S25-26. (G) Trp(H)-52 makes three hydrophobic contacts to the central 

Kdo residue, shown here for S25-26. Color scheme used: carbon of antigen, green; oxygen, red; nitrogen, 

blue; water, cyan. 

 

 

A. 

B. 



72 
 

 
 

 

C. 

D. 



73 
 

 

 

 

E. 

F. 

G. 



74 
 

3.2 DISCUSSION 

S25-23- and S25-2-type mAbs Use Fundamentally Different Recognition Strategies ― Sequence 

analysis of the antibodies produced by immunization with chlamydial LPS glycoconjugates 

showed two major groupings of heavy chain V gene usage (Blackler et al., 2012).  Most 

belonged to the S25-2 and S25-23 group (Tables 3 and 4).  The contrasts in the sequences 

corresponding to the combining sites were so striking that it was clear that the two groups must 

use markedly different strategies to recognize the same Kdo(2→8)Kdo(2→4)Kdo trisaccharide 

antigen.  This was also clear from their measured avidities toward a panel of antigens.  Different 

S25-2-type mAbs bound a wide range of antigens, while all S25-23-type antibodies recognized 

only antigens containing the family-specific Kdo(2→8)Kdo(2→4)Kdo trisaccharide (Table 5).  

Interestingly, even the weakest binder among the latter group (S25-26) shows higher avidity than 

all S25-2-type antibodies except S25-39 (Blackler et al., 2011), and that difference is marginal 

(Table 5). 

 The cross-reactive behaviour of S25-2-type antibodies was associated with a deep pocket 

specific for the Kdo monosaccharide that dominated binding (Fig. 15) and could accommodate 

Kdo or Kdo-analogues from different antigens.  In contrast, the combining site of S25-23-type 

antibodies has a groove along the heavy and light chain interface in which the 

Kdo(2→8)Kdo(2→4)Kdo trisaccharide antigen lies in an extended conformation (Fig. 11) such 

that each of the three Kdo residues have a comparable number of interactions to each antibody 

(Fig. 14).  MAb S40-8 is a minor exception, where the groove is formed by the heavy chain with 

no direct involvement of the light chain, though the trisaccharide conformation remains identical 

to S25-26, S25-23, and S25-5 antibodies. 
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 Although S25-23-type antibodies have about the same avidity toward the 

Kdo(2→8)Kdo(2→4)Kdo trisaccharide antigen as the S25-2-type antibody S25-39 (Table 5), 

the starkly different pattern of hydrogen bonding explains the specific nature of S25-23-type 

over the cross-reactive nature S25-39 (and other S25-2-type antibodies).  A comparison between 

S25-26 and S25-39 binding behaviour reveals the molecular basis for this: both antibodies make 

hydrogen bonds to all three Kdo residues as well as bridging water molecules.  The total number 

of hydrogen bonds to the Kdo(2→8)Kdo(2→4)Kdo trisaccharide is approximately the same 

between S25-39 and S25-26, but with a starkly different pattern.  S25-39 binds with 14 hydrogen 

bonds with only one hydrogen bond to KdoI and six and seven hydrogen bonds to KdoII and 

KdoIII, respectively.  S25-26 binds with 13 hydrogen bonds, making 5, 3, and 5 hydrogen bonds, 

to KdoI, KdoII, and KdoIII, respectively (Fig. 14A, B).  S25-39’s hydrogen bond concentration 

toward KdoII and KdoIII residues also explains its ability to effectively bind Kdo disaccharides, 

unlike S25-26.  S40-8, S25-23, and S25-5 Fab structures exhibit similar binding behaviour. 

There is another key difference in bridging water molecule utilization in the two 

structures: S25-26 utilizes a larger number of water molecules during binding (Fig. 14A).  

Although S25-39 forms 7 bridging interactions to KdoII and KdoIII from 6 water molecules, 

S25-26 forms 16 bridging interactions to the three sugar residues from 9 water molecules.  

Unsurprisingly this can also be seen in the S25-23 and S25-5 liganded structures. S40-8, 

however, is more like to S25-39, which has only eight bridged interactions via six water 

molecules.  As discussed earlier, water molecules have multiple roles in carbohydrate binding 

and are of critical importance to the overall energetics.  Though the total number of water 

molecules identified in the structure is dependent on the structure resolution, extensive water 

networks around the many of the reviewed ligands are clearly observed.  
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 S25-26 displays another feature absent in most S25-2-type antibodies (except S45-18 and 

S54-10): the formation of multiple hydrophobic contacts between the protein and the back face 

of a Kdo residue.  The S25-26 liganded structure (Fig. 14G) shows KdoII packed against 

Trp(H)-52’s aromatic ring with a 3.65–3.85 Å separation.  Tryptophan, tyrosine, and 

phenylalanine rings often form non-polar interactions with the hydrophobic face of carbohydrate 

residues, and studies have shown favorable antigen binding through entropic gains (Sigurskjold 

and Bundle, 1992; Toone, 1994). 

 Finally, the groove-type architecture of S25-23-type antibodies allows the antigen to lie 

across the combining site such that recognition takes place not only through the sugar residue 

identities but also through the length of the glycosidic linkage (Figs. 11 and 14).  In contrast, the 

S25-2-type antibodies’ pocket-type architecture allows for effective stereo-chemical recognition 

of the terminal residue alone. S25-39, for example, binds the family-specific Kdo(2→8)Kdo-

(2→4)Kdo trisaccharide antigen as well as the C. psittaci Kdo(2→4)Kdo(2→4)Kdo 

trisaccharide antigen.  The shorter Kdo(2→4)Kdo(2→4)Kdo trisaccharide cannot fit into the 

groove of S25-26 as a result of steric hindrance to the terminal 2→4 linkage.  There are three 

distinct examples of S25-2-type antibodies that are specific for the Kdo(2→4)Kdo(2→4)Kdo 

trisaccharide antigen.  In these cases specific recognition of the antigen develops through 

separate affinity maturation events that position a phenylalanine residue into the combining site 

such that a hydrophobic stacking interaction to the central Kdo occurs, simultaneously restricting 

the conformational space to exclude other antigens (Brooks et al., 2010b; Gerstenbruch et al., 

2010). 

Comparisons between S25-23-type antibodies in recognition of Chlamydiaceae LPS ― S25-23’s 

remarkable specificity toward the Kdo(2→8)Kdo(2→4)Kdo trisaccharide antigen resulted in its 
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emergence as the best-characterized Chlamydiaceae-specific antibody in the literature (Brade et 

al., 1994; Brade et al., 1997b; Fu et al., 1992; Müller-Loennies et al., 2000), but until recently no 

crystals were generated despite thousands of trials over the last eighteen years.  S25-23, S25-26 

and S25-5 have near identical amino acid sequence with few mutations in the combining site 

(Table 11), and so these antibodies could be anticipated to bind in a near identical manner.   

SPR studies of S25-23 revealed an unusual carbohydrate-specific antibody with high µM 

affinity of the Fab toward the Kdo trisaccharide antigen (Müller-Loennies et al., 2000).  ITC 

results confirmed this (Haji-Ghassemi et al., 2014), with Kd values of 9.90×10−8 (PSBP) and 

6.64×10−8 M (Kdo3-allyl) (Table 6).  S25-26’s Kd values for the same ligands were lower by 

almost one order of magnitude, at 1.55×10−6 and 7.81×10−7 M respectively.  ELISA binding 

studies corroborated this trend.  These binding differences are remarkable given that the only 

relevant changes in S25-26’s combining site are the Asp(H)-58 to glutamate and Arg(L)-27E to 

lysine mutations.  Due to the conserved nature of Arg(L)-27E to lysine mutation, we speculated 

that mutation to the longer Glu(H)-58 could allow S25-23 to form a direct hydrogen bond to the 

C4 hydroxyl of KdoII in place of a bridging water molecule (Fig. 14A).  After solving the 

structure of S25-23 in complex with PSBP, it was clear this was not the case. Surprisingly, 

Lys(L)-27E side chain was bent toward the carboxyl group of KdoII forming an additional salt 

bridge, whereas the arginine of S25-26 does not form this interaction.  This may explain the 

higher affinities and avidities of S25-23 toward Kdo(2→8)Kdo(2→4)Kdo-containing antigens. It 

is important, however, to consider the dynamic nature of protein-carbohydrate recognition and 

realize other factors not visible in the crystal structure may be involved. 

Differences between S25-5 and S25-26 are less apparent from their liganded structures, 

as all of their interactions are conserved.  Thus, it is not immediately clear how S25-5 achieves 
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higher avidity (Table 5) and affinity than S25-26 (Tables 7 and 8) towards the 

Kdo(2→8)Kdo(2→4)Kdo-containing antigens.  The structures of S25-5 and S25-23 have only 

recently been determined and therefore detailed analysis awaits.  

Unlike S25-23, S25-26, and S25-5, S40-8 possesses unique light and heavy chain genes 

(Table 14), resulting in significant alteration in conformation for CDRs H3, L1, and L3 

(Fig.13C).  The heavy chain V-region (i.e. encoded by the V gene) show 82% sequence identity 

(87% for CDRs H1 and H2 combined) between S25-26 and S40-8 (Table 11).  The analogous 

nature of CDRs H1 and H2 allows a groove akin to that of other S25-23-type antibodies.  In S25-

2-type antibodies, specificity is largely tailored by the CDR H3 coded D and J gene segments. 

Conversely, in S40-8 the different heavy chain genes allow for an alternative recognition motif 

that is almost entirely heavy chain dependent.  Heavy chain dependence has also been observed 

in other carbohydrate-specific antibodies, such as inner core-binding antibodies WN1-222-5 and 

LPT3-1.  WN1-222-5 forms one hydrogen bond out of thirteen from its light chain to the LPS 

inner core, while LPT3-1 forms a hydrophobic pocket that consists of Tyr(H)-50 and Trp(L)-91 

residues against GlcNAc methyl group.  Unlike these, the light chain of S40-8 is not directly 

involved in antigen recognition.   

Buried surface area calculations further emphasize this heavy chain dependence.  

Liganded S25-23-type Fab structures all show near identical solvent accessible buried surface 

area of 331 Å2.  The VL chain contributes considerably more for S25-26, S25-23, and S25-5 with 

~47.2 Å2, relative to 24.5 Å2 for S40-8.  In comparison, LPT3-1 utilizes a binding surface area of 

310.0 Å2 to which the light chain contributes 34.0 Å2.   

S40-8 displays the lowest avidity toward the Kdo(2→8)Kdo(2→4)Kdo trisaccharide 

antigen compared with other S25-23-type antibodies, but display the highest avidity among the 
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panel of anti-chlamydial antibodies towards the PSBP and the Kdo(2→8)Kdo(2→4)-

Kdo(2→6)GlcN4P tetrasaccharide (Table 5).  The structure reveals a bifurcated salt bridge to 

the 4P of lipid A, owing to germ-line residue Arg(H)-53 residue, which is not present in other 

S25-23-type antibodies.  S40-8’s lower avidity for Kdo(2→8)Kdo(2→4)Kdo trisaccharide at 2 

pmol antigen concentration (Table 5) is the likely result of fewer interactions with the KdoII 

residue due to the lack of light chain participation (Fig. 14C, D).  However, this antibody 

maintains S25-23-type binding behaviour through specific recognition of the two distal Kdo 

residues (KdoI and KdoIII) with five hydrogen bonds to each. 

Figure 15: Binding mode comparison between S25-2 and S25-26. 

S25-2 (left) in complex with a variety of chlamydial LPS structures (orange, red, yellow, purple, blue). 

S25-26 (right) in complex with Kdo(2→8)Kdo(2→4)Kdo trisaccharide (green). The three CDRs of the 

light chain (white) and heavy chain (grey) are highlighted.  Figure taken from Haji-Ghassemi et al., 2014.  

 
 

S25-23-type Antibodies Share V Genes with Other Carbohydrate-specific mAbs ― Because of 

the crucial role of the S25-23-type heavy chain during recognition, the participation of these 

germ-line segments in the recognition of other important biomolecules was investigated.  

Interestingly, NNA7, an antibody specific to glycoprotein structures terminating in sialic acid 

residues (Xie et al., 2005), utilizes VL and VH genes similar to S25-23.  Superposition of NNA7 

and liganded S25-26 showed similar combining sites with the exception of CDR H3 (not shown).  
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Though the two mAbs arise from an identical heavy chain V gene, NNA7 does not possess the 

heavy chain variable domain glycosylation site due to an Asn(H)-85 to glutamate mutation. 

 Two additional mAbs share the VH gene of S25-23-type antibodies: an anti-

meningococcal polysaccharide group C antibody “1922.2” (Garcia-Ojeda et al., 2004; Garcia-

Ojeda et al., 2000) and the therapeutic antibody Cetuximab (Erbitux), a potent inhibitor of 

epidermal growth factor receptor (Bogart and Govindan, 2006; Van Cutsem et al., 2009).  Unlike 

NNA7, these antibodies have retained the Asn(H)-85 glycosylation site.  Only the first N-

acetylglucosaminyl residue on Asn(H)-85 was modeled in the structure of Cetuximab (PDB code 

1yy9) (Qian et al., 2007).  The structure of mAb 1922.2 is not available.   

