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Lipopolysaccharide (LPS), one of the main components of Gram-negative 

bacterial cell walls, is a potent endotoxin. Structures of the unique protective monoclonal 

antibody (mAb) WN1 222-5 in complex with Escherichia coli R2 and R4 LPS core 

regions show that recognition occurs in a manner similar to the innate immune receptor 

Toll-like receptor 4 (TLR4). Inner core LPS is shown to exist in a conserved epitope with 

multiple intramolecular interactions that allows the conserved epitope to bind strongly to 

mAb WN1 222-5. The structure of mAb FDP4, directed against truncated E. coli J-5 

LPS, shows a deep pocket combining site specific for a terminal epitope that does not 

allow room for wild type (wt) LPS.  Research into these anti-LPS binding mAbs opens up 

new avenues for potential septic shock therapy. 

The explosion of new techniques and bright x-ray sources in the 80’s and 90’s led 

to rapid advancement of protein x-ray crystallography; however, structure determination 



 iv 

on some of the most important problems is now stalled due to the general inability to 

grow crystals of sufficient size.  Recent advances in electron microscopy (EM) 

technology has led to improved beam characteristics, which has allowed the initiation of 

research to develop EM as a viable alternative to x-ray crystallography.  In this research, 

method development using standard equipment to explore potential avenues for analysing 

three-dimensional protein crystals via EM has been explored. 
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Chapter 1: Introduction 

 

1.1 Lipopolysaccharide 

Lipopolysaccharide (LPS; see list of abbreviations) is one of the major 

components of the Gram-negative bacterial outer membrane (Figure 1) and is associated 

with Gram-negative bacteria whether or not the organisms are pathogenic.  Only a few 

Gram-negative bacteria do not possess LPS (Keck et al., 2011).  Bacterial LPS is 

typically composed of three sections:  a hydrophobic lipidated (1-6)linked glucosamine 

(GlcN) disaccharide backbone known as lipid A that anchors the LPS to the membrane, a 

hydrophilic non-repeating core oligosaccharide (core-OS), and a repeating O-antigen that 

defines the bacterial serotype.   
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Figure 1: Representation of LPS from E. coli  

See key and list of abbreviations for sugar residue designations. 
 

1.1.1 The core region 

The core LPS domain connects lipid A to the O-antigen. It is commonly 

subdivided into the highly conserved inner core, and the less conserved outer core. For 

example in the Enterobacteriaceae family, there may be genetic and structural variations 

in the outer core region throughout; however, chemical composition of the inner core 

remains largely unchanged (Müller-Loennies et al., 2007).  Therefore all members of the 

Enterobacteriaceae family have very similar, although not identical, inner core regions 
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(Raetz and Whitfield, 2002). The Kdo (3-deoxy-D-manno-oct-2-ulosonic acid) containing 

inner core is modified with heptulose (Hep) monosaccharides, the most common of 

which is L-glycero-D-manno-heptose (Holst and Müller-Loennies, 2007) (Figure 2).   

 

 

 

 

 

 

Figure 2: Monosaccharides present in inner core region of LPS of Enterobacteriaceae  

Kdo (3-deoxy-D-manno-oct-2-ulosonic-acid) L,D-Hep (L-glycero-D-manno-heptose) and D,D-Hep 
(D-glycero-D-manno-heptose) (Müller-Loennies et al., 2007). 

In Enterobacteriaceae, the highly conserved inner core typically contains between 

1 and 4 molecules of Kdo attached to the lipid A backbone, plus two or more Hep 

monosaccharides.  The less conserved outer core contains more common hexoses, 

including glucose (Glc), galactose (Gal), and N-acetylglucosamine (GlcNAc) and is 

structurally more diverse than the inner core.  

The LPS of E. coli has five known core types, R1, R2, R3, R4 and K-12 (Figure 

3). There does exist microheterogeneity of the inner core from non-stoichiometric 

substitutions of the basic inner core structure including the addition of negatively charged 

groups such as phosphate (PO4), ethanolamine derivatives (PEtn), and glycose residues 

(Kdo, rhamnose, galactose, glucosamine, N-acetylglucosamine, heptose, Ko). Although 

the genetics and biosynthesis of these substitutions is beginning to be elucidated, the 

biological roles for most of these substitutions are still unknown and are likely due to 

phase variation in an attempt to resist host immune defence.  Some modification of 
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heptose residues with negatively charged molecules (such as phosphate in E. coli and 

Salmonella and galacturonic acid in Klebsiella pneumoniae) has been shown to be 

involved in maintaining membrane stability (Frirdich and Whitfield, 2005).    

 

Figure 3: E. coli core types showing all known substitutions of the core region 

From: (Müller-Loennies et al., 2007) 

Other Enterobacteriaceae such as Salmonella also have the same inner core 

structure with only minor differences in the outer core (Figure 4). 
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Figure 4: Salmonella enterica LPS, basic core structures  

The Kdo-Hep inner core shares the same chemical structure as that of E. coli. Modified from 
(Müller-Loennies et al., 2003). 

1.1.2 Lipid A 

Lipid A is the hydrophobic membrane anchor of lipopolysaccharide (Figure 5).  It 

is composed of a β-glucosamine-4-phosphate-(1→6)-glucosamine-1-phosphate backbone 

with attached fatty acid esters. The acyl chain lengths and numbers of acyl groups varies 

among bacterial species but are relatively conserved within a species. In E. coli there are 

typically six acyl chains. It makes up the outer monolayer of the outer membranes of 

most Gram-negative bacteria (Rietschel et al., 1994; Raetz and Whitfield, 2002).  
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Figure 5: The basic structure of E. coli lipid A  

Lipid A is shown in blue. In E. coli, the hydroxy fatty acids are C14 in chain length (modified from 
the AOCS lipid library).  

1.1.3 The O-antigen 

The O-antigen, the outer region of LPS, is composed of 4 to 100 repeating 

oligosaccharide units of two to eight monosaccharide residues that are both species and 

strain specific (Stenutz et al., 2006; Kalynych et al., 2011). The O-antigen is the primary 

structural constituent of LPS that differentiates different bacteria, where distinctive O-

antigen structures are used to identify and assign bacterial serotypes to E. coli, S. 

enterica, and Vibrio cholera, usually through recognition by specific antibodies. In E. 

coli alone there are over 180 reported serotypes (Stenutz et al., 2006). The O-antigenic 

diversity is a major strategy used by the organism to evade immune surveillance, 

allowing bacterial persistence within a host (Duerr et al., 2009). 

Loss of the O-antigen by mutation results in the strain becoming a “rough” 

(colony morphology) or R strain (Figure 6).   
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Figure 6: Representation of forms of LPS from E. coli  

Left, wild-type (wt), with multiple units of the O-antigen repeat. Second from left, semi-rough 
LPS (SR type), with only one O-antigen unit. Third from left, rough LPS (R strain), with the 
complete O-antigen missing from the molecule. Right, LPS from the mutant E. coli J-5 strain, 
which contains a defective UDP-galactose-4-epimerase preventing the addition of galactose into 
the LPS producing an LPS molecule with no O-antigen and only a partial outer core. 
 