VH Glycosylation — Analysis of S25-26 and S40-8 VH N-linked glycans showed the presence of 

an unusually high number of galactosyl residues and high structural heterogeneity (Haji-

Ghassemi et al., 2014; Qian et al., 2007) (Fig. 13A and B, Table 13).  The N-glycan structures 

are predominantly monosialylated (Fig. 13C).  Glycan analysis of various antibodies 

demonstrated wide structural heterogeneity shown to be influenced by the expression system 

(Patel et al., 1992).  N-glycans with a terminal αGal have not yet been found from antibodies 

derived from ascites fluid.  Studies with Cetuximab have shown that expression in murine cells 

can result in N-acetylneuraminic acid (Neu5Ac) replacement with Neu5Gc (glycolylneuraminic 

acid) or varying amounts of terminal αGal (Sheeley et al., 1997).  The latter observation is 

clinically significant because of the creation of the Gal(1→3)αGal-epitope, which is involved in 

graft versus host reactions and has been proposed to play an important role in allergic response 

development and anaphylactic shock resulting from treatment with therapeutic mAbs of murine 

origin (Borrebaeck et al., 1993; Chung et al., 2008; Sheeley et al., 1997).  A comparison 

between the N-glycan structures found on Cetuximab and S25-26 is shown in Fig. 16.     
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Beyond such dramatic consequences,8 N-glycosylation can influence biological, 

physiochemical, and pharmacokinetic properties of antibodies.  Therefore, developing the 

knowledge base of primary and the three-dimensional glycan structures found in glycoproteins, 

particularly antibodies, is of considerable importance.  Approximately 10–15% of IgG is 

glycosylated on the variable regions (Jacquemin et al., 2006; Leibiger et al., 1999).  Like most 

N-linked glycans, the carbohydrate structures are heterogeneous, a known obstacle to crystal 

lattice formation, and crystallization trials for liganded and unliganded S25-23-type Fabs were 

not trivial.  Curiously, all S25-23-type antibodies possess the same glycosylation site at Asn(H)-

85.  Although the biological role of the glycosylation site of S25-23-type antibodies has not yet 

been explored, the N-glycans are positioned to modulate antibody-antigen binding events. This 

phenomenon was first demonstrated with LE2E9, a haemophilia patient-derived mAb specific to 

the factor VIII; mutants lacking the N-linked glycans were reported as 40% more potent in their 

inhibition of factor VIII (Jacquemin, 2010; Jacquemin et al., 2006). 

To understand the effects of N-glycans, S40-8 Fab was treated with peptide-N-

glycosidase F (PNGase F) and ELISA binding data for treated and non-treated Fab were 

compared.  Preliminary results indicate an eight-fold increase in relative affinity in the PNGase 

F-treated Fab (communication with Sven Müller-Loennies).  These results require scrutiny since 

the cleavage of Asn-GlcNAc is notoriously difficult and generally conducted under denaturing 

conditions.  PNGase F treatment was incubated at 37ºC in a reducing environment (see 

experimental protocols) with a ~1:1 molar ratio of Fab to enzyme.  These conditions are unlikely 

to yield completely N-cleaved product, evident from the two crystal forms of S25-23 liganded 

structure, as both structures retained the N-glycan, though density for first GlcNAc in CF-1 was 

quite poor.  The S25-23 Fab was treated with PNGase F with a view towards aiding 
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crystallization.  Further, our glycan analysis depends on PNGase F for efficient N-glycan release 

and subsequent analysis; PNGase F, however, is unable to cleave N-linked glycans from 

glycoproteins if the innermost GlcNAc residue is linked to an α1→3 fucose. This is an unlikely 

scenario for mammalian glycoproteins, as these structures are typically present in insect and 

plant glycoproteins. 

Ordered VH Glycans within the Crystal Lattice of S25-26 Unliganded 3 structure — The 

predominant N-glycan structure FA1G[3]1Ga(3)1 could be modeled into the heavy chain of 

molecule 1 of Unliganded 3 (Fig. 12A) with poor density observed for the terminal galactose 

residues likely due to glycan heterogeneity and/or high thermal motion.  The high observed 

average B-factors for the terminal Gal residues are also consistent with the low occupancy of 

these residues.  The modeled N-glycan represents ~61% of the total structures observed by mass 

spectrometric methods.  The terminal sugar residues of the modeled glycans are observed to 

make contacts to neighbouring Fabs in the crystal lattice, allowing glycan structure ordering and 

perhaps providing a key contact for crystallization.  In contrast to molecule 1, density beyond 

Man residues of the N-glycans was not observed for molecules 2 and 3 of Unliganded 3 (Fig. 

12B and C).  Nevertheless, the nine residue long N-glycan structure modeled for molecule 1 is 

one of the largest observed ordered in a Fab crystal structure to date. 
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Figure 16: Comparison of structures found on S25-26 and those reported on Cetuximab. 

The method used to display the structures reported by Qian et al., (2007) uses a different convention that does not accurately depict linkage. 

Structures found only on Cetuximab are boxed as a group at the top. Structures boxed individually stem from the present work and represent 

glycosidic linkage as described in the legend for Fig. 13. Structures probably found on both S25-26 and Cetuximab are boxed individually with 

solid lines; structures found only on S25-26 are boxed individually with dashed lines. Figure taken from Haji-Ghassemi et al., 2014. 
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Comparison with Germ-line Gene Segments — Although these antibodies experienced somatic 

hypermutation in both light and heavy chain genes, determining the probable identity of the 

germ-line ancestors and the germ-line paratopes is straightforward.  As with S25-2, most of the 

residues involved in direct antigen recognition for S25-26, S25-23, and S25-5 are of germ-line 

origin (Table 11).  The mutation of Ser(H)-31 to threonine in S25-26 and S25-23 and Thr(H)-30 

to serine in S25-5 likely have minimal impact on antigen recognition; in contrast, the mutation of 

Met(H)-96 to the more flexible arginine in S25-23, S25-26, and S25-5 is clearly selected as it 

permits additional interactions to the central Kdo hydroxyl groups (Fig. 14).  The only other 

significant mutation is Ser(L)-27E to lysine in S25-23, already discussed above.  This residue is 

mutated to an arginine in S25-26 and does not appear to contact antigen.  In S25-5, the germ-line 

Ser(L)-27E  residue is retained.   

 Unlike S25-26 and S25-39, all of the S40-8 residues involved in direct antigen 

recognition are of germ-line origin, making its genes highly efficient in recognition of the 

Chlamydiaceae epitope.  The modest number of mutations in the antibody-combining site is 

evidence of the presence in the germ-line of gene sequences coding for paratopes specific for 

Kdo based oligosaccharides.  The apparent lower avidity of the germ-line combining site would, 

of course, be mitigated by the highly multivalent IgM.  Interestingly, the mutation of Met(H)-96 

to an arginine in S25-26 is accomplished by a single point mutation in the gene, significantly 

increasing the avidity of these antibodies for the Kdo trisaccharide. 

3.3 CONCLUSIONS 

Given the general inability of carbohydrate-specific antibodies to undergo somatic 

hypermutation in the absence of a peptide or protein carrier, it would be expected that some 

germ-line antibodies display a significant degree of cross-reactivity or polyspecificity to increase 
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the number of potential antigens recognized, whereas others have evolved to recognize an 

epitope on a common pathogen in a specific manner.  The former behaviour is represented by 

S25-2-type antibodies, whereas S25-23-type antibodies are highly specific for the 

Kdo(2→8)Kdo(2→4)Kdo trisaccharide antigen.  The structural and germ-line analysis of S25-

26, S25-23, and S25-5 demonstrates the molecular basis for a parallel germ-line coded 

immunological response to Chlamydiaceae trisaccharide antigen.  The existence of at least two 

distinct germ-line antibody responses toward Kdo oligosaccharides reveals the importance of 

rapid recognition and response to LPS inner core.  As observed from the crystal structure of 

these antibodies, it is clear that the S25-23-type antibodies form combining site groove structures 

that allow multiple hydrogen bond interactions to all three Kdo residues. Second, simultaneous 

recognition of KdoI and KdoIII is dependent on linkage length, cannot occur with the 

Kdo(2→4)Kdo(2→4)Kdo trisaccharide, and precludes the recognition of Kdo mono- or 

disaccharides.  Further, structures of S25-23 show that subtle change in combining site from 

Arg(L)-27E (in S25-26) to Lys(L)-27E can result in significant (one order of magnitude) 

increase in affinity toward the Kdo3-allyl and PSBP antigens, due to the additional salt bridge 

interaction.  In contrast, S40-8 structure in complex with PSBP antigen show how different 

germ-line antibody genes result in a parallel recognition motif for the same epitope.  

Remarkably, the mAb S40-8 binds the Chlamydiaceae-epitope with higher avidity than any other 

chlamydial antibody, despite forming all its interactions via the VH chain germ-line residues.  

Preliminary results have also indicated that the VH N-glycan may modulate binding event in 

solution, a feature which is often ignored in structural studies of glycoproteins.  The heavy chain 

dependent recognition of S40-8 may be the result of evolutionary selection, to avoid steric 
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hindrance of the light chain (with lipid A backbone) during binding, as observed in the broadly 

neutralizing inner-core antibodies such as WN1-222-5 and LPT3-1.   

Finally, all S25-23-type antibodies possess a glycosylation site covalently bound to 

Asn(H)-85.  We have determined the N-linked glycans composition of S25-26 and a remarkable 

nine carbohydrate residues could be modeled the electron density corresponding to the 

glycosylation site in molecule 1 of Unliganded structure 3.  Experiments are under way to 

determine the effect of glycosylation on antibody affinity.  

3.4 METHODS 

ELISA, Isothermic Titration Calorimetry (ITC), and Surface Plasmon Resonance (SPR) ― All 

binding experiments were carried out by my collaborators Helmut Brade, Lore Brade and Sven 

Müller-Loennies of the Research Centre in Borstel, Germany. Relative avidities of mAbs 

discussed in this thesis: S25-23, S25-26, S25-5, S40-8, S25-2, and S25-39 were determined by 

ELISA as described (Blackler et al., 2011; Brade et al., 1997b; Brooks et al., 2008; Fu et al., 

1992; Haji-Ghassemi et al., 2014).  BSA-neoglycoconjugates of oligosaccharides isolated from 

recombinant bacteria (Holst et al., 1993; Holst et al., 1994) and from synthetic origin (Brade et 

al., 1997b; Fu et al., 1992; Kosma et al., 1990; Kosma et al., 1987; Kosma et al., 2000; Kosma 

et al., 1988; Kosma et al., 1989) were prepared by our collaborators as published (Evans et al., 

2011; Müller-Loennies et al., 2002).   

Affinities of S25-23 and S25-26 were measured (by Sven Müller-Loennies) with ITC 

against Kdo(2→8)Kdo(2→4)Kdo(2→6)GlcNAc4P(1→6)GlcNAc1P (referred to as acylated 

penta-saccharide bisphosphate (PSBP-Ac)) and synthetic Kdo(2→8)Kdo(2→4)Kdo O-allyl 

(Kdo3-allyl) trisaccharide, and are reported as published in Haji-Ghassemi et al., (2014).   
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Germ-line Gene Usage Analysis ― The nucleotide sequences of the variable region were 

analyzed with the IMGT/V-quest and junctional analysis web applications (Brochet et al., 2008; 

Monod et al., 2004) to determine the murine germ-line gene segments from which the S25-5, and 

S40-8 antibodies were derived.  The germ-line gene segments were compared with S25-26, S25-

23, and S25-2 as previously reported (Blackler et al., 2011; Haji-Ghassemi et al., 2014). 