1.1.4 Function of LPS 

There are approximately 10
6
 LPS molecules on the surface of an E. coli cell 

(Galloway and Raetz, 1990). LPS acts as a protective permeability barrier, with divalent 

cations providing a bridge between negatively-charged residues in the inner core 

oligosaccharide of adjacent LPS. This helps protect against attacks from serum 

components such as bile salts and lysozyme, and against chemicals such as lipophilic 



 

 

8 

antibiotics. Only low molecular mass (approx. 700 Daltons) hydrophilic molecules can 

penetrate this membrane.  

 Its final known function is to act as an adhesin, used in colonization of the host.  

For example, LPS of Campylobacter jejuni binds to epithelial cells of the intestine in 

order to allow the bacteria to colonize the intestinal tract (McSweegan and Walker, 

1986).   

1.1.5 Structures of LPS 

Although there now exist published structures of the LPS O-antigen (Vulliez-Le 

Normand et al., 2008) and lipid A (Smit et al., 2008), it wasn’t until relatively recently 

when the ferrichrome receptor (FhuA)-LPS (Ferguson et al., 2001) and Toll-like receptor 

4 (TLR4)-myelin differentiation factor-2 (MD-2)-LPS structures (Park et al., 2009) were 

published that the conformation of the inner core LPS structure was defined. These 

structures are of relatively low resolution (2.9 Å and 3.1 Å respectively) but still provide 

a general overview of the shape of the inner core LPS. However, more structures of 

higher resolution would be useful to fully elucidate the conformation of this important 

structure and to help us understand how it may be used in development of therapeutics. 

1.1.6 Recognition of LPS by the innate immune system 

Many Gram-negative bacteria, including pathogens, synthesize lipid A species 

resembling the one found in E. coli (Rietschel et al., 1996; Raetz and Whitfield, 2002). 

The conserved architecture of most types of lipid A molecules is detected at picomolar 

levels by an ancient receptor of the innate immune system present on macrophages and 

endothelial cells of animals (Aderem and Ulevitch, 2000; Ozinsky et al., 2000). The 

recently characterised TLR4 (Poltorak et al., 1998; Hoshino et al., 1999; Park et al., 



 

 

9 

2009) is a membrane spanning protein that is distantly related to the interleukin-1 

receptor (IL1-R) (Aderem and Ulevitch, 2000; Medzhitov and Janeway, 2000).  

LPS is initially recognized via lipopolysaccharide binding protein (LBP), which is 

present in blood plasma (Miyake, 2007).  LBP binds regions of the LPS termed ‘pathogen 

associated molecular patterns’ (PAMPs) and transfers LPS to a receptor known as 

‘dendritic cells cluster of differentiation 14’ (CD14) which is displayed on tissue 

macrophages, peripheral monocytes, or neutrophils (Alexander and Rietschel, 2001) and 

acts as a co-receptor with TLR4.  PAMP’s are defined as essential polysaccharides and 

polynucleotides that differ little from one pathogen to another but are not found in the 

host. It is thought that the innate immune response relies on structural recognition of 

these patterns, as opposed to other forms of chemical recognition. 

After transfer of LPS from CD14 the shock cascade is initiated by the formation 

of a complex by TLR4, myeloid differentiating factor 2 (MD-2), and LPS (Park et al., 

2009).  The complex MD-2-TLR4-LPS structure, which was recently described in a 

landmark paper, revealed that LPS binding to TLR4 induced the formation of a 

symmetric ‘m’-shaped multimer composed of two copies each of TLR4, MD-2 and LPS 

(Kim et al., 2007; Park et al., 2009) (Figure 7). LPS bridges TLR4 and MD-2, with the 

lipid A moiety interacting with a large hydrophobic pocket in MD-2.  Five of the six lipid 

chains of E. coli LPS are buried deep inside the pocket and the remaining chain is 

exposed to the surface of MD-2, forming a hydrophobic interaction with the conserved 

amino acid residues of TLR4. 

http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/P/P.html#polysaccharide
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Figure 7: TLR4 – MD-2 – LPS complex 

Left: The lipid A portion of LPS binds to a hydrophobic pocket in MD-2 to form the trimeric 
complex, Right: Close-up of the inner core LPS and lipid A used in the structure, showing the 6 
acyl chains buried in the conserved pocket of MD-2. Data from: (Park et al., 2009).  

1.1.7 The inflammatory response results in the cytokine storm 

Lipid A (Figure 5), also known as endotoxin, is an extremely efficient activator of 

the innate immune system and is the principal component of the toxic effects associated 

with LPS. The dimerization of TLR4 and MD-2 caused by lipid A binding results in 

Nuclear-factor β (NF-β) activation, leading to an acute immunological defense 

reaction known as the “cytokine storm,” or acute-phase response, caused by the 

activation of a complex network of immunological mediators (Figure 8).  The cytokine 

storm includes the release of cytokines such as Tumour Necrosis Factor-α (TNF-α), 

Interferon-γ (INF-γ), Interleukin-1 (IL-1), Interleukin-6 (IL-6), Interleukin-8 (IL-8), 

Interleukin-12 (IL-12) and Interleukin-23 (IL-23) as well as prostaglandins and platelet 

activating factors (Müller-Loennies et al., 2007; Buttenschoen et al., 2010; Turvey and 

Broide, 2010).  IL-1, IL-6, and TNF-α, are three of the more well-studied and common 

inflammatory mediators of this immune response (Loppnow et al., 1994). 
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Figure 8: The inflammatory response  

The Myeloid Differentiation Primary-Response Protein 88 (MyD88) - dependent and - 
independent pathways induce pro-inflammatory cytokines when Toll-like receptor 4 (TLR4) is 
activated through lipopolysaccharide (LPS) recognition. Recent studies have implicated a 
crosstalk mechanism between the two pathways. However, the exact location and nature of this 
interaction is poorly understood. Adapted from: (Selvarajoo, 2013). 
 

1.1.7.1 Tumour necrosis factor-α (TNF-α) 

Many investigative studies have shown that TNF-α (also known as cachectin) is 

the prime mediator of the inflammatory response.  Human TNF-α alone has been shown 

to be able to initiate the complex chain of events that leads to the inflammatory cascade. 

It is a potent pyrogen, causing fever by direct action or by stimulation of IL-1 secretion 

and, under certain conditions, it can stimulate cell proliferation and induce cell 



 

 

12 

differentiation (Spooner et al., 1992).  TNF-α has been shown to induce flu-like 

symptoms of chills, headaches, myalgia, and nausea (Michie et al., 1988).   

1.1.7.2 Interleukin-1 

IL-1 is a strong pro-inflammatory cytokine which activates signalling through the 

adaptor proteins MyD88 and interleukin-1 receptor activated protein kinase 4 (IRAK4) 

(Dinarello, 2011).  It is involved in the stimulation of various cells including T cells, acts 

to initiate inflammation, and induces the hypothalamus to increase body temperature (an 

endogenous pyrogen).  IL-1 also causes increased pain sensitivity (hyperalgesia), 

vasodilation and hypotension. 

IL-1 is produced predominantly by macrophages, monocytes, fibroblasts and 

dendritic cells; however, it is also expressed by other cells such as B lymphocytes, 

Natural Killer (NK) cells, and epithelial cells (Dinarello, 2010). In healthy individuals, 

the cytokine is important in allowing transmigration (diapedesis) of immunocompetent 

cells to sites of infection.  

1.1.7.3 Interleukin-6 

IL-6 is one of the most important mediators of fever, due to its ability to cross the 

blood-brain barrier and influence the hypothalamus, and also of the acute phase response.  