S25-26 Fab Preparation and Crystallization ― The S25-26 (IgG1) mAb was isolated from 

ascites grown in female BALB/c mice (at Harlan Laboratories, Inc.).  Fab fragments were 

prepared by digestion of the intact IgG with papain (Sigma, Oakville, Canada).  IgG was 

dialyzed into 20 mM HEPES (Sigma), pH 7.5, diluted to a concentration of 0.8 mg/mL, 2 mM 

EDTA (Sigma), and 3 mM DTT (Sigma). The digestion reaction was carried out at room 

temperature using a papain-to-IgG ratio of 1:200 (in mg) for 3 h.  The reaction was quenched by 

the addition of 20 mM iodoacetamide (Sigma) and dialyzed overnight into 20 mM HEPES 

buffer, pH 7.5.  The Fab fragment was purified by cation-exchange chromatography on a Shodex 

CM-825 column (Phenomenex) using a linear gradient of 0.0 to 0.5 M NaCl in 20 mM HEPES, 

pH 7.4.  Purified Fab was concentrated to 40 mg/mL stock and stored at 4.0 °C.  From stock 

solution, the Fab was diluted to 12–15 mg/mL with 3 mM Kdo(2→8)Kdo(2→4)Kdo O-allyl 

trisaccharide (Kdo3-allyl) (Kosma et al., 1988) for liganded crystallization screening.  One large 

crystal (0.60 × 0.35 × 0.30 mm3) was obtained after 9–10 months in a 16 °C room from initial 

hanging drop set up in Index crystal screen (Hampton Research, Aliso Viejo, USA) under 

condition 56 (0.2 M potassium chloride, 0.05 M HEPES, pH 7.5, and 35% (v/v) pentaerythritol 

propoxylate (5/4 PO/OH)) using a 1:2 reservoir-to-protein ratio.  A larger crystal (0.750 × 0.350 

× 0.350 mm3) was obtained after 2–3 weeks by incubating hanging drop (1:2 ratio as above) at 

room temperature.   
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Fresh papain digest of intact S25-26 executing the same protocol was used for robotic 

crystallization screening of unliganded S25-26 Fab (12–15 mg/mL) using the Gryphon 

Xtallization Robot (Art Robbins Instruments, San Jose, USA).  All screens were incubated at 16 

°C.  Initial crystals were obtained in JCSG core suite III crystal screen (Qiagen, Toronto, 

Canada) under condition 30 (0.2 M calcium chloride, 0.1 M HEPES, pH 7.5, and 28% (v/v) 

polyethylene glycol (PEG) 400) and 65 (0.2 M calcium acetate, 0.1 M MES, pH 6.0, and 10% 

(v/v) isopropyl alcohol) in both 1:1 and 1:2 reservoir-to-protein ratios (referred to as Unliganded 

1 and 2, respectively).  An additional crystal hit (Unliganded 3) was obtained in PEG suite 

crystal screen (Qiagen) under condition 56 (0.2 M potassium chloride, and 20% (w/v) PEG 

3350) and refined using a reservoir-to-protein ratio of 1:1.75 and 18% (w/v) PEG 3350. 

S40-8 Fab preparation and crystallization ― The S40-8 mAb (IgG2b) was isolated from ascites 

grown in female BALB/c mice (at Harlan Laboratories, Inc.) immunized with Kdo(2→8)Kdo-

(2→4)Kdo(2→6)GlcNAc4P(1→6)GlcNAc1P-BSA glycoconjugate (Brade et al., 1997b).  Fab 

fragments were prepared by digestion using similar method as S25-26, though digestion reaction 

was carried out for 4 h instead of 3 h.  The reaction was quenched by the addition of 15 mM 

iodoacetamide (Sigma) and dialyzed overnight into 20 mM MES buffer, pH 6.5.  The Fab 

fragment was purified by cation-exchange chromatography on a Shodex CM-825 column 

(Phenomenex, Torrance, USA) using a linear gradient of 0.0 to 0.5 M NaCl in 20 mM MES, pH 

6.5.  Purified Fab was concentrated to 15 mg/mL stock and stored at 4.0ºC.  From stock solution, 

the Fab reconstituted with 2 mM Kdo(2→8)Kdo(2→4)Kdo(2→6)GlcN4P(1→6)GlcN1P 

pentasaccharide (PSBP) (Kosma et al., 1988) in 20 mM HEPES pH 7.5, and filtered with 0.2 µm 

filter for liganded crystallization screening.  Final Fab concentration used was 14 mg/mL.  All 

screen plates were set up using the sitting drop method with the Gryphon Xtallization Robot 
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Rectangular shaped crystals (0.35 × 0.1 × 0.2 mm3) was obtained after 2 months in a 16ºC room 

under condition 86 (0.2 M ammonium tartrate dibasic and 20% [w/v] polyethylene glycol [PEG] 

3350) of PEG suite crystal screen (Qiagen), using a 1:2 reservoir-to-protein ratio.   

  Fresh papain digest of intact S40-8 executing the same protocol was used for robotic 

crystallization screening of unliganded S40-8 Fab (12-15 mg/mL).  Crystals were obtained after 

3 weeks in a 16ºC room with JCSG+ suite crystal screen (Qiagen), under condition 77 (0.005 M 

CoCl2, 0.005 M CdCl2, 0.005 MgCl2, 0.005 M NiCl2, 0.1 M HEPES, pH 7.5, and 12% [w/v] 

PEG 3350) in both 1:1 and 1:2 reservoir-to-protein ratios.   

S25-5 Fab preparation and crystallization ― Isolation, immunization, and Fab preparation of 

S25-5 (IgG1) were conducted in identical fashion as S25-26 (Fu et al., 1992; Haji-Ghassemi et 

al., 2014).  Purified Fab was concentrated to 10.5 mg/mL stock and stored at 4.0 ºC.  From stock 

solution, the Fab was reconstituted with 2 mM PSBP in 20mM HEPES pH 7.5, and filtered with 

0.2 μm filter for liganded crystallization screening.  All screen plates were set up using the sitting 

drop method with the Gryphon Xtallization Robot.  Final Fab concentration was 10 mg/mL.  

Crystals appeared after 1–2 months in a 16 °C room under condition 42 (0.1 M BIS-Tris HCl pH 

6.5, and 25% [w/v] polyethylene glycol [PEG] 3350) in Index crystal screen (Hampton 

Research) using a 1:2 reservoir-to-protein ratio.   

S25-23 Fab preparation and crystallization ― Isolation, immunization, and Fab preparation of 

S25-23 (IgG1) were conducted in identical fashion as S25-26 (Fu et al., 1992; Haji-Ghassemi et 

al., 2014).  Purified Fab (~32 mg) was reduced with 5 mM DTT and subjected to peptide-N-

glycosidase F (PNGase F, glycerol free, New England Biolabs) cleavage at ~1:1 molar ratio 

under 37 °C for 3 h.  After 3 h, the treated Fab was dialyzed into 20 mM HEPES pH 7.5, 

repurified by cation-exchange chromatography, and concentrated to 14 mg/mL in 20 mM 
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HEPES pH 7.5 stock solution.  The Fab was then reconstituted with 4 mM PSBP in 20 mM 

HEPES pH 7.5, and filtered with 0.22 μm filter for liganded crystallization screening with 

Gryphon Xtallization Robot.  Final Fab concentration was 13 mg/mL.  Crystals appeared after 2–

3 months in a 16 °C incubator from sitting drops set up in PEG suite crystal screen (Qiagen) 

under condition 35 (0.1 M MES pH 6.5, and 20% [w/v] polyethylene glycol [PEG] 10000) using 

a 1:2 reservoir-to-protein ratio (referred to as crystal form 1 or CF-1) and 66 (0.2 M KNO3 and 

20% [w/v] polyethylene glycol [PEG] 3350) using a 1:2 reservoir-to-protein ratio (referred to as 

crystal form 2 or CF-2).   

Data Collection, Molecular Replacement, and Structure Refinement ― All crystals are flash-

frozen to −160 °C using an Oxford Cryostream 700 crystal cooler (Oxford Cryosystems, Oxford, 

UK) Crystallization conditions for the liganded S25-26 Fab structure already contained 

appropriate levels of cryoprotectant.  Initial data sets for liganded S25-26 were collected on a 

Rigaku R-AXIS IV++ area detector (Rigaku, Shibuya-Ku, Japan) coupled to a MM-002 X-ray 

generator with Osmic “blue” optics (Rigaku Americas, Texas, USA) and processed using Crystal 

Clear/d*trek (Rigaku).  These data were solved by molecular replacement using Phaser (McCoy, 

2007; McCoy et al., 2007) with the Fv from NNA7 (PDB code 1T2Q) and constant domains 

from S25-39 (PDB code 3OKD) as search models.  Higher resolution data from liganded crystals 

were collected at the Canadian Macromolecular Crystallography Facility on beamline 08ID-1 

(CMCF-ID) of the Canadian Light Source (Saskatoon, Canada) at 0.979 Å wavelength with a 

Marmosaic CCD300 detector.  Manual fitting of σ-A-weighted Fo−Fc and 2Fo−Fc electron 

density maps was carried out with Coot (Emsley and Cowtan, 2004) for all crystals described in 

the methods.  
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The crystal for unliganded structure 1 of S25-26 contained appropriate levels of 

cryoprotectant, whereas crystals for unliganded structures 2 and 3 were dehydrated in a 16 °C 

room until concentration of cryoprotectant (calcium acetate and PEG 3350 respectively) reached 

appropriate levels.  All data collection for unliganded crystals were collected at the Canadian 

Light Source and solved using the Fv and the constant domains of the liganded S25-26 structure 

as a model.  

Crystals for unliganded and liganded S40-8 and liganded S25-5 Fab were dehydrated in a 

16 ºC room until concentration of cryoprotectant (PEG 3350) reached appropriate levels.  X-ray 

diffraction data from liganded and unliganded crystals were collected at the Canadian 

Macromolecular Crystallography Facility on beamline 08ID-1 (CMCF-ID) of the Canadian Light 

Source (Saskatoon, Canada) at 0.979 Å wavelength, with a Marmosaic CCD300 detector.  The 

liganded structure of S40-8 data was solved by molecular replacement using Phaser (McCoy et 

al., 2007) with the Fv from S25-26 (PDB 4M7J) and constant domains from S1-15 (PDB 4ODT, 

unpublished) as search models.  The structure of S25-5 Fab was solved using S25-26 as a model.  

The structure of unliganded S40-8 Fab was solved using the liganded S40-8 Fab as the search 

model.  

Liganded S25-23 Fab CF-1 and 2 were dehydrated in a 16 ºC room until the 

concentration of cryoprotectant (PEG 3350 and PEG 10,000) reached appropriate levels.  X-ray 

diffraction data from CF-1 and CF-2 crystals were collected at the Canadian Macromolecular 

Crystallography Facility on beamline 08ID-1 (CMCF-ID) of the Canadian Light Source 

(Saskatoon, SK, Canada) at 0.979 Å wavelength, with a Marmosaic CCD300 detector.  Both 

crystal forms were solved using molecular replacement (Phaser) with the Fv and constant regions 

from S25-26 structure (PDB 4M7J). 
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All data sets were processed using HKL2000 (HKL Research Inc. Charlottesville, USA) 

and intensities were converted to structure factors using truncate in CCP4 (Bailey, 1994).  

Restrained refinement and translation, libration, and screw (TLS) refinement was carried out 

using REFMAC5 (Murshudov et al., 1997; Winn et al., 2003).  Stereo depictions in Figs. 11, 12, 

and 14 and rmsd calculations presented in this paper were made using SetoRibbon (available 

upon request from S. V. Evans).  Electrostatic potential surface figures were made using 

Chimera molecular visualization software (Pettersen et al., 2004).  Marvin v5.7.0, from 

ChemAxon was used for drawing chemical structures.  The ribbon diagram in Fig. 5 and Fig. 15 

was made using PyMOL molecular graphics software, v1.5.0.4, Schrödinger (DeLano, 2009).  

Buried Surface Area Calculations ― Buried surface area between Fab and antigen of S25-23 

type antibodies were calculated using AreaIMol (Lee and Richards, 1971) in CCP4 suite (Bailey, 

1994) using 1.4Å probe radius and standard van der Waals radii.  All solvent molecules were 

excluded for the calculations. 

N-Linked Glycan Cleavage, Separation, and Exoglycosidase Digestion ― N-Linked glycans 

cleavage, analysis and identification were performed by Pauline Rudd’s group at the National 

Institute for Bioprocessing Research and Training (NIBRT), Dublin Ireland.  Results for S25-26 

are reported as published in Haji-Ghassemi et al., (2014).   

Electrospray Mass Spectrometry ― Mass spectrometric analysis of the N-glycans for S25-26 

(Haji-Ghassemi et al., 2014) and S40-8 was performed by David J. Harvey at University of 

Oxford, UK.  Spectral interpretation was as described in the reference by Harvey et al. (2008). 
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Chapter 4 ― Antibody recognition of lipid A: Insights to polyspecificity 
towards ssDNA 

4.1 RESULTS 

Characterization of anti-lipid A antibodies through ELISA ― NOTE that all antibody 

production, antigen production, and experiments were carried out by my collaborators Helmut 

Brade, Lore Brade and Sven Müller-Loennies of the Research Centre in Borstel, Germany.  All 

antigen synthesis was carried out by my collaborator Paul Kosma, BOKU, Vienna, Austria.  The 

quantitative conjugate ELISA for mAbs S55-3 and S55-5 against two lipid A analogues at 

concentrations of 2.5, 5, 10, and 20 pmol/well, together with those for S1-15 and A6 reported 

earlier (Brade et al., 1997a; Kuhn, 1993; Kuhn et al., 1992) are presented in Fig. 17.  All other 

binding data were obtained from personal communication with Sven Müller-Loennies. 

Figure 17: Quantitative conjugate ELISA of mAbs S1-15, A6, S55-3, and S55-5. 

Quantitative conjugate ELISA coated with graded concentrations of neoglycoconjugates corresponding to 

2.5 (blue triangle), 5 (green triangle), 10 (red square), and 20 (black circle) pmol of ligand per millilitre 

using 50 µl/well and reacted with mAbs (A) S1-15, (B) A6, (C) S55-3, and (D) S55-5 at concentrations 

indicated on the x-axis. Ligands used were bisphosphorylated (BBP) and N-acetyl BBP lipid A   

(BBPNAc) conjugated to BSA via divinyl sulfone (BBP-DVS BSA, left panel) and 4’-

monophosphorylated (B4P) lipid A conjugated to BSA (right panel), and absorbance was measured at 

405nm.  Data collected by Sven Müller-Loennies.  

 

A. 
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X-ray Diffraction Data Collection, Solution, and Refinement of A6 and S1-15 ― Data collection 

and refinement statistics for liganded and unliganded structures of the Fabs from lipid A-binding 

mAbs S1-15 (IgG2b) and A6 (IgG2b) are given in Table 15.  Lipid A analogues OS78 was used 

during crystallization trials (Fig. 18A).  Data for A6 were collected to 2.15 Å resolution from a 

crystal grown in the presence of OS78, which were consistent with orthorhombic space group 

P212121 with an Rsym of 7.2% and containing one complex per asymmetric unit.  Superb 

electron density was observed for the antigen (Fig. 18B) and for the remainder of the protein, 

with the exception of the solvent exposed residues 128 to 136 and 157-161 on the H chain 

constant domain, which is often observed to be disordered in IgG2b Fab structures (as in the case 

of S40-8) (Mol et al., 1994a; Mol et al., 1994b; Pokkuluri et al., 1994; Tormo et al., 1992).  Data 

were collected on crystals of the unliganded Fab of A6 to 2.75 Å resolution with Rsym of 0.041 

in triclinic space group P1.  The structure was solved with two molecules in the asymmetric unit, 

and exhibited relatively higher thermal motion that manifested as poor electron density in 

solvent-exposed regions, particularly residues 127 to 134 and 157 to 161 on the constant domain 

of the H chain, some of which were excluded from the final model. 

 Data for S1-15 Fab crystals grown in the presence of OS78 were collected to 1.95Å 

resolution, and fit a tetragonal unit cell in point group 422.  Systematic absences corresponding 

to space groups P41212 and P43212, with an Rsym of 0.088.  The structure was solved in space 

group P43212 by molecular replacement with one complex in the asymmetric unit.  Excellent 

electron density was observed for the antigen (Fig. 18C), and for the remainder of the protein 

with the exception of residues in the corresponding region as A6 structures.  

Data for two additional liganded S1-15 Fab structures were collected: one in complex 

with 5 stranded deoxy-thymidine (dT) oligonucleotide with both ends phosphorylated (referred 
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to as  p5(dT)p), and a 5-oligo thymidine nucleotide with no 5’ terminal phosphate (referred to as 

5(dT)p).  The data were collected to 1.84 Å and 1.79 Å resolution with Rsym of 0.067 and 

0.053, respectively (Table 15).  Both data sets were solved in the same space group and near-

identical unit cells as the structure of S1-15 in complex with lipid A analogue.  The ssDNA 

ligand with both terminal phosphates, showed density for two separate oligonucleotide 

fragments, one at each phosphate binding site of lipid A.  A dinucleotide with the 3’ terminal 

phosphate occupies the 1P lipid A recognition pocket, and on the 4P lipid A pocket, a 

trinucleotide could be confidently modeled, though the terminal 5’ thymine base was largely 

disordered.  The two oligonucleotide fragments stabilized one another through stacking 

interactions via symmetry related molecules, showing electron density corresponding to a total 

of 5 nucleotides (Fig. 18D).  In the second data set with 5(dT)p as ligand, density could only be 

observed for the 3’ phosphate group (not shown) as the rest of the oligonucleotide could not be 

modeled due to high thermal motion and poor occupancy.   

Data were collected on the unliganded form of S1-15 Fab to 2.29 Å resolution with Rsym 

of 0.063, and was solved in the monoclinic space group P21 containing two molecules in the 

asymmetric unit.  As with the liganded structures, residues 128 to 132 on the H chain were 

disordered with some residues excluded from the final model.   

X-ray Diffraction Data Collection, Solution, and Refinement of S55-3 and S55-5 ― Data 

collection and refinement statistics for liganded and unliganded structures of the Fabs from lipid 

A-specific mAbs S55-3 (IgG2b) and S55-5 (IgG1) are given in Table 16.  Lipid A analogues 

OS79 was used during crystallization trials (Fig. 18A).  The Fabs of both lipid A-specific 

antibodies were also crystallized in the unliganded form. 



97 
 

 Data were collected to 1.95 Å resolution for S55-3 Fab crystals in the presence of OS79, 

which was solved in space group C2 with an Rsym of 0.092.  The structure contained three 

molecules in the asymmetric unit.  Excellent electron density was observed for the antigen (Fig. 

18E).  Residues 199-202 on the L chain and residues 157 to 161 on the H chain constant domain 

were disordered and few of these residues were excluded from the final model.  Data were 

collected on the unliganded crystals the Fab of S55-3 to a resolution of 1.95 Å resolution and an 

Rsym of 0.061 in the monoclinic space group C2.  The S55-3 unliganded structure contained 

one complex in the asymmetric unit with excellent electron density for the entire of the Fab, 

except residues 158-160 on the heavy chain, which were excluded from the final model. 

 Data were collected to 1.94 Å from a S55-5 Fab crystal grown in the presence of OS-79 

lipid A analogue.  The data set was solved in in space group P21212 with an Rsym of 0.061.  The 

structure contained one complex in the asymmetric unit with excellent electron density observed 

for the antigen (Fig. 18F).  An unliganded data set for S55-5 Fab was solved to 2.35 Å 

resolution, with an Rsym 0.064 in the monoclinic space group P21, containing two molecules in 

the asymmetric unit.  Both liganded and unliganded S55-5 Fabs showed excellent electron 

density along the polypeptide chains, except for residues 127 to 133 on the H chain.  
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Table 15: Data collection and refinement statistics for liganded and unliganded Fab structures of mAbs A6 and S1-15. 

Crystal S1-15 OS-78 S1-15 Unlig. A6 OS-78 A6 Unlig. S1-15 T5a S1-15 T5 no 3’Pa 

PDB code: 4ODT 4ODU 4ODV 4ODW 4Z8F 4Z95 

Resolution (Å) 25.0-1.95 

(2.02-1.95) 

30.00-2.29 

(2.34-2.29) 

25.0-2.15 

(2.23-2.15) 

25.0-2.70 

(2.80-2.70) 

30.0-1.75 

(1.81-1.75) 

30.00-1.79 

(1.85-1.79) 

Space group P43212 P21 P212121 P1 P43212 P43212 

a (Å) 77.5 75.8 37.6 42.1 77.6 77.8 

b (Å) 77.5 77.6 64.3 69.2 77.6 77.8 

c (Å) 156.2 72.0 154.2 69.1 156.3 156.5 

α () 90 90 90 71.0 90.0 90 

β () 90 96.8 90 72.4 90.0 90 

γ () 90 90 90 88.3 90.0 90 

Volume Å3 9.38 × 105 4.20 × 105 3.72 × 105 1.81 × 105 940639 9.46 × 105 

Wavelength (Å) 0.979 0.979 0.979 0.979 0.979 0.979 

Mean B-factor (Å2) 40.3 31.0 48.1 53.30 38.9 38.5 

Z 1 2 1 2 1 1 

Unique reflections 35329 34731 21015 18489 46712 43755 

Redundancy  15.7 (15.8) 5.0 (5.1) 4.9 (4.5) 2.0 (2.0)  14.5 (14.5) 9.9 (10.0) 

<I/σ(I)> 34.1 (4.91) 24.4 (2.79) 16.0 (4.13) 18.2 (1.86) 36. 0 (5.95) 37.7 (3.7) 

Rsym (%) 8.8 (78.6) 6.3 (61.5) 8.5 (40.4) 4.0 (47.2) 5.90 (61.0) 5.3 (74.0) 

Completeness (%) 100.0 (100.0) 100.0 (100.0) 99.7 (99.1) 98.1 (98.3) 99.9 (100.0) 99.9 (100.0) 

Protein atoms 3375 6662 3338 6534 3375 3378 

Solvent atoms 265 300 94 16 208 208 

Ligand atoms 31 0 31 0 101 5 

Nucleic acids 0 0 0 0 5 5 

Ramachandran outliers  0  1 3  0 0 0 

Solvent content (%) 49.0 44.9 36.8 37.3 48.4 50.1 

Refinement       

  Rwork (%) 19.7 18.7 20.4 23.1 20.8 20.6 

  Rfree (%) 22.4 23.3 24.9 25.7 24.0 23.9 

  rms bond lengths (Å) 0.0091 0.010 0.011 0.011 0.0093 0.010 

  rms bond angles () 1.33 1.42 1.56 1.61 1.28 1.34 

aAntigen T5 represents the DNA oligonucleotide 5’P-TTTTT-3’P. 
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Table 16: Data collection and refinement statistics for liganded and unliganded Fab structures of mAbs S55-3 and S55-5. 

Crystal S55-3 OS-79 S55-3 Unlig. S55-5 OS-79 S55-5 Unlig. 

PDB codes: 4ODY 4ODS 4ODZ 4OE0 

Resolution (Å) 25.0-1.95 

(2.02-1.95) 

25.00-1.94 

(2.01-1.94) 

25.0-1.94 

(2.01-1.94) 

25.0-2.60 

(2.69-2.60) 

Space group C2 C2 P21212 P21 

a (Å) 338.1 135.6 56.4 53.6 

b (Å) 52.9 44.3 64.8 139.9 

c (Å) 75.4 85.4 129.8 72.1 

,β, () 90,101.0,90 90,111.6,90 90,90,90 90,110.7,90 

Volume Å3 1.32 × 106 4.77 × 105 4.74 × 105 5.05 × 105 

Wavelength (Å) 0.979 0.979 0.979 0.979 

Mean B-factor (Å2) 39.3 27.1 23.1 72.1 

Z 3 1 1 2 

Unique reflections 89318 33590 36013 29609 

Redundancy  4.1 (4.2) 3.7 (3.7) 5.7 (5.7) 3.7 (3.7)  

<I/σ(I)> 14.4 (3.04) 18.4 (2.93) 15.8 (3.93) 19.7 (2.80) 

Rsym (%) 9.2 (57.7) 6.1 (42.7) 11.1 (47.8) 6.4 (59.9) 

Completeness (%) 98.7 (98.7) 95.3 (92.2) 100.0 (99.9) 98.8 (100.0) 

Protein atoms 9802 3312 3359 6718 

Solvent atoms 484 240 395 54 

Ligand atoms 111 0 37 0 

Ramachandran outliers  7  4 2  2 

Solvent content (%) 47.0 51.0 50.3 53.4 

Refinement     

  Rwork (%) 21.4 18.7 17.5 19.0 

  Rfree (%) 24.6 23.3 22.2 25.4 

  rms bond lengths (Å) 0.010 0.010 0.010 0.011 

  rms bond angles () 1.47 1.42 1.46 1.47 
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Figure 18: Lipid A analogue structures and their observed density in combining site. 

The chemical structure of lipid A analogues OS-78 and OS-79 used for crystallization trials. 1P and 4P 

refer to the position of the phosphates on the pyranose ring. Stereo diagram 2Fo−Fc electron density map 

(blue) contoured at 1.0σ for (B) OS-78 lipid A analogue observed in the combining sites of S1-15 (C) A6 

mAbs, and (D) two single stranded DNA fragments observed in the combining site of S1-15 with 

occupancy of 1.0 (p2(dT)p, top) and 0.7 (p3(dT)p, bottom). To show the base stacking interaction, the 

trinucleotide (bottom) is bound to a symmetry related Fab.  Though the original antigen used was 

p5(dT)p, only two and three nucleotides could be modelled with confidence. (E) Stereo diagram of 

2Fo−Fc  electron density map (blue) contoured at 1.0 σ for OS-79 lipid A analogue observed in the 

combining site of S55-3 and (F) S55-5 mAbs. Density for S55-3 OS-79 ligand is only from one Fab in the 

asymetric unit for crystal structure reported in Table 2. Color scheme for stereo figures: carbon, green; 

oxygen, red; nitrogen, blue; phosphorous, yellow; water, cyan. 