IL-6 is responsible for stimulating acute phase protein synthesis, as well as the production 

of neutrophils in the bone marrow.  It supports the growth of B cells and is antagonistic to 

regulatory T cells (Banks et al., 1994).  
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1.1.8 Down-regulation of the inflammatory response 

In most healthy individuals, certain physiological mechanisms are in place to 

reduce amplification of the cytokine storm.  This includes mannose binding lectin 

(MBL), which aids in clearance of LPS through the liver by IgM; bactericidal 

permeability increasing protein (BPI), which prevents LPS transfer to CD14 promoting 

monocyte and neutrophil uptake; and the high density lipoproteins (HDL), which have a 

neutralizing action on LPS (Manocha et al., 2002; Buttenschoen et al., 2010).  These 

down-regulation mechanisms are thought to be overwhelmed in individuals that develop 

septic shock. 

1.2 Septic shock 

1.2.1 Septic shock is the result of the uncontrolled cytokine storm  

The cytokine storm is induced by the recognition of LPS by the innate immune system 

through TLR4. The response of these cytokines often exceeds the body’s natural ability 

to down-regulate, and can lead to multisystem organ failure and even death.  The clinical 

and economic burden imposed by sepsis is huge.  An estimated 15 - 19 million cases 

occur worldwide per year (2012).  It afflicts approximately 750,000 people in the US 

annually and has a mortality rate of approximately 50% (Li et al., 2011).  Infection with 

E. coli together with Klebsiella, Neisseria and Pseudomonas are the most frequent 

isolates in septic shock (Munford, 2006).   

Septic shock was first described in 1892 by Richard F.J. Pfeiffer and is 

characterized by the systemic inflammatory response brought on by bacterial infection, or 

rarely, parasitic, viral or fungal infection (Vincent and Abraham, 2006).  It predominantly 

affects those with a weakened immune system such as the very old or the very young.  
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Other risk factors include having a disease or problem that weakens the immune system 

such as AIDS, diabetes, long-term steroid use, long-term use of antibiotics, leukaemia, 

lymphoma, recent surgery and recent infection.  Although overall mortality rates have 

decreased over the past 20 years, the number of deaths due to sepsis has continued to rise 

1.8 times from 2000 to 2007.  This is attributed predominantly to the aging population 

and medical improvements in the ability to sustain immune-compromised individuals for 

longer periods of time in hospital, thereby increasing their chances of developing sepsis 

(Horn et al., 2000; Opal, 2010; Kumar et al., 2011). 

Symptoms of septic shock include either fever (>38°C) or hypothermia (<36°C), 

tachycardia (heart rate >90 beats/minute), tachypnea (>20 breaths/minute) and a white 

blood cell count of either >12,000/mm
3
 or <4,000/mm

3
 (Dellinger et al., 2006; Morrell et 

al., 2009; Nduka and Parrillo, 2009).  Sepsis may progress to severe sepsis in which 

organ dysfunction, hypoperfusion and hypotension set in.  If these three prior mentioned 

symptoms persist and are unaffected by intravenous fluid therapy, the patient is said to be 

in septic shock (Levy, 2003; Dellinger et al., 2004). 

1.2.2 Current treatment for septic shock 

Although it was recognized more than a century ago, there is currently no 

effective treatment for septic shock and controlling or preventing the cytokine storm has 

proved generally ineffective. Disease control currently involves management of the 

physiological symptoms.  First, if appropriate, patients are infused with a broad-spectrum 

antibiotic to try and rid the body of the systemic bacterial infection. Second, the patient’s 

circulatory system is stabilized in an intensive care setting to try to combat the massive 

hypotension. 
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So far attempts to control the clinical development of sepsis have failed, including 

the recent withdrawal of recombinant activated protein C (Xigris®), which although has 

anti-inflammatory effects, it also has strong anti-coagulation effects which are inhibitory 

to sepsis treatment (Marti-Carvajal et al., 2012).  A promising antagonistic lipid 

candidate called Eritoran® (E5564, EISAI Co., Ltd.) (Tidswell et al., 2010) also recently 

failed in clinical trials, and alternative treatments are urgently needed.   

1.2.3 Potential treatments for septic shock 

Despite the current lack of therapy for sepsis, there are still many potential 

avenues currently being researched to treat it and its symptoms.  Potential therapeutics 

can be divided into three categories according to their mechanism of action: i) agents that 

block bacterial products and inflammatory mediators; ii) modulators of immune function, 

such as hydrocortisone stress replacement, which reduces inflammation; and iii) 

immunostimulation, through administration of immunoglobulin preparations enriched 

with Immunoglobulin M (IgM), to try and boost the immune response (Kotsaki and 

Giamarellos-Bourboulis, 2012).   

Current research in the first category, agents that block bacterial products and 

inflammatory mediators, is focussed on down-regulation of the cytokines IL-1, IL-6, and 

TNF-α.  However, the discovery of TLR4 as the principal receptor for endotoxins 

(Poltorak et al., 1998) has also stimulated the development of drugs aiming at its down-

regulation (Wittebole et al., 2010) through interference of the LPS-TLR4-MD-2 complex 

formation (Kim et al., 2007; Leon et al., 2008; Ianaro et al., 2009; Tidswell and LaRosa, 

2011), which would prevent the pro-inflammatory mediators from being produced.  



 

 

16 

One option is to block the TLR4-MD2 complex from forming, by using anti-LPS 

binding protein (anti-LBP) proteins, which during in vivo trials during the 1990’s showed 

potential (Gallay et al., 1994). However, these efforts have since proved fruitless 

probably due to their potential to increase inflammation, since LBP itself has an 

inflammatory effect (Van Amersfoort et al., 2003).  The most viable option thus far is the 

use of antibodies that bind to LPS. 

1.3 LPS binding antibodies: A search for a cure 

1.3.1 General structure of Immunoglobulin G (IgG) 

IgGs are approximately Y-shaped molecules consisting of two identical light 

chains and two identical heavy chains which are divided into the fragment antigen 

binding region (Fab: fragment antigen binding) and constant region (Fc: fragment 

crystallisable) (Figure 9).  The Fab is further divided into a variable (Fv) and constant 

region.  The variable region contains the complementarity determining regions (CDRs), 

which are the hyper-variable portions of an antibody and responsible for antigen binding.  

There are three CDRs per chain: CDR H1-H3 on the heavy chain, and CDR L1-L3 on the 

light chain. Each Fab portion and the Fc portion of an IgG is composed of two lots of the 

protein domain known as the Ig fold.  Each fold comprises two sets of 7 to 9 anti-parallel 

β – strands with Greek key topology, arranged into a two layer β – sandwich.  

The amino acid sequence of an Ig is generally numbered according to the Kabat 

system, a system developed by Elvin A. Kabat in the 1970’s based on the position of the 

variable regions from alignment of the available antibody sequences at the time.  In the 

light chain, three regions, at positions 24–34, 50–56 and 89–97, were identified and 

proposed to form the CDRs of light chains.  Antibody heavy chain amino acid sequences 
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were aligned independently and the locations of their CDRs (31–35B, 50–65 and 95–102) 

are different from those of the light chains. CDR L1 starts right after the first invariant 

Cys 23 of light chains. CDR H1 is eight residues away from the first invariant Cys 22 of 

heavy chains. As more antibodies were generated and discovered, the nomenclature was 

developed to allow for insertions in the CDR regions and so certain amino acids are now 

named alphabetically as well as numerically. For example in the light chain longer gaps 

were introduced between positions 27 and 28 (27A, 27B etc.) and between 95 and 96 

(95A, 95B etc.). Similar additions were made to the heavy chain (Johnson and Wu, 

2000).   