 

 
 
 

 

A. B. 

C. D. 
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Germ-line gene usage and sequence comparison ― The primary sequence comparisons for the 

variable region of mAbs S1-15, A6, S55-3, and S55-5 are given in Table 17, along with their 

germ-line sequences.  IMGT germ-line database analysis revealed that the nucleotide sequences 

of mAbs S1-15 and A6 arise from closely related V- and J-genes for the VL chain.  The A6 VL 

chain was found to share 261/279 and 36/39 nucleotide identity with V-gene IGKV10-96*01 and 

J-gene IGKJ1*02 respectively.  The S1-15 VH chain was found to share 292/294 nucleotide 

identity with the V-gene IGHV10-1*02, resulting in a mutation of a Ser(H)-94 to arginine at the 

base of CDR H3 and a mutation of Glu(H)-3 to lysine.  The D and J-genes of S1-15 are identical 

in nucleotide sequence their respective germ-line genes IGHD2-1*01 and IGHJ3*01.  The A6 

VH chain V, D and J-genes belongs to IGHV5-6-2*01, IGHD2-1*01, and IGHJ4*01, 

respectively.   The V, D and J nucleotide sequences of A6 share 280/288, 40/42, and 43/50 in 

nucleotide identity with their respective germ-line genes.  Overall, there are 16 amino acid 

mutations from the germ-line gene in A6, 6 of which lie in the CDRs; whereas there were only 5 

amino acid mutations away from the germ-line in S1-15 with only one in the combining site. 

Nucleotide sequences of mAbs S55-3 and S55-5 arise from identical variable genes on 

both VL and VH chain.  The S55-3 VL chain was found to share 288/291 and 32/36 nucleotide 

E. F. 
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identity with the V-gene IGKV3-5*01 and J-gene IgKJ1*01, respectively.  S55-5 showed 

identical nucleotide identity to the V-gene as S55-3 and shared 31/36 nucleotide identity with the 

respective J-gene on the VL chain.   The V, D, and J-genes of S55-3 and S55-5 belong to 

IGHV5-6*01, IGHD2-2*01, and IGHJ4*01 respectively.  Mutations from the germline S55-3 

resulted in 15 amino acid mutations of which 8 are in the CDRs; whereas S55-5 contains 13 

mutations, 7 of which are in the CDRs. 
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Table 17: Amino acid sequences of the V-regions for mAbs S1-15, A6, S55-3, and S55-5. 

The sequence of S1-15 originates from the putative germline (GL) 1 sequence. A6 clone belong to the 

putative GL-2 sequence though the L chain germ-line genes of A6 is related to that of S1-15. Monoclonal 

antibodies S55-3 and S55-5 both belong to GL-3 displayed below its sequence. Numbering is based on 

the Kabat scheme. Mutations from germ-line are shown in bold. 

Clone Variable Light Chain (VL)  
          10         20     26 ABCD    32       40        49      56 
S1-15 DIQMTQSTSS LSASLGDRVT ISCRAS Q----DISNY LNWYQQKP DGTVKVLIY YTSRLRS 
GL-1 DIQMTQTTSS LSASLGDRVT ISCRAS Q----DISNY LNWYQQKP DGTVKLLIY YTSRLHS 
A6 DIVLTQSTSS LSASLGDRVT ITCRAS Q----DIRNY LSWYQQRP DGTVKLLIY YTSKLHS 
S55-3 DIVLTQSPAS LAVSLGQRAT IFCRAS ETVDSYGNSF MHWYQQKP GQPPKLLIY RASNLES 
S55-5 DIVLTQSPAS LAVSLGQRAT ISCRAS ESVDNYGNSF MHWYQQKP GQPPKLLIY RASNLES 
GL-3 DIVLTQSPAS LAVSLGQRAT ISCRAS ESVDSYGNSF MHWYQQKP GQPPKLLIY RASNLES 
                                       <--CDR L1-->                  <-CDR L2-> 
    60         70         80      87        AB   98        107 
S1-15 GVPS RFSGSGSGTD YSLTISNLEQ EDIATYF CQQGNTLP-- WTF GGGTKLEIK 
GL-1 GVPS RFSGSGSGTD YSLTISNLEQ EDIATYF CQQGNTLP-- WTF GGGTKLEIK 
A6 GVPS RFSGSGSGTD YSLTITNLEQ EDIATYF CQQGKTLPL- YTF GGGTKLEIK 
S55-3 GIPA RFSGSGSRTD FTLTINPVEA DDVATYY CQQSNEDP-- RTF GGGTKLEIK 
S55-5 GIPV RFSGSGSRTD FTLTINPVEA DDVATYY CQQSNEDP-- RTF GGGTKLEIK 
GL-3 GIPA RFSGSGSRTD FTLTINPVEA DDVATYY CQQSNEDP-- RTF GGGTKLEIK 
                                             <---CDR L3--->                   

Clone Variable Heavy Chain (VH)  

          10         20    25         35    40        49   ABC         62 
S1-15 EVKLVESGGG LVQPKGSLKL SCAAS GFTFNTYAMN WVRQA PGKGLEWVA RIRSKSNNYATYYADS 
GL-1 EVQLVESGGG LVQPKGSLKL SCAAS GFTFNTYAMN WVRQA PGKGLEWVA RIRSKSNNYATYYADS 
A6 EVKLVESGGG LVKLGGSLKL SCAAS GFTFSSYYMS WVRQT PEKRLELVA AINS--NGGNTYYPDT 
GL-2 DVKLVESGGG LVKLGGSLKL SCAAS GFTFSSYYMS WVRQT PEKRLELVA AINS--NGGSTYYPDT 
S55-3 EVQLVESGGD LVKPGGSLKL SCAGS GITFSGYGMS WVRQT PDKSLEWVA LISN--GGSYAYYSDS 
S55-5 EVKLVESGGD LVKPGGSLKL SCAAS GFSFSSHGMS WVRQT PDKRLEWVA LISR--GGSYTYYSDS 
GL-3 EVQLVESGGD LVKPGGSLKL SCAAS GFTFSSYGMS WVRQT PDKRLEWVA TISS--GGSYTYYPDS 
                             <-CDR H1->                 <----CDR H2----> 
        70         80  ABC         92        ABCDEFGH  101         112 
S1-15 VKDRFTIS RDDSQSMLYL QMNNLKTEDTAMYYC VRHRGAPLYYGNGAWF--A YWGQGTLVTVS 
GL-1 VKDRFTIS RDDSQSMLYL QMNNLKTEDTAMYYC VSHRGAPLYYGNGAWF--A YWGQGTLVTVS 
A6 VKGLFTIS RDNAKNTLYL QMSRLKSEDTALYYC TRLYGNYVRIHTM-----D YWGQGTSVTVS 
GL-2 VKGRFTIS RDNAKNTLYL QMSSLKSEDTALYYC ARLYGNYVRIHAM-----D YWGQGTSVTVS 
S55-3 VKGRFTIS RDNAKNTLYL QMSSLRSDDTAIYYC ARHKGLRGGTNAM-----D YWGQGTSVTVS 
S55-5 VKGRFTIS RDNAKNTLYL QMSGLRSEDTAIYYC TRHKGLRRGTNAM-----D YWGQGTSVTVS 
GL-3 VKGRFTIS RDNAKNTLYL QMSSLKSEDTAMYYC ARHKGLRRGTNAM-----D YWGQGTSVTVS 
                                              <------CDR H3------>                   
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A6-lipid A contacts ― There are 10 direct hydrogen bonds to the lipid A disaccharide backbone 

analogue OS-78 and 2 bridging water interactions from 1 water molecule (Fig. 19A).  There are 

two salt bridge interactions; a bidentate salt bridge between 1P and Arg(H)-100A and a 

bifurcated salt bridge between 1P and Arg(L)-30.  An additional contact is formed with the 1P 

through Tyr(L)-32.  Tyr(L)-32 also shares a hydrogen bond with the ring oxygen of the first 

glucosamine.  The 4P forms two hydrogen bonds with Tyr(H)-96 and Tyr(L)-49 hydroxyl 

groups and a relatively weak (3.13 Å) salt bridge with Lys(L)-53 residue.  The final two 

hydrogen bonds stem from the terminal glucosamine ring oxygen and C6 hydroxyl to Asn(H)-98 

and His(H)-100C, respectively.  Tyr(L)-50 forms multiple hydrophobic contacts (not shown) 

with the hydrophobic face of the terminal glucosamine (GlcN4P), and an additional hydrophobic 

contact (3.45 Å) to the C6 of the first glucosamine residue (Fig. 19A), dashed lines).  

S1-15-lipid A contacts ― There are 8 direct hydrogen bond contacts to the lipid A disaccharide 

analogue antigen OS-78 and 6 bridging water interactions from 4 water molecules (Fig. 19B). 

Like mAb A6, there are two salt bridge interactions: a bidentate salt bridge between 4-phosphate 

(4P) and Arg(H)-52 and salt bridge between 4P and Arg(H)-96.  There are also two additional 

weak electrostatic interactions: one between 4P and ArgH50 and another between 1P and 

Arg(H)-64 at a distance of 4.09 Å and 3.92Å respectively.  The backbone amide of Ala(H)-33 

and the backbone oxygen of Arg(H)-96 both participate in hydrogen bonds with the C6 hydroxyl 

of the -glucosamine (GlcN4P).  A second backbone amide of Ala(H)-98 forms a hydrogen 

bond to the ring oxygen on the -glucosamine.  The 1P group forms two hydrogen bonds with 

Tyr(H)-32 and Tyr(H)-100B side chains.  Finally, there is a hydrophobic interaction (~3.7 Å) 

between Tyr(L)-32 phenyl ring and the C6 methyl group on the -glucosamine (Fig. 19B, 

dashed lines).  
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S55-3 and S55-5 contacts with OS-79 ― The nearly identical combining sites of mAbs S55-3 

and S55-5 allow their results to be presented jointly.  The structure of S55-3 shows a total of 10 

hydrogen bonds and 3 bridging interactions involving 3 water molecules (Fig. 19C); whereas 

S55-5 shows 9 hydrogen bonds and 4 bridging interactions through 3 water molecules (Fig. 

19D).  Both antibodies form two charged interactions to the 4P on the second GlcNAc (N-

acetylglucosamine); a bidentate salt bridge formed with Arg(L)-96, and salt bridge with His(H)-

95 residue.  Both antibodies form two hydrogen bonds with the 4P via backbone amide and 

primary amine group of Asn(H)-100C.  Gly(H)-100A forms a hydrogen bond through its 

carbonyl backbone to the C3 hydroxyl of the terminal GlcNAc4P of S55-3 liganded structure; 

however, this interaction is too distant in S55-5 structure (3.43 Å).  4 hydrogen bonds are 

formed between 1P of the first GlcNAc and CDR H2 residues of S55-3 and S55-5.  These 

include backbone amide and hydroxyl group of Ser(H)-55, backbone amide groups of Gly(H)-

53, and a final hydrogen bond Ser(H)-52 side-chain.  Both S55-3 and S55-5 form a hydrophobic 

contact (3.63 Å and 3.57 Å respectively) between Cβ of Tyr(H)-56 and the C6 of the GlcNAc1P 

residue (Fig. 19C, D, dashed lines). 

Comparison to DNA-specific antibodies ― The nucleotide sequences for the variable region of 

numerous DNA-specific antibodies have been determined (Ibrahim et al., 1995; Krishnan et al., 

1996; Shlomchik et al., 1990; Tillman et al., 1992), many of which belong to 5 subgroups of the 

J558 family: VH238 (IGHV5-9-03 or 01*)1, 133.16VH (IGHV1-82-01*), VH31 (IGHV1S19-

01*), 6G6VH (IGHV7-3-04*), and pH3-6a (IGVH9-1-02*).  Various antibodies utilizing these 

genes have been reported to be involved in polyspecificity to p-azophenylarsenate (Rathbun et 

al., 1988), cardiolipin (Ibrahim et al., 1995), and other autoantigens (Monestier et al., 1987).  A6 

                                                           
1 The gene designations shown with parentheses are based on the IMGT/V-quest database (Monod et al. 2004 and 

Brochet et al. 2008) and are used throughout this paper. The ‘*’ denotes the allele group. 
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and S1-15 mAbs are closely related to several characterized anti-DNA mAbs.  One of the closest 

examples include an antibody isolated from hybridoma cell line 73.23 (Ibrahim et al., 1995) with 

96/108 VL chain amino acid sequence identity with both A6 and S1-15.  Consequently, mAb 

73.23 share all but two residues of the light chain CDRs.  S1-15 shares VH genes with an 

ssDNA-specific autoantibody, BV04-01 (Herron et al., 1991) with 92% amino acid sequence 

identity (sharing all residues on CDRs H1 and H2), though they do not share VL chain genes and 

VH D and J genes and nor does the V-gene of the heavy chain match any of the 5 known anti-

DNA V-gene subtypes.   

MAbs S55-3 and S55-5 share VL gene with two ssDNA-specific antibodies, a IgM 

antibody 452p.18 (Krishnan et al., 1996) and an antibody isolated from autoimmune mice, 

named after its hybridoma cell line 17p.73 (Tillman et al., 1992), with 101/111 and 102/111 

amino acids identity to S55-3 respectively.  Nucleotide and amino acid BLAST search with the 

VH chain sequences did not reveal any closely related DNA-specific antibodies.  

 S1-15 recognition of ssDNA ― The crystal structure of S1-15 Fab in complex with p5(dT)p 

(5’P-TTTTT-3’P) showed two different oligonucleotide fragments bound at each phosphate 

binding site, with a total of 14 hydrogen bonds between ssDNA ligands and residues of the 

combining site.  These include 5 salt bridges to the terminal phosphates, and 12 hydrogen bonds 

mediated by 8 water molecules (Fig. 19E).  There are three salt bridges to the 5’P, formed via 

Arg(H)-50, Arg(H)-52, and Arg(H)-96.  The two latter residues form a bidentate salt bridge.  

There are also two additional electrostatic interactions to the 3’ terminal phosphate: a bidentate 

salt bridge from Arg(H)-94 and salt bridge from Arg(L)-55.  Tyr(H)-100B, and Tyr(H)-102 

resides are involved in the hydrogen bonding to the terminal 3’ phosphate.  There are only 2 

hydrogen bonds formed between thymidine bases of the ssDNA fragments and antibody 
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combining site, both from Thr(H)-28 to the thymidine on the 3’ terminal end.  One hydrogen 

bond is also formed between the ring oxygen of the deoxyribose moiety on the 5’ terminal end 

and Asn(H)-53.  Finally, there are several hydrophobic interactions between Pro(H)-99 ring 

carbons and the 5’ terminal thymidine base (not shown).  

Crystallization of S1-15 with a ssDNA oligomer lacking the 5’ terminal phosphate (5’-

TTTTT-3’P) resulted in the occupancy of only one phosphate binding site.  Density could only 

be observed for the terminal 3’P (Fig. 19F), with many of the same residues forming contacts to 

the 3’phosphate as with the p5(dT)p complexed structure.  Interestingly, the 3’P occupies 

slightly different space, resulting in the loss of hydrogen bond to Tyr(H)-102 and the formation 

of a hydrogen bond to Tyr(H)-32, rather than the water bridge observed in the p5(dT)p structure 

(Fig. 19E).    
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Figure 19: Antibody-antigen contacts for mAbs A6, S1-15, S55-3, and S55-5. 

Stereo view of A6 (A), S1-15 (B), S55-3 (C), and S55-5 (D) in complex with lipid A analogues OS78 (A, 

B) and OS79 (C, D), showing hydrogen bonds (pink dashed spheres) and water (cyan) bridges between 

the antigen and S1-15.  CDR loops of the light and heavy chain are colored white and grey respectively. 

Strong hydrophobic contacts are shown in dashed lines (black). C6 hydroxyl group of second 

glucosamine is the attachment point to inner core residues normally found on LPS.  (E) Stereo diagram of 

S1-15 Fab in complex with two p5(dT)p and (F) 5(dT)p ssDNA fragments. Density (blue) contoured at 

1σ. Color scheme used: carbon of antigen, green; oxygen, red; nitrogen, blue; phosphorous, yellow; 

water, cyan. 
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Least square superposition of liganded and unliganded Fv structures ― Least square alignments 

of the -carbon backbones of the VL chains of the corresponding liganded and unliganded Fv 

structures of S1-15, A6, S55-3, and S55-5, are presented in Fig. 20.  The alignment does not 

include the Fv structure of S1-15 in complex with oligonucleotides, since there are no significant 

conformational differences compared to the structure in complex with lipid A.  The alignment 

between the liganded and unliganded S1-15 Fv structures show rmsd of 0.12 Å and 0.31 Å with 

respect to VL and VH for the entire Fv, including a maximum of 2.55 Å and 1.63 Å and a 

minimum of 0.02 Å and 0.06 Å.  The only conformational change between the liganded and 

unliganded occurred for Ser(L)-7, which is responsible for the ~2.55 Å shift (Fig. 20A).  Mean 

rmsd of 0.16 Å and 0.52 Å, a maximum of 1.07 Å and 10.7 Å, and a minimum of 0.03 Å and 

0.12 Å for the VL and VH was calculated from the Fv alignment of A6.  The three Fv molecules 

of A6 showed a large conformational change around LysH64 on framework region 3 (FR3), 

resulting in 10.7 Å rmsd observed.  A significant conformational change was also observed 

between liganded and the two unliganded A6 Fab molecules on CDR H3 with a rmsd of 5.02 Å 

(Fig. 20B).  The alignment of S55-3 Fv structures (using only one of the three molecules for 

liganded structure) resulted in a mean rmsd of 0.17 Å and 0.67 Å, a maximum of 1.41 Å and 

9.70 Å, and a minimum of 0.03 Å and 0.01 Å for the VL and VH respectively.  The large rmsd 

observed for the VH chain belongs to the terminal Glu(H)-1 residue.  A modest rmsd of 4.42 Å 

was also observed for Lys(H)-43 residue on FR2 (Fig. 20C).  The alignment of S55-5 Fv 

structures (Fig 20D) showed a mean rmsd of 0.12 Å and 0.42 Å, a maximum of 1.02 Å and 1.42 

Å, and a minimum of 0.01 Å and 0.05 Å with respect to the VL and VH chains. 
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Figure 20: Fv alignments between bound and unbound structures of S1-15, A6, S55-3, and 

S55-5. 

Stereo view of Fv alignments between liganded and unliganded structures of S1-15 (A), (B) A6, (C) S55-

3, and (D) S55-5. Alignments were carried out using the alpha carbon trace of the liganded VL as the 

reference structure for each antibody.  Displacement of CDR L1 and H3 is highlighted. Dark blue: 

liganded VL chain. Cyan: unliganded VL chains. Orange: unliganded VH chains. Red: liganded VH chain.  
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4.2 DISCUSSION 

Steric hindrance prevents anti-lipid A mAbs from binding intact LPS ― The liganded structures 

for mAbs A6, S1-15, S55-3, and S55-5 demonstrate the structural basis for the failure of these 

antibodies to recognize native LPS (Brade et al., 1997a; El Samalouti et al., 1997), which is the 

steric hindrance surrounding the C6 hydroxyl of the second glucosamine residue that forms the 

attachment point of inner core.  Further, S1-15 and A6 mAbs possess a pocket specific to the 

OH-6 (Fig. 19A, B), forming a specific hydrogen bond to this hydroxyl, leading to the observed 

loss of binding to lipid A upon the formation of the OH-6 methyl glycoside (Brade et al., 

1997a).  In contrast, S55-3 and S55-5 do not form a direct interaction with the C6 hydroxyl 

group; however these antibodies are unlikely to accommodate lipid A attached to the inner core 

LPS residues due to insufficient space in the binding site.   

S1-15, A6, S55-3, and S55-5 lipid A recognition strategy ― The binding mechanism of 

antibodies is often described as ‘lock and key’ or ‘induced fit’ based on the degree of dislocation 

of the CDRs when comparing bound and unbound states of the antibody (Blackler et al., 2012; 

Blackler et al., 2011; Brooks et al., 2008; Nguyen et al., 2003; Rini et al., 1992; Schulzegahmen 

D. 
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et al., 1993; Wilson and Stanfield, 1994).  Comparison between the unliganded and liganded 

structure of S1-15 showed that ‘lock and key’ type, with its associated minimum entropic penalty 

upon binding (Fig. 20A).  However, mAb A6, displayed a significant degree of induced fit, 

particularly in the framework region 3 (FR3) of the VH where a maximum rmsd of 10.7 Å was 

observed (Fig. 20B).  There were also a modest displacement in the FR3 for the VH chain of 

S55-3 (rmsd of 4.42 Å) between the liganded and unliganded structure (Fig. 20C); however, no 

significant induced fit was observed for S55-5 in the same region (Fig. 20D), which is surprising 

considering their high sequence similarity.   

An antibody combining site can form a pocket or groove, or a combination of both 

depending on the nature of antigen recognition.  Antibodies specific for proteins and larger 

structures often utilize grooves, while antibodies specific for oligosaccharides and haptens often 

utilize pockets.  As expected, each of the lipid A-specific antibodies uses a pocket with high 

structural and charge complementarity to lipid A (Fig. 21).  Carbohydrate-specific antibodies are 

usually observed to bind antigen along the VL/VH interface, which explains the difficulty that 

has been reported in attempts to use phage display technique to isolate single domain antibodies 

(i.e. composed solely of a heavy or light chain variable domain) specific for carbohydrates larger 

than a monosaccharide (Deng et al., 1994; Vranken et al., 2002).  Interestingly, the lipid A-

specific antibody S1-15 Fab recognizes lipid A with no involvement of the light chain (Fig. 19B 

and 21A).  While antibodies have been observed to bind monosaccharides in pockets formed 

exclusively by heavy CDRs (Kaminski et al., 1999), this is the only structural example to date of 

an antibody using a heavy-chain binding pocket to bind a carbohydrate moiety larger than a 

monosaccharide. 
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Figure 21: Stereo images of the electrostatic surface potentials for Fv structures of anti-

lipid A antibodies in complex with lipid A analogues. 

Stereo diagram of (A) S1-15, (B) A6, (C) S55-3 highlighting relative surface charge potentials and CDR 

loops. Blue regions represent relatively positive surface charge, while red represents negative surface 

charge. White represents neutral.   

 

 

 

A. 

B. 

C. 



116 
 

Comparison between S1-15, A6, S55-3, and S55-5 – While there are similarities, the combining 

sites utilize strikingly different mechanisms to recognize lipid A backbone.  In contrast to S1-15, 

mAbs A6, S55-3, and S55-5 binds to the lipid A antigen with both VL and VH chain residues.  

Of the four anti-lipid A antibodies, S1-15 is the only mAb which retained binding to 4P-

monophosphorlyated lipid A (lacking 1P group) (Fig. 17A).  Structure of S1-15 in complex with 

lipid A, explains this behaviour as most of the contacts are directed towards the 4P of the second 

glucosamine (Fig. 19B).  A6 forms multiple contacts through both VL and VH chain residues to 

both phosphate groups of the glucosamine disaccharide, with the majority of these contacts 

directed towards the 1P (Fig. 19A); thus, there is a significant loss of avidity in binding the 4P-

monophosphorylated lipid A (Fig. 17B).  Both S55-3 and S55-5 form a pocket with contacts 

dominated from the heavy chain residues (Fig 19C, D).  Of the light chain residues only an 

Arg(L)-96 forms a contact with OS79 lipid A analogue.  One feature common to all 4 antibodies 

is a hydrophobic contact between the C6 carbon of the first glucosamine (Fig 19, dashed lines) 

and Tyr residues (L)-32 (S1-15), (L)-50 (A6), and (H)-56 (S55-3 and S55-5). 

From the conjugate ELISA we could determine the relative binding strength to the 

bisphosphorylated lipid A backbone which can be listed as follows: A6>S55-3>S55-5>S1-15 

(Fig. 17).  The trend is consistent with the number of contacts and salt bridges formed between 

these antibodies and lipid A.  A6 and S55-3 both form 10 hydrogen bonds; however, A6 forms 3 

charged interactions whereas S55-3 only forms 2.  Though S55-3 and S55-5 utilize 

corresponding residues to contact the antigen, the Gly(H)-100A backbone oxygen in S55-5 does 

not form a hydrogen bond with C3 hydroxyl of the second glucosamine as it does in S55-3.  This 

is probably due to the mutation of the neighbouring residue from a Gly(H)-100 to an Arg(H)-

100, restricting the flexibility required of the backbone in order to form contact between the C3 
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hydroxyl of the second glucosamine and Gly(H)-100A carbonyl group.  Most of hydrogen bonds 

between S55-3/S55-5 and lipid A, are directed towards the 1P group of lipid A, explaining the 

loss of binding upon its removal as observed from ELISA (Fig. 19C, D).  Finally, the lowest 

avidity (64 fold lower than A6 at 2 pmol/well of antigen) observed is for S1-15 owing to fewer 

(8) contacts including two salt bridges, formed between lipid A and residues of S1-15.  

Sequence comparison to anti-oligonucleotide antibodies and the basis for polyspecificity ― The 

structure of A6 and S1-15 in complex with lipid A carbohydrate backbone revealed distances of 

11.9 Å and 12.1 Å  between the 1’ and 4’ phosphates respectively, which approximate the 

distance (11.1 Å) observed in the trinucleotide in complex with antibody BV04-01 Fab.  

Similarities in sequence had pointed toward potential polyspecificity of A6 and S1-15 toward 

ssDNA, as antibodies produced by immunization with lipid A carbohydrate backbone often share 

V-genes with DNA-specific antibodies.  For example, the antibody belonging to the hybridoma 

cell line 73.23 possess a VL gene related to A6 mAb, which not only binds ssDNA but dsDNA as 

well with lower avidity (Ibrahim et al., 1995).  Of the residues contacting lipid A for mAb A6, 

only Arg(L)-30 differs from anti-DNA antibody 73.23 (replaced by Ser(L)-30).  Though the V-

gene region of the heavy chain is not involved in recognition of lipid A in the structure of A6, the 

regions corresponding to the D- and J-genes of CDR H3 play a crucial role.  DNA-specific 

antibodies have been shown to have CDR H3 loops dominated by arginine and tyrosine residues 

(Shlomchik et al., 1990), which is a feature shared with the CRD H3 of A6 (Table 17). 