 

Figure 9: Antibody structure and V(D)J recombination  

Within the variable (Fv) region of the Fab, complementarity determining regions (CDR) 1 and 
CDR2 are derived from the variable (V) gene segments, and CDR3 includes some of V, all of 
diversity (D, heavy chains only) and joining (J) gene segments. The light chain is derived from VJ 
genes (no D region).  
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1.3.2 V(D)J recombination 

Unique immunoglobulin (Ig) variable regions are generated by a process called 

somatic recombination, which is also known as V(D)J recombination. The variable 

region of each immunoglobulin heavy or light chain is encoded in several pieces, known 

as gene segments:  the variable (V), diversity (D) and joining (J) segments (Nemazee, 

2006). For the heavy chain, V, D and J gene segments are used, whereas only V and J 

gene segments are used for light chains. Multiple copies of the V, D and J gene segments 

exist, tandemly arranged in the genome. In the bone marrow, each developing B cell will 

assemble an Ig variable region by randomly selecting and combining one V, one D and 

one J gene segment (or one V and one J gene segment in the light chain). As there are 

multiple copies of each type of gene segment and different combinations of gene 

segments can be used to generate each immunoglobulin variable region, this process 

generates a huge number of antibodies, each with different paratopes and therefore 

different antigen binding specificities.  

1.3.2.1 Heavy chain  

Each heavy chain is derived from a V, D, J, and C region in a sequence of steps; 

1) A D and J sequence are spliced, 2) A V segment is spliced to the DJ segment, 3) All 

intervening V’s and J’s are deleted when the random V and J are joined (Figure 9). 

Primary transcript (unspliced RNA) is generated containing the VDJ region of the heavy 

chain and both the constant mu and delta chains (Cμ and Cδ) (i.e. the primary transcript 

contains the segments: V-D-J-Cμ-Cδ). The primary RNA is processed to add a 

polyadenylated (poly-A) tail after the Cμ chain, generating a mRNA product consisting of 

a leader, V, D, J, C, poly-A. The sequence between the VDJ segment and the Cμ gene 
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segment is also removed at this point. Translation of this mRNA leads to the production 

of the Ig μ heavy chain protein.  There are five types (isotypes or classes) of mammalian 

Ig heavy chain denoted by: α, δ, ε, γ, and μ,
 
which stand for IgA, IgD, IgE, IgG, and IgM 

antibodies, respectively. 

1.3.2.2 Light chain 

Each light chain begins with the V and J sequences being combined, with a few 

thousand base pairs separating the J and the C regions. This is then transcribed into a 

primary transcript, polyadenylated, and the intervening sequence is spliced out. This 

generates the mRNA product consisting of: Leader, V, J, C, poly-A. Translation of this 

mRNA leads to the production of either a kappa (κ) or lambda (λ) light chain protein 

(Figure 7).  

Assembly of the Ig μ heavy chain and one of the light chains results in the 

formation of the membrane bound form of the immunoglobulin (IgM) that is expressed 

on the surface of an immature B cell. Assembly of the Ig δ heavy chain and one of the 

light chains results in the formation of the membrane bound form of the immunoglobulin 

(IgD) that is co-expressed with IgM on the surface of an immature B cell. These are 

always the first two antibody types expressed on a B cell.  

1.3.2.3 Production of IgGs 

V(D)J recombination occurs in naïve B cells. IgM (and IgD) is expressed on the 

surface of B cells from a very early developmental stage in the bone marrow.  After 

activation by antigen (i.e. LPS or one of its components, or another antigen) by binding to 

membrane-bound IgM (also known as the B cell receptor), these B cells can differentiate 

into plasma cells and proliferate.  Ig class switching (or isotype switching) changes a B 
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cell's production of antibody from one class to another, for example, from isotype IgM to 

isotype IgG.  During this process the constant region of the antibody heavy chain is 

changed but the variable region of the heavy chain stays the same, thereby generating 

antibodies of identical specificity but different effector function. An IgG is formed by 2 

heavy chains and 2 light chains are bound by disulphide bridges (see Figure 9 for general 

structure of an IgG).  

1.3.3 The rationale behind anti-LPS antibodies 

LPS is a chemically and immunologically diverse entity with many different 

target groups.  Its great potential lies within the use of different therapies that are specific 

to an epitope common to a broad spectrum of bacterial species and strains.  The rationale 

behind the use of neutralizing antibodies against LPS over that of other types of 

therapeutics lies in their ability to sequester soluble and/or membrane-bound LPS, 

without causing an inflammatory action themselves, thereby preventing exacerbation of 

the immune response (Buttenschoen et al., 2010). 

Although patients react differently to different therapies there remains one 

similarity in treating septic shock; timing is paramount, and the faster that sepsis is 

treated, the better the outcome (Blosser et al., 1998; Dellinger et al., 2004).  Since the 

1980’s, clinical use of intravenous immunoglobulin (IVIG) has been common in attempts 

to neutralize the effects of endotoxins (Cross and Opal, 1994; McCuskey et al., 1996), 

and a strong association exists between the outcome of patients with sepsis and the 

concentration of antibodies raised against the disease-causing pathogen (McGowan, 

1975). 
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1.3.4 O-antigen binding antibodies 

Early clinical trials were aimed at identifying a therapy focussed on the O-

antigen, since it is exposed to immune surveillance and is highly antigenic.  Antisera 

specific for O-antigen have been shown to protect against LPS lethality (Tate et al., 

1966). However, the diversity of enterobacterial O-antigen together with the rapid onset 

of septic shock have hindered the introduction of antisera into clinical practice (Di 

Padova et al., 1993; Cross and Opal, 1994; Ianaro et al., 2009). 

1.3.5 Lipid A binding antibodies 

Monoclonal antibodies (mAbs) raised against the lipid A region of LPS have 

likewise proved ineffective.  Lipid A is buried within the bacterial outer membrane and 

secluded from antimicrobial agents, including antibodies, by the structure of the core 

polysaccharide and O-antigen (Cross and Opal, 1994).  The mAbs HA-1A and E5 

(Young and Gorelick, 1991; Schwartz et al., 1993) against lipid A were developed in the 

1990’s as potential septic shock treatments.  However, early human trials showed little 

therapeutic benefit and a study assessing the usefulness of these mAbs found there to be 

neither in vitro binding nor LPS neutralization at usable physiological concentrations 

(Warren et al., 1993).  Similar studies identifying the potential for anti-lipid A mAbs 

have further demonstrated that this is a limited approach with minor, if any, therapeutic 

benefit (Appelmelk et al., 1988; Ward et al., 1988; Kuhn et al., 1993). 

1.3.6 Core LPS binding antibodies 

1.3.6.1 The discovery of mAb WN1 222-5 

The impracticality of immunotherapy directed against the O-antigen and 

ineffectiveness of antibodies specific for lipid A led to the hypothesis that mAbs specific 
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for the conserved inner core region would have the potential to be protective against a 

wide range of serovars and even different species.  The discovery of structural and 

chemical similarities within their respective LPS prompted Chedid at the Pasteur Institute 

in Paris, France (Chedid et al., 1968) to note that even though the inner core is not 

directly responsible for the toxic effects of LPS, sequestering it would have the same 

effect as sequestering the lipid A and thus neutralize the toxic effects.  