Structural basis for S1-15 ssDNA polyspecificity ― Crystals were observed growing in number 

of different conditions, and several structures determined where the oligonucleotide was highly 

disordered (data not shown).  After considerable optimization over a large range of different 

conditions and a structure with interpretable density for the nucleotides was obtained for S1-15 
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in complex with 5-dT oligonucleotide.  Unexpectedly, the combining site was not spanned by a 

single oligonucleotide, but bound two separate oligonucleotides by their terminal 5’ and 3’ 

phosphate groups.  This arrangement was stabilized by base stacking between symmetry-related 

oligonucleotides (Fig. 18D, 22A, B).  The phosphate binding pocket on S1-15 that recognizes 1P 

of lipid A binds the terminal 3’ phosphate, while the 4P lipid A pocket binds the 5’ phosphate 

(Fig. 19E).  Interestingly, with the structures refined to yield similar temperature factors for both 

oligonucleotide molecules, the 3’ site exhibits higher occupancy (1.0) than the 5’ (0.7) terminal 

phosphate binding site despite the fact that there are more interactions with the 5’P.  This 

appears to be due to two reasons.  First there are two base-specific hydrogen bonds out of the 

total 14, both occurring at the 3’ terminal end.  Second, the symmetry-related 3’ thymidine bases 

forms stacking interactions.  Further, in the S1-15 Fab structure in complex with the 5(dT)p 

(lacking 5’P) density is only observable for the 3’ terminal phosphate with the residual 

oligonucleotides being disordered (Fig. 19F).  This suggests that the 5’P binding site plays a 

crucial role in stabilizing the second oligonucleotide fragment via stacking interactions on the 

3’P binding site.   

Finally, density for the deoxyribose moiety and thymidine base on the 5’ end were poor 

in the p5(dT)p liganded structure due to high thermal motion, and therefore the hydrogen bond 

between the ring oxygen of the deoxyribose and Asn(H)-53 cannot be assigned with confidence. 

Structural comparison to single stranded nucleotide-specific antibodies ― Published anti-

ssDNA antibody structures show the backbone phosphates are usually (4 out of 6 structures) 

oriented away from the combining site, with the CDRs interacting directly through stacking 

interactions with the hydrophobic bases (observed in all ssDNA-antibody complex structures).   
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Autoantibody BV04-01 also recognizes the phosphate groups as seen in its complex with 

the trinucleotide p5(dT) (lacking the 3’P), with the central thymidine forming stacking 

interactions with a tyrosine and a tryptophan residue on either side of the thymidine (Herron et 

al., 1991).  Interestingly, the 5’P binding site of BV04-01 contains many interactions that 

corresponds to the 5’P (and the 4’P lipid A, Fig. 24C) binding site of S1-15 structure, marking 

its importance for dual recognition of ssDNA and lipid A.  This is not surprising since the 

residues that form this pocket (namely CDRs H1 and H2) are conserved between the two 

antibodies.    

However, there are considerable differences between the two antibodies.  The D and J 

genes of S1-15 produce a long (17 amino acids) CDR H3, sharing only three amino acid residues 

with the CDR H3 of BV04-01 mAb (11 residues).  Of the three phosphates of the trinucleotide 

bound to BV04-01, only one phosphate formed a salt bridge to the Fab, contrasting the 

phosphate dependent binding of S1-15.  Similarly the RNA-specific antibody Jel 103 Fab 

structure in complex with RNA nucleotide (PDB: 1MRF), display base stacking interaction with 

a Tyr residue and two salt bridges to the phosphate moiety from Lys and Arg residues 

respectively (Pokkuluri et al., 1994).   

It is remarkable that S1-15 and A6 bind ssDNA at all, as both have undergone affinity 

maturation towards the lipid A carbohydrate antigen, and the corresponding germ-line antibodies 

could exhibit binding modes to ssDNA different to those observed here.  Crucially, the higher 

avidity of deca-valent IgM would play an important role in establishing polyspecificity towards 

single stranded nucleic acids.  Binding assays conducted by Sven Müller-Loennies and myself 

have shown significant binding to various ssDNA fragments for both antibodies (see appendix p. 

161), and additional crystallization studies with these antigens are ongoing.  
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Figure 22: Mechanism of ssDNA recognition for S1-15 and comparison with BV04-01. 

(A) Surface diagram showing S1-15 Fv and symmetry related Fv molecule in complex with p5(dT)p 

(green) fragments (C). The VL and VH domains are colored blue and pink respectively. (B) Stereo images 

of the electrostatic surface potentials for S1-15 Fv in complex with p5(dT)p ssDNA fragments. (C) Alpha 

carbon alignment between of BV04-01 Fv (blue) and S1-15 Fv (white) in complex with a trinucleotide 

(magenta) and lipid A (green) respectively (E). The lipid A 4’P binding pocket of S1-15 is closely related 

to the 5’P binding site of BV04-01. The alpha carbon trace of the CDRs are highlighted each antibody. 
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4.3 CONCLUSIONS 

Conclusions ― The structures of mAbs S1-15, A6, S55-3, and S55-5 offer a structural 

explanation of their inability to bind intact LPS, and provide an explanation for their binding 

behaviour towards lipid A.  The anti-lipid A antibodies have separate germ-line origins that 

generate three markedly different combining-site pockets that are complementary both in shape 

and charge to the antigen.  MAbs A6, S55-3, and S55-5 binds lipid A through both variable light 

and the heavy chain residues, while S1-15 utilizes exclusively the variable heavy chain.  Both 

antibodies bind lipid A such that the GlcN-O6 attachment point for the core oligosaccharide is 

buried in the combining site, which explains the lack of LPS recognition. 

The ability of antibodies to undergo somatic hypermutation implies that germ-line 

antibodies in general must display a significant degree of cross-reactivity or polyspecificity to 

increase the number of antigens recognized.  While there has been significant progress towards 

structural characterization of antibody cross-reactivity, there is a dearth of structures 

demonstrating the polyspecific nature of antibodies.  S1-15 in complex with ssDNA show 

significant binding to terminal nucleotides and shorter ssDNA oligo-nucleotides via positively 

charged surface complementary to the terminal phosphates.  Structural insights into the 

molecular basis for polyspecificity against ssDNA is of clinical interest and may provide crucial 

clues into how these antibodies arise as implicated in autoimmune diseases such as lupus, thyroid 

disease, and rheumatic diseases. 
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4.4 METHODS 

Mice Immunization and mAb Isolation ― NOTE that all antibody production, antigen 

production, and ELISA experiments were carried out by my collaborators Helmut Brade, Lore 

Brade and Sven Müller-Loennies of the Research Centre in Borstel, Germany. All antigen 

synthesis was carried out by my collaborator Paul Kosma, BOKU, Vienna, Austria.  Monoclonal 

antibodies S1-15 (IgG2b) and A6 (IgG2b) were immunized and isolated as previously described 

(Appelmelk et al., 1988; Kuhn et al., 1992).  Briefly, mAb S1-15 was obtained from BALB/c 

mice immunized with liposomes imbedded with 4-monophosphoryl lipid A, and subsequently 

isolated from hybridoma cells.  This lipid A structure was obtained from hydrochloride (HCl) 

treated E. coli Re mutant F515 bacteria.  A6 mAb was isolated from ascites grown in BALB/c 

mice immunized with E. coli J5 cells.  Monoclonal antibodies S55-3 (IgG2b) and S55-5 (IgG1) 

were isolated from ascites grown in BALB/c mice immunized with GlcN4P(1→6)GlcN1P-BSA 

glycoconjugate (unpublished, personal communication with Helmut and Lore Brade).  

Determination of avidities ― Relative avidities of mAbs discussed in this thesis: S1-15, A6 S55-

3, and S55-5 were determined by Sven Müller-Loennies using ELISA method with lipid A 

analogues, GlcN4P(1→6)GlcN1P (BBP) and GlcN4P(1→6)GlcN (B4P).  

Germ-line gene usage analysis ― The nucleotide sequences of the variable regions were 

analyzed with the IMGT/V-quest and junctional analysis web applications (Brochet et al., 2008; 

Monod et al., 2004) to determine the murine germ-line gene segments from which the lipid A-

specific antibodies were derived. 

Fab preparation and crystallization of S1-15 and A6 mAbs ― Fab fragments for mAbs S1-15 

and A6 were prepared by digestion of the intact immunoglobulin with papain (Sigma).  IgG was 
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dialyzed into 25 mM HEPES (Sigma-Aldrich), pH 7.5, diluted to a concentration of 1.0-0.8 

mg/mL, 2 mM EDTA (Sigma) and 5-6 mM DTT (Sigma).  The digestion reaction was carried 

out at room temperature using a papain:IgG ratio of 1:200 molar equivalents for 2-3 hrs.  The 

reaction was quenched by the addition of 10 mM iodoacetamide (Sigma) and dialyzed overnight 

into 25 mM HEPES buffer, pH 7.4.  Fab fragment was purified by cation-exchange 

chromatography on a Shodex CM-825 column (Phenomenex) using a linear gradient of 0.0 to 0.5 

M NaCl in 20 mM HEPES, pH 7.4.  Purified Fab was concentrated to 10-12 mg/mL stock and 

stored at 4.0ºC.  

The Fabs of A6 and S1-15 mAbs were mixed with 3 mM lipid A backbone bisphosphate: 

GlcN4P(1→6)GlcN1P designated OS78 (Brade and Brade, 1985) for liganded crystallization 

screening.  Several crystals (0.25 x 0.35 x 0.30 mm3) was obtained for S1-15 in presence of 

OS78 antigen after 2 months in a 16ºC room from hanging drop set up in PEG II suite crystal 

screen (Qiagen), under condition 13 (0.1 M NaCl, 0.1 M bicine, pH 9.0, and 30% [w/v] PEG 550 

methyl ether) using a 1:1 reservoir-to-protein ratio.  Approximately cubic crystals (0.1 x 0.15 x 

0.15 mm3) of A6 were grown initially in a hanging drop at 16ºC room from in presence of OS78 

using Index crystal screen (Hampton Research) under condition 44 (0.1 M HEPES pH 7.5 and 

25% [w/v] PEG 3350) in 1:1 reservoir-to-protein ratio.  Larger crystals (0.4 x 0.4 x 0.2 mm3) 

were obtained using a 1:1.5 reservoir-to-protein ratio. 

Fresh papain digests of intact S1-15 and A6 were used by applying the protocol as above, 

for crystallization screening of unliganded Fabs and S1-15 Fab in the presence of 

oligonucleotides.  Conditions were set using an Art Robbins Gryphon Xtallization Robot, with 

each 96 well sitting drop plate incubated in a 16ºC room.  S1-15 unliganded crystals (0.4 x 0.3 x 

0.25 mm3) were grown under condition 21 (25% [w/v] PEG 2000 MME) of the PEG II suite 



124 
 

screen.  Initial crystals of variable sizes for unliganded A6 Fab were grown under condition 16 

(0.1 M Tris-HCl pH 8.5 and 30% [w/v] PEG 1000) of PEG II suite crystal screen, and 

subsequently optimized (for diffraction quality) using 35% (w/v) PEG 1000 under hanging drop 

setup.  S1-15 Fab (12 mg/mL) was mixed with the deoxy-thymidine oligonucleotides of 

sequence: 5’P-TTTTT-3’P (both ends phosphorylated) referred to as p5(dT)p and 5’-TTTTT-3’P 

(lacking the 5’ phosphate) referred to as 5(dT)p, in a 1:2 molar ratio.  Crystals in presence of 

p5(dT)p oligonucleotides were initially obtained after few days using sitting drop method under 

condition 55 (0.05 M MgCl2, 0.1 M HEPES pH 7.5, 30% [v/v] PEG 550 MME) of the index 

screen (Hampton Research).  Larger crystals (0.35 x 0.3 x 0.3 mm3) were obtained via the 

hanging drop method and using 1:2-1:3 reservoir-to-protein ratios.  A large crystal (0.7 x 0.4 x 

0.4 mm3) was obtained in presence of 5(dT)p antigen, after a few days under condition 22 (0.1 M 

TRIS-HCL pH 8.5, 25% [v/v] PEG 550 MME) of the PEG suite crystal screen using sitting drop 

method. 