However, this hypothesis did not prove fruitful until decades later, when in the 

1990’s a true broadly neutralizing LPS core-binding mAb named WN1 222-5 was 

generated by Di Padova at Sandoz Pharma in Switzerland (Di Padova et al., 1993).  The 

development of a cross-protective, cross-reactive antibody using mixtures of whole wild-

type bacteria after many failed attempts throughout the 70’s and 80’s represented a 

breakthrough in potential sepsis therapy (Di Padova et al., 1993).   

MAb WN1 222-5 is unique in its ability to bind and to neutralize LPS from a 

large number of pathogenic enterobacterial serovars involved in septic shock (Di Padova 

et al., 1993; Müller-Loennies et al., 2003).  In stark contrast to antibodies raised against 

truncated LPS alone, mAb WN1 222-5 binds its LPS core epitope even in the presence of 

O-antigen.  It displays specificity for the shared epitope within the structurally conserved 

region of LPS from a large number of pathogenic E. coli, Salmonella, Shigella and 

Citrobacter serovars (Di Padova et al., 1993).  Further, mAb WN1 222-5 has been shown 

to inhibit the recognition and uptake of LPS by cells expressing co-receptor mCD14, 

likely by hindering the transfer of LPS to TLR4-MD-2 (Pollack et al., 1997).  

MAb WN1 222-5 has been shown to inhibit the septic shock inflammatory 

cascade in vivo, where it prevents the pyrogenic response in rabbits, inhibits the Limulus 
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amoebocyte lysate assay and inhibits LPS-induced monokine secretion (Di Padova et al., 

1993; Di Padova et al., 1993; Pollack et al., 1997). 

1.3.6.2 Failure of other core specific antibodies 

Identification of mAb WN1 222-5 was a crucial discovery in the search for a 

therapeutic against sepsis, which was only achieved after years of research and 

unsuccessful attempts including using the mAbs FDP4, A2, A7 and A9 produced from 

murine immunization with the truncated LPS from E. coli J-5 (see Figure 3 for general 

structure of E. coli J-5 LPS).  Failure of each of these LPS core-directed mAbs as an 

effective therapeutic drug has been partially ascribed to their inability to bind whole 

and/or membrane bound LPS, rendering them useless in a clinical setting where only 

wild-type LPS containing an O-antigen is present (Müller-Loennies et al., 2003).   

1.4 Binding studies of mAb WN1 222-5 

Well before any structural work, ELISA binding studies using mAb WN1 222-5 

for epitope mapping were performed by Dr. Müller-Loennies at the Borstel Research 

Institute, Germany (Müller-Loennies et al., 2003) using six variant E. coli J-5 LPS core 

oligosaccharides obtained via alkaline deacylation (Table 1), which gave some insight 

into the likely composition of the epitope.  For mAb WN1 222-5, ELISA binding studies 

were complemented by SPR binding studies using J-5 truncated LPS and wild-type 

(complete core) LPS (Table 2, Figure 10), which confirmed the highest affinity was 

toward core LPS containing a 4-phosphate on HepII, and containing a non-modified 

HepIII. These studies also showed that antigen possessing an outer core had higher 

affinity. The highest affinity was found for the E. coli R2 LPS core (E. coli R2 

dodecasaccharide P4, KD = 3.2 x 10
-8

 M), which was used for the structural studies.  
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Table 1: ELISA binding data for mAb WN1 222-5 vs. anti-E. coli J-5 LPS antibodies 

Showing the ability of FDP4 to bind a wider variety of truncated LPS ligands with a higher affinity 
in comparison to the similar antibodies A2 and A9, and in some cases even WN1 222-5. See 

Chapter 5 (Materials and Methods) for method. 
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Table 2: KD (binding affinity constant) values as determined by SPR of all oligosaccharides 

tested binding to mAb WN1 222-5 at 300 mM salt concentration 

See Figures 20 and 21 for all oligosaccharide structures and Chapter 5 (Materials and Methods) 
for full explanation of method. Modified from (Müller-Loennies et al., 2003). 

 

Oligosaccharide KD (M) 

E. coli R1 (OS 1)  1.7e-7 

E. coli R2 3.2e-8 

E. coli R3GlcN (OS 2)  1.4e-5 

E. coli R3 (OS 1)  3.6e-7 

E. coli R4  2.9e-7 

E. coli J-5 Heptasaccharide P3 3.3e-5 

E. coli J-5 Heptasaccharide P4 2.0e-5 

E. coli J-5 Octasaccharide 1 P3 2.8e-6 

E. coli J-5 Octasaccharide P4 9.5e-7 

E. coli J-5 Nonasaccharide P3 3.6e-5 

 

 

Figure 10: Structures of wt oligosaccharides analysed binding WN1 222-5 by SPR 

See Table 2 for binding affinities (KD values). Structures were obtained by alkaline deacylation of 
LPS from wild-type E. coli. Modified from: (Müller-Loennies et al., 2003).   
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1.5 Antibody-carbohydrate structures are important in understanding 
infectious disease 

Despite their significance in infectious diseases, still relatively little is known 

about carbohydrate recognition by antibodies at the structural level and moderately few 

structures of antibodies in complex with carbohydrates have been solved to date (Cygler 

et al., 1993; Jeffrey et al., 1995; Villeneuve et al., 2000; Calarese et al., 2003).  The lack 

of x-ray crystallography data most likely stems from the difficulties in obtaining crystals 

from these large and heterogeneous complexes and thus structure prediction tools such as 

molecular dynamics modelling is often considered instead (Dyekjaer and Woods, 2006).  

The first structure of a carbohydrate-specific mAb in complex with ligand was that of 

mAb Se 155-4 with a fragment of the Salmonella serogroup B O-antigen (Cygler et al., 

1991), which yielded the mechanism for high specificity of an antibody against the O-

antigen of a specific serovar.  The domain-swapped anti-HIV-1 gp120 mAb 2G12 in 

complex with variations of the 11 sugar Man9GlcNAc2 oligosaccharide (Calarese et al., 

2003; Calarese et al., 2005; Menendez et al., 2008) and F22-4 in complex with an 11 

sugar segment from the O-antigen of Shigella flexneri serotype 2a (Vulliez-Le Normand 

et al., 2008) are the two largest carbohydrate-antibody structures reported. The majority 

of reported structures describe antibodies in complex with short oligomers corresponding 

to truncated core LPS from Chlamydia (Nguyen et al., 2003; Brooks et al., 2008; Brooks 

et al., 2010; Brooks et al., 2010; Blackler et al., 2011). 

1.6 Summary 

Because it is known that mAb WN1 222-5 is the only antibody discovered to date 

that is able to neutralize the inflammatory cascade by binding the common epitope of 
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enterobacterial LPS, obtaining the structure of mAb WN1 222-5 in complex with LPS is 

imperative for understanding its binding.  By attaining the structure of the complex, we 

can understand how it prevents the TLR4 – MD-2 – LPS complex formation, thus 

preventing the onset of the cytokine storm. The research reported here opens up potential 

new avenues for development of septic shock therapies.  
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Chapter 2: Monoclonal Antibody WN1 222-5 mimics TLR4 in 
binding to LPS 

 

2.1 Major Proposal 

I gratefully acknowledge the contribution of monoclonal antibodies and antigen 

from Professor Helmut Brade in Borstel.  Binding data were reproduced from (Müller-

Loennies et al., 2003). 

I propose that the broadly protective mAb WN1 222-5 binds to a common epitope 

present in the inner core LPS region of most Enterobacteriaceae by mimicking the 

binding of TLR4 to core LPS, thus blocking the formation of the TLR4 – MD-2 – LPS 

complex and preventing the onset of the cytokine storm.  I performed all structural 

studies in this section and analyzed the results.  

Hypothesis: MAb WN1 222-5 protects against septic shock by binding to the 

conserved core region of LPS, preventing the onset of the inflammatory cascade by 

sterically blocking the formation of the TLR4-LPS-MD-2 complex.  

2.2 Abstract 

E. coli infections are a leading cause of septic shock and remain a major threat to 

human health due to the fatal action of endotoxin.  Therapeutic attempts to neutralize 

endotoxin currently focus on inhibiting the interaction of lipid A with MD-2, which 

forms a trimeric complex together with TLR4 to induce immune cell activation.  The 

structure of the uniquely endotoxin-neutralizing protective mAb WN1 222-5 has been 

solved liganded to 1.73 Å resolution in complex with the core region of LPS showing that 

it recognizes LPS of all E. coli serovars in a manner similar to TLR4, unliganded to 2.13 

Å resolution. This finally reveals that protection can be achieved by targeting the inner 
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core of LPS and that recognition of the toxic component, lipid A, is not required. Such 

interference with Toll-like receptor-complex formation opens new paths for antibody 

sepsis therapy independent of lipid A antagonists (Gomery et al., 2012). 

2.3 Results 

2.3.1 Quality of the structures 

Data were collected on crystals of mAb WN1 222-5 unliganded (PDB:3V0V) and 

in complex with the E. coli R2 core (E. coli R2 dodecasaccharide, see Chapter 1. 

PDB:3V0W). The structure was solved to 1.73 Å resolution and solved via molecular 

replacement using the IgG2a mAb D2.3 (PDB: 1YEF).  Continuous electron density was 

observed for most regions for the polypeptide chain, with excellent electron density 

observed for most residues in the CDRs except for some disorder in CDR H3. 

Continuous electron density was also observed for the entire carbohydrate except for the 

two GlcN residues of the lipid A backbone. Table 3 shows refinement statistics. 
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Table 3: Refinement statistics for mAb WN1 222-5 unliganded and in complex with core 

LPS from E. coli R2 

2.3.2 The antigen recognized by mAb WN1 222-5 

The Fab fragment of mAb WN1 222-5 was crystallized unliganded (PDB: 3V0V), 

and in complex with the complete core and lipid A backbone structures of LPS from E. 

coli F576 to 2.13 Å and 1.73 Å resolution respectively (PDB: 3V0W).  Crystals are 

shown in Figure 11.  

 WN1 222-5 unliganded WN1 222-5 - R2 

Data collection   

Space group C2 P43212 

Cell dimensions   

a, b, c (Å) 134.9, 48.20, 140.1 101.9,101.9, 118.5 

α, β, γ () 90, 110.6, 90 90, 90, 90 

Resolution (Å) 20-2.70 (2.78-2.70)* 30-1.72 (1.78-1.72)* 

Rsym % 6.2 (25.3) 4.7 (21.1) 

I/σI 31.1 (4.0) 15.3 (4.8) 

Completeness 

(%) 
92.4 (94.9) 98.7 (85.1) 

Redundancy 3.18 (3.57) 5.3 (4.3) 

Refinement   

Resolution (Å) 20-2.13  (2.21-2.13)* 30-1.73  (1.78-1.73)* 

No. reflections 44060 64926 

Rwork/ Rfree 23.78/ 28.43 18.2/ 23.1 

No. atoms   

Protein 6520 3244 

Ligand/ion - 133/49 

Water 503 112 

B-factors   

Protein 40.43 20.25 

Ligand/ion - 22.75/64.62 

Water 45.79 36.87 

R.m.s deviations   

Bond lengths (Å) 0.015 0.032 

Bond angles (º) 1.873 2.865 
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Figure 11: Crystals of mAb WN1 222-5 in complex with E. coli R2 dodecasaccharide 

Left: initial crystals obtained from screening, Right: crystal used for data collection.  

 

Figure 12: Structural representation of E. coli R2 dodecasaccharide-P4  

The dodecasaccharide of E. coli R2 LPS (Figure 12) had the highest observed 

affinity (monovalent interactions determined by SPR, KD = 3.2 x 10
-8 

m, Table 2, Chapter 

1) of all ligands tested (Müller-Loennies et al., 2003) and was therefore chosen as the 

first target to attempt co-crystallization with mAb WN1 222-5.  

Seven sugar residues from the ligand form the epitope, including the HepI, HepII, 

HepIII, KdoI and KdoII residues of the conserved inner core and the adjacent GlcI and 

branched Gal of the outer core.  Thirteen hydrogen bonds were observed between 

antibody and antigen, with a strong bias toward the heavy chain (12 hydrogen bonds 

covering 478 Å
2
 of buried surface area for the heavy chain versus a single hydrogen bond 

covering 47 Å
2
 for the light chain, Figure 13).  Seven hydrogen bonds stem from CDR 

H2, while 5 stem from CDR H3 (Figure 14). 

 



 

 

32 

 

Figure 13: Stereo view of the surface of mAb WN1 222-5’s combining site  

Shows the bias of binding towards the heavy chain (cyan) compared to the light chain (pink).  
 
  

 

Figure 14: Stereo view of intermolecular binding 

Showing the thirteen intermolecular bonds (green spheres) that link the LPS core (white) to mAb 
WN1 222-5. Of the thirteen bonds, only one is from the light chain (pink) and the other 12 stem 
from the heavy chain (cyan). The Arginine to phosphate bond is a salt bridge. 

 Ten intramolecular hydrogen bonds exist throughout the ligand (Figure 15).  All 

but one of the 10 bonds involve the same phosphorylated heptose trisaccharide region 

(Müller-Loennies et al., 2003) that form critical parts of the epitope.  
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Figure 15: Stereo view of intramolecular bonding 

Showing that ten intramolecular hydrogen bonds (green spheres) hold the LPS core (grey) in its 
conformational epitope. 

The LPS core appears to be in a compact conformation (Figure 16), and there is 

only minor movement between the liganded and unliganded forms of mAb WN1 222-5 

(Figure 17).  

 

Figure 16: The LPS core of E. coli shown as van der Waals spheres  

In the combining site of mAb WN1 222-5, shown as ribbon and van der Waals spheres. Heavy 
chain green, light chain yellow. 
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Figure 17: MAb WN1 222-5 variable region superposition  

The superposition of unliganded (red) and liganded (yellow) structures to core LPS (green) 
shows minor movement between the two structures. The r.m.s.d of the α carbon backbone is 
0.51 Å, with the largest amount of movement being in the CDR H2 region, where GlyH54 differs 
by 2.31 Å. 