Fab preparation and crystallization of S55-3 and S55-5 mAbs ― Fab fragments of each antibody 

were prepared by digestion of the intact immunoglobulin with papain (Sigma).  IgG was dialyzed 

into 25 mM HEPES (Sigma), pH 7.5, diluted to a concentration of 1.0-0.8 mg/mL, 2 mM EDTA 

(Sigma-Aldrich) and 5-6 mM DTT (Sigma-Aldrich).  The digestion reaction was carried out at 

room temperature using a papain-to-IgG ratio of 1:200 (in mg) for 2-3 hrs.  The reaction was 

quenched by the addition of 10 mM iodoacetamide (Sigma) and dialyzed overnight into 25 mM 

HEPES buffer, pH 7.4.  Fab fragment was purified by cation-exchange chromatography on a 

Shodex CM-825 column (Phenomenex) using a linear gradient of 0.0 to 0.5 M NaCl in 20 mM 

HEPES, pH 7.4.  Purified Fab was concentrated to 10-12 mg/mL stock and stored at 4.0ºC; 
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except for S55-5 Fab which was concentrated to 7 mg/mL since precipitate was observed at 

higher concentrations.   

 The Fabs of S55-3 and S55-5 mAbs were mixed with 4 mM lipid A backbone 

bisphosphate: GlcNAcP(1→6)GlcNAc1P designated OS79 (Brade and Brade, 1985) for 

liganded crystallization screening.  Sitting drops were set up in 16ºC room with 96 well plates 

using Gryphon Xtallization Robot (Art Robbins Instruments).  Both antibodies formed crystals 

of variable sizes under JCSG+ crystal screen (Qiagen) condition 26 (1.0 M LiCl, 0.1 M citric 

acid pH 4.0, and 20% [w/v] PEG 6000).  Larger plate crystals (0.5 x 0.2 x 0.35 mm3) of S55-5 

were grown using a pH of 5.0 instead of the initial 4.0, using hanging drop method.  

 Fresh papain digests of intact mAbs S55-3 and S55-5 using same protocol as above was 

used for crystallization screening of unliganded Fabs.  Conditions were set using the Gryphon 

Xtallization Robot, and each 96 well sitting drop plate were incubated in a 16ºC room.  

Unliganded crystals for S55-3 Fab initially were grown under various conditions using the low 

ionic strength screen (Hampton Research) using lower protein concentration (diluted to 8 mg/mL 

from 12 mg/mL with 20mM HEPES pH 7.4).  Optimized crystals (0.5 x 0.5 x 0.6 mm3) were 

grown in hanging drop setup using 0.05 M glycine pH 9.5, 4% (w/v) PEG 3350 in the drop with 

ratios of 2 : 1: 2.5 for protein : buffer : precipitant respectively, and 24% (w/v) PEG 3350 as the 

reservoir.  Unliganded crystals for S55-5 Fab (7 mg/mL) were obtained under condition 78 (15% 

[w/v] PEG 6000 and 5% [w/v] glycerol) of PEG II suite crystal screen.  

Data collection, molecular replacement, and structure refinement ― Crystallization conditions 

for S1-15 liganded and unliganded, as well as A6 unliganded structures already contained levels 

of cryoprotectant suitable to form a glass upon freezing.  Liganded A6, S55-3, S55-5 and 

unliganded S55-3 crystals were carefully dehydrated in a 16ºC room until concentration of 
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cryoprotectant (PEG 3350, PEG 6000) reached appropriate levels.  The crystals obtained for 

unliganded S55-5 were transferred to drops containing 15% (w/v) PEG 6000 and 10% (w/v) 

glycerol following a short (30s) dehydration step prior flash freeze.  All crystals were flash 

frozen to -160ºC using an Oxford Cryostream 700 crystal cooler (Oxford Cryosystems).  X-ray 

diffraction data sets were collected at the Canadian Macromolecular Crystallography Facility on 

beamline 08ID-1 (CMCF-ID) of the Canadian Light Source (Saskatoon, SK, Canada) at 0.979 Å 

wavelength, with a Marmosaic CCD300 detector and processed using HKL2000. 

The first data set solved among the anti-lipid A antibodies, was for unliganded S55-3 

structure, which was solved by molecular replacement using Phaser (McCoy et al., 2007) with 

the variable fragment (Fv) from mouse mAb 1121B (PDB 3S35) and constant domains from 

mAb BV04-01 IgG2b (PDB 1NBV) as search models.  Subsequently the S1-15 structure in 

complex with lipid A was solved by molecular replacement with the constant domain and Fv 

fragments of unliganded Fab S55-3 as search models.  The liganded structure of S1-15 was used 

subsequently as a search model for the unliganded S1-15 dataset and the ssDNA liganded 

datasets.  The A6 liganded structure was also solved using the Fv and constant domains of S1-15 

liganded structure as search models.  The liganded Fv and constant domains of A6 Fab were 

used as search models for the unliganded A6 structure. 

Liganded structure of S55-3 was recently solved using the unliganded Fab structure as a 

search model.  The liganded S55-5 Fab structure was solved using the constant domains of mAb 

S25-26 (IgG1) (PDB 4M93) and unliganded Fv structure of S55-3 as the search models, and later 

the unliganded S55-5 Fab structure was solved using the liganded structure as a search model.   

Manual fitting of σ-A-weighted Fo−Fc and 2Fo−Fc electron density maps was carried 

out with Coot (Emsley and Cowtan, 2004).  Restrained refinement and translation, libration and 
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screw (TLS) refinement was carried out using REFMAC5 (Murshudov et al., 1997; Winn et al., 

2003).  All stereo figures and rmsd calculations presented in this paper were made using 

SetoRibbon (available upon request from SVE).  Electrostatic surface potential figures were 

made using Chimera molecular visualization software (Pettersen et al., 2004).  Marvin v5.7.0, 

from ChemAxon (http://www.chemaxon.com) was used for drawing chemical structures. 

http://www.chemaxon.com/
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Chapter 5 ― Significance and Future Work 

The acquired immune system must be capable of responding to myriad potential antigens using a 

finite number of germ-line genes.  Generation of such incredible diversity is largely achieved 

through genetic recombination of germ-line genes.  Greater reliance on the primary germ-line 

gene repertoire in the recognition of carbohydrate antigens requires that germ-line antibodies be 

capable of recognizing a broad range of common epitopes through polyspecific/cross-reactive 

responses to newly encountered pathogens.  These structural investigations into the mechanism 

for germ-line antibody recognition of carbohydrate antigens utilizing chlamydial-specific and 

anti-lipid A antibodies in complex with different ligands yield crucial insights into the 

fundamental nature and molecular basis of specificity and polyspecificity exhibited by natural 

antibodies.  These traits are exemplified by the Chlamydiaceae-specific S25-23-type antibodies 

and the polyspecific lipid A-binding antibodies A6 and S1-15.  However, some questions remain 

unanswered. 

The former group’s remarkable specificity is achieved through multiple hydrogen bonds 

with all three Kdo residues, where the combining site forms a positively charged pocket for the 

two distal Kdo carboxyl groups (Kdo I and Kdo III), in a linkage length dependent manner.  The 

relatively charged surfaces of S25-23 type antibodies forms strong interactions with the Kdo 

carboxyl groups, which in turn yields the high affinities observed in ITC and SPR measurements. 

Aside from the strength of binding the S25-23 type antibodies show other unusual traits.  The 

heavy chain dependent recognition of PSBP ligand for S40-8 Fab would likely result in fewer 

steric clashes with the lipid A acyl chains, thus this antibody would serve as an excellent 

diagnostic for detection of Chlamydiaceae LPS.  It is also the only antibody described in the 

literature which is capable of binding inner core LPS and the lipid A.  
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Additionally, all S25-23-type antibodies possess VH chain N-glycan with a high degree of 

terminal α(1→3)Gal epitopes, known to induce a potent allergic response.  Preliminary results 

have also indicated that the VH N-glycans may modulate binding events in solution, a feature 

that has often been ignored in structural studies of glycoproteins.  To understand the function of 

N-glycans in these antibodies, efforts are being made to obtain fully deglycosylated Fab for 

binding and structural characterization against the Chlamydiaceae epitope. 

Longstanding reports of polyspecificity of anti-lipid A antibodies towards single stranded 

DNA combined with observed homology of S1-15 and A6 with several single stranded DNA-

specific mAbs prompted the determination of the structure of S1-15 in complex with ssDNA 

fragments.  S1-15 complexes with ssDNA and lipid A represent the clearest structural example 

antibody polyspecificity.  It is clear from the structure of anti-lipid A antibody S1-15 that the 

basis for polyspecificity to ssDNA is mediated by the terminal phosphates, and that other 

phophodiester linkages (such as those found on cardiolipin) may also be recognized with lower 

affinity.  Hence avidity play a more pivotal role for polyspecificity of germ-line antibodies, but 

may also warrant unintended side effects.  The link between auto-reactive B cells and bacterial 

infection was first demonstrated by Ten Feizi and Elizabeth Monger (Feizi and Monger, 1967), 

and bacterial DNA, lipids, and carbohydrates may also be involved in progression of other 

autoimmune diseases such as systemic lupus erythematosus  (Milner et al., 2005).   

Given the importance of specific germ-line genes in dual recognition of lipid A and 

DNA, one would ideally wish to explore structures of these antibodies in complex with lipid A 

and ssDNA.  These include antibodies H4C5 (IgM) and 216 (IgM), which possess a V-gene 

(VH4-21) implicated in dual recognition of lipid A and ssDNA among other antigens (Bhat et al., 

1993; Miller et al., 1996; Pascual et al., 1992; Spellerberg et al., 1995).  However such 
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undertaking would require recombinant expression of their variable genes (as a scFv for 

example), as antibodies belonging to the IgM class are difficult for structural determination.    

Though these studies may provide clues into the genesis of autoimmune diseases, the 

ranges of polyspecific binding by S1-15 and A6 require further elucidation.  In cooperation with 

our collaborators in Germany and Austria, attempts are underway to determine what other 

antigens (e.g. different nucleotides, double stranded DNA, RNA, Cardiolipin, and ssDNA loops) 

these antibodies are capable of binding.   

In summary, research presented here advances our understanding of the molecular 

mechanisms involved in carbohydrate recognition by the germ-line immune system, which may 

provide a broad reaching impact into understanding and development of antibody diagnostics 

and therapeutic treatments.  
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Appendix 

5.1 PERMISSIONS 

Some of the material in this thesis has been published previously: 

"This research was originally published in Journal of Biological Chemistry. Haji-Ghassemi O, 

Muller-Loennies S, Saldova R, Muniyappa M, Brade L, Rudd PM, Harvey DJ, Kosma P, Brade 

H, Evans SV. Groove-type Recognition of Chlamydiaceae-specific Lipopolysaccharide Antigen 

by a Family of Antibodies Possessing an Unusual Variable Heavy Chain N-Linked Glycan. J 

Biol Chem. 2014; 289: 16644-16661. © the American Society for Biochemistry and Molecular 

Biology."  

Copyright Permission Policy: http://www.jbc.org/site/misc/Copyright_Permission.xhtml 

These guidelines apply to the reuse of articles, figures, charts and photos in the Journal of 

Biological Chemistry, Molecular & Cellular Proteomics and the Journal of Lipid Research.  

For authors reusing their own material:  

Authors need NOT contact the journal to obtain rights to reuse their own material. They are 

automatically granted permission to do the following:  

 Reuse the article in print collections of their own writing.  
 Present a work orally in its entirety.  
 Use an article in a thesis and/or dissertation.  
 Reproduce an article for use in the author's courses. (If the author is employed by an academic 

institution, that institution also may reproduce the article for teaching purposes.)  
 Reuse a figure, photo and/or table in future commercial and noncommercial works.  
 Post a copy of the paper in PDF that you submitted via BenchPress.  
 Link to the journal site containing the final edited PDFs created by the publisher.  

EXCEPTION: If authors select the Author’s Choice publishing option:  

Please note that authors must include the following citation when using material that appeared in 

an ASBMB journal:  

"This research was originally published in Journal Name. Author(s). Title. Journal Name. Year; 

Vol:pp-pp. © the American Society for Biochemistry and Molecular Biology." 
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5.2 S1-15 AND A6 PRELIMINARY ELISA RESULTS 

Preliminary ELISA binding study of S1-15 and A6 with two oligonucleotide fragments, p5(dT)p 

and p10(dT)p (5 μg/ml in each well).  Assay was run in duplication with the curves obtained 

from the average of the duplicate.  2% Tween-BSA buffer was used as the washing solution and 

4% BSA was used as the blocking solution.  The blocking solution alone was used as a negative 

control.  Positive controls (lipid A conjugated to BSA) were not available at the time of this 

study.  Oligonucleotides were immobilized to the polystyrene wells using DNA coating solution 

using 1:1 volume ratio (Life Technologies Inc., Burlington Canada). Secondary antibody used 

was anti-mouse goat antibody (1:10000 dilution) conjugated to horseradish peroxidase (Life 

Technologies Inc.).  Substrate used was o-phenylenediamine dihydrochloride and plate 

absorbance was read at 492 nm.  

 

 