Excellent electron density corresponding to the 10 core sugar residues of the 

entire LPS core from E. coli was observed in the combining site of the liganded structure 

(Figure 18), with only diffuse electron density seen in the area corresponding to the 

location of the lipid A glucosamine-phosphate backbone. 

 

Figure 18: Stereo view of the ligand electron density 

Excellent electron density observed surrounding the LPS core in the structure, contoured at 1.0 

(pink). Electron density contoured at 5.5 (blue) surrounding PO4’s. 
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The five inner core sugars form a compact structure centered around KdoII, 

whereas the remaining five outer core sugars take on a relatively open structure.   

2.3.3 Summary of binding data 

Before any structural work, ELISA binding studies for mAb WN1 222-5 epitope 

mapping were performed by Dr. Müller-Loennies at the Borstel Research Institute, 

Germany (Müller-Loennies et al., 2003) using six variant E. coli J-5 LPS core 

oligosaccharides obtained via alkaline deacylation (Table 1, Chapter 1), that gave some 

insight into the likely composition of the epitope.  ELISA binding studies were 

complemented by SPR binding studies using J-5 truncated LPS and wild-type LPS (Table 

2, Chapter 1), which confirmed the highest affinity was toward core LPS containing a 4-

phosphate on HepII, and containing a non-modified HepIII. These studies also showed 

that antigen possessing an outer core had higher affinity. The highest affinity was found 

for the E. coli R2 LPS core (E. coli R2 dodecasaccharide P4, KD = 3.2 x 10
-8

 M), which 

was used for the structural studies.  

2.3.4 Germline gene analysis 

The nucleotide sequence of mAb WN1 222-5 (Di Padova et al., 1996) was 

compared to known murine antibody germline genes (Lefranc et al., 2009).  The V and J 

regions of the heavy chain had 94.9% and 87.0% identity to IGHV7-3*04 and IGHJ4*01, 

respectively.  Two of the mutations from germline code for residues directly involved in 

antigen binding (A52cR in H2 and D95Q in H3), and both form two hydrogen bonds to 

the antigen.  There are 18 point mutations in the heavy chain, all but two of which are 

single point mutations, with one double point mutation.  Fifteen of the mutations resulted 
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in amino acid replacements and only three were silent.  Four of the replacements were in 

CDR regions. 

The light chain V gene has 95.3% identity to IGKV15-103*01, and the J gene has 

94.4% identity to IGKJK1*01. Thirteen single point mutations in the light chain resulted 

in seven amino acid replacements. Three of the somatic mutations occur in the CDR 

regions: H24R and V31I in L1 and Q89L in L3 but have no apparent influence on antigen 

binding. 

2.4 Discussion 

2.4.1 MAb WN1 222-5 does not contact lipid A  

Although recognition of the lipid A moiety alone is sufficient to induce the 

harmful biological activities associated with LPS, it does not form part of the cognate 

epitope for this protective antibody.  Well-defined electron density (Figure 18) can be 

seen for every sugar residue on the antigen in the complex except for the lipid A 

backbone disaccharide.  The inner core is positioned in the combining site that the lipid A 

does not and cannot form extensive contact with the antibody; a clear demonstration that 

recognition of lipid A is not necessary for an antibody to be protective against LPS. 

2.4.2 The epitope is consistent with binding studies 

The mAb WN1 222-5 epitope consists of seven sugars, comprised of the Hep and 

Kdo residues of the highly conserved inner core and two sugars Glc and Gal from the 

outer core.  Although there is no direct contribution to binding from the three outer core 

sugars, the first Glc and the branching Gal residues of the outer core bind via Arg H52 

(Heavy chain, residue 52) and Asn H53, which explains the enhanced affinity observed 
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for oligosaccharides containing an outer core and a branching substitution at position 6 of 

the first hexose (Müller-Loennies et al., 2003)  

The structurally defined epitope is consistent with the ELISA binding studies, 

which show that features common to all mAb WN1 222-5 antigens include the conserved 

HepI and HepII region, and either the 4-phosphate on HepII or HepIII.  The minimum 

structure to bind with high affinity was octasaccharide-P4, which contains a 

diphosphorylated heptose trisaccharide, a 2-4 linked Kdo disaccharide, a non-reducing 

end glucose, and the phosphorylated GlcN lipid A backbone (Müller-Loennies et al., 

2003).   

2.4.3 MAb WN1 222-5 binds LPS in a manner similar to TLR4  

A prerequisite for the induction of septic shock is the specific recognition of intact 

LPS or lipid A by the TLR4-MD-2 complex.  Many factors are known to affect the 

initiation and severity of the inflammatory response, including the nature of the inner 

core and the stereochemical identity of the acylated lipid A moiety, but the precise 

molecular interactions required to provoke the cascade are not fully understood 

(Manavalan et al., 2011). 

To establish an infection, Enterobacteriaceae require the synthesis of a complete 

LPS containing core-OS and O-antigen (Raetz and Whitfield, 2002), which have been 

shown in clinical studies to prevent the binding of mAbs specific for lipid A, such as HA-

1A and E5 (Young and Gorelick, 1991; Schwartz et al., 1993), as discussed in Chapter 1.  

Significantly, mAb WN1 222-5 recognizes the LPS core types released from most 

enterobacterial bacteria regardless of the presence and identity of O-antigen, highlighting 

its clinical potential against a range of species and serotypes. 
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The structure of TLR4-MD-2 reported in complex with E. coli LPS core (PDB: 

3FXI) (Park et al., 2009) contains the same inner core LPS fragment co-crystallized in 

this study with antibody WN1 222-5.  Superposition of the LPS fragments in the two 

structures shows that the inner core sugar residues exhibit the same general conformation, 

and many of the same points of binding (Figure 19). 

Significantly, the paratope of mAb WN1 222-5 mimics the TLR4 inner core 

receptor site, which lies at the foundation of the antibody’s ability to cross-react with and 

so protect against those variations of LPS from pathogenic species that bind to TLR4 

(Figure 20). 

 

 

Figure 19: MAb WN1 222-5 and TLR4 exhibit similar binding 

Green spheres represent points of binding. Left: inner core structure from WN1 222-5. Centre: 
inner core structure from TLR4 structure. Right: an overlay of E. coli R2 LPS core with the E. coli 
J-5 truncated core LPS from the TLR4 structure shows that the antigen lies in the same general 
conformation in both structures (HepIII excluded for clarity). 
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Figure 20: Overlay of mAb WN1 222-5 and TLR4 structures shows a steric collision  

Stereo view: Overlay of inner core LPS from the TLR4 (LPS in yellow, TLR4 in grey) structure with 
the WN1 222-5 structure (LPS in pink, heavy chain: blue, light chain: green) shows that the 
paratope of WN1 222-5’s combining site partially mimics that of TLR4. WN1 222-5 clearly 
impedes into the TLR4 structure when the inner core LPS from each structure is overlaid. 

 

WN1 222-5 shares with the TLR4 receptor site a similar shape and general charge 

profile with 3 key hydrogen bond contacts to KdoI, HepI and the phosphate moiety of 

HepII of the highly conserved LPS inner core (Figure 21). 

 

 

Figure 21: Intermolecular bonds to inner core LPS common to WN1 222-5 and TLR4 

Left: intermolecular interactions between mAb WN1 222-5 and the LPS inner core. Right: 
intermolecular interactions between TLR4 and the LPS inner core. In blue are positively charged 
residues, red are negatively charged, green are neutral. 
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The lack of contact with lipid A observed in the crystal structure of WN1 222-5 

also parallels the binding in the LPS-MD-2-TLR4 structure, where lipid A recognition 

takes place almost exclusively through contact of the acyl chains with MD-2 (Park et al., 

2009).  

2.4.4 Inner core enterobacterial LPS: A conformational epitope 

The LPS core lies in a compact conformation (Figure 16), and there is only minor 

movement between the liganded and unliganded forms of mAb WN1 222-5 (Figure 17), 

suggesting that the LPS core sugars experience significant steric barriers to 

conformational rearrangement.  This is corroborated by the abundant intramolecular 

binding present in the highly conserved Hep-Kdo region and the fact that the inner core 

LPS from the TLR4-MD-2 complex structure (Park et al., 2009) lies in the same 

conformation. 

2.4.5 Heavy chain dominance of antigen binding aids cross-reactivity 

Previously reported structures (e.g. mAbs Se155-4 (Cygler et al., 1991), S20-4 

(Villeneuve et al., 2000), and S25-2 (Brooks et al., 2010)) show that many antibody-

carbohydrate complexes tend to be dominated by the interaction of a single carbohydrate 

residue buried in a pocket formed at the interface of the light and heavy chain CDRs, 

with each chain contributing approximately equally to surface contact area. 

By contrast, the carbohydrate recognition site of mAb WN1 222-5 is dominated 

by the heavy chain, characterized by an open groove between the heavy and light chains, 

and protruding CDR H2, with a large proportion of the oligosaccharide exposed to 

solvent. The heavy chain contributes 478 Å
2
 of buried surface area versus 47 Å

2
 for the 

light chain, which is reflected in the observed intermolecular hydrogen bonds where 12 of 
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the 13 bonds involve five heavy chain residues, with only one to a single residue on the 

light chain.  CDRs H2 and H3 contribute seven and five hydrogen bonds respectively to 

the antigen.  

The dominance of the heavy chain in the paratope is seen in other antibodies, such 

as mAb F22-4 against the Shigella serotype 2a O-antigen (Vulliez-Le Normand et al., 

2008) and the anti-Le
y
 mAb BR96 (Jeffrey et al., 1995), but generally not to the extreme 

shown by mAb WN1 222-5.   

This reliance on the heavy chain for antigen recognition aids the antibody’s 

observed cross-reactivity, as the composition and orientation of the light chain CDRs 

allows space for variations in sequence and conformation in outer core residues of LPS. 

The open groove shape of the combining site formed mainly by the heavy chain also 

allows slight movement and minor substitutions in the LPS inner core, contributing to 

mAb WN1 222-5’s cross-reactivity.  

2.4.6 MAb WN1 222-5 generation  

Despite knowledge of the minimal epitope from binding studies, immunization of 

mice and rabbits with neoglycoconjugates containing the minimal epitope did not lead to 

the formation of cross-reactive mAb WN1 222-5 type antibodies, reflecting the 

difficulties generally encountered in such experiments (Rietschel et al., 1996; Müller-

Loennies et al., 2003).  This could be due to the immunodominance of different sugars in 

fragments of the complete core, or perhaps by the lack of a stable conformational epitope 

presented by the complete core.  The latter may explain the failure to raise such an 

antibody using the more labile inner core of truncated LPS from E. coli J-5. 
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Further insight can be gained by noting the degree of affinity maturation from the 

germline sequence.  MAb WN1 222-5 has 12 amino acid mutations from germline in the 

heavy chain alone.  It has been demonstrated that high binding affinity can be correlated 

to a high frequency of somatic mutations (Weinand, 1990).  There are 18 point mutations 

in the germline genes themselves, all but 3 of which led to amino acid replacements.  

This not only is a high number of point mutations, but a high ratio of amino acid 

replacement to silent mutations in comparison to other antibodies (Golding et al., 1987).  

Significantly, a number of amino acid mutations affect residues that are not directly 

involved in binding, but lie adjacent to those residues that recognize the antigen. For 

example, residues in CDR H2 (which is involved in a minor induced fit) have mutations 

Y(H55)D, T(H57)A, N(H73)Y, Q(H75)R, and Y(H79)H.  Changes in residue identity as 

far as 15 Å from the binding site have been shown to affect antigen binding strongly 

(Wedemayer et al., 1997).  

2.4.7 Conclusions   

The structure of mAb WN1 222-5 in complex with antigen represents the first 

such determination of an antibody in complex with the entire core of LPS from a 

pathogenic strain of E. coli, which shares a common inner core region with Shigella and 

Salmonella.  The specific recognition of lipid A from pathogenic species by the TLR4-

MD-2 complex is a prerequisite for the induction of septic shock; however, mAb WN1 

222-5 achieves its protective ability by targeting just the inner core and not the lipid A 

and so can neutralize membrane anchored or free LPS by blocking any further 

interactions of lipid A in the inflammatory cascade.  Significantly, mAb WN1 222-5 

binds LPS in a manner that mimics many aspects of binding by TLR4, including a shared 
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stereochemical charge profile and three key interactions, which allows the antibody to 

select among enterobacterial LPS that pose a risk of inflammation.  Targeting the 

conserved inner core of specific species in this manner overcomes the tremendous 

diversity of the O-antigen that has hindered antibody therapy, and spotlights a promising 

avenue for the generation of novel anti-endotoxic antibody drugs. The paratope of mAb 

WN1 222-5 created by the heavy chain variable region of the antibody may serve as a 

template structure for the generation of single domain antibodies with endotoxin 

neutralizing activity. 
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Chapter 3: E. coli R4 inner core demonstrates mAb WN1 222-5 
cross-reactivity  

 

3.1 Major Proposal 

I gratefully acknowledge the contribution of antibodies and antigen from 

Professor Helmut Brade in Borstel.  Binding data were reproduced from (Müller-

Loennies et al., 2003). 

E. coli has 5 known LPS core types (Figure 3, Chapter 1) which all have a 

similarly conserved chemical structure of the inner core with variations to the outer core.  

Other Enterobacteriaceae such as Salmonella also have the same inner core structure. 

 Hypothesis: MAb WN1 222-5 achieves cross-reactivity by binding the same or 

similar epitopes in different antigens.  This requires LPS inner core from 

Enterobacteriaceae with the same chemical structure as that from E. coli to adopt similar 

conformations, which would also be key in the corresponding LPS binding to TLR4. 

3.2 Abstract 

Conventional wisdom holds that the inner core of LPS exists in a limited number 

of low-energy conformations. However, the recognition of LPS by TLR4 or mAb WN1 

222-5 would require that the inner core readily assumes a single conformation.  To 

explore this conjecture mAb WN1 222-5 was crystallized with a second core structure, 

specifically E. coli R4 (Figure 22), which was observed to lie in the combining site in the 

same conformation as the R2 structure (Chapter 2). The only other inner core LPS 

structures reported are the truncated LPS from E. coli J-5 inner core in the TLR4-MD-2-

LPS complex (Park et al., 2009) and the structure of E. coli K-12 in complex with the 
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membrane protein FhuA (Ferguson et al., 1998; Ferguson et al., 2001), which show 

largely the same conformation.  These similarities give confidence that the structures of 

the inner core LPS from E. coli and other Enterobacteriaceae can be used as a model for 

vaccine design. 

 

 

Figure 22: The chemical structures of E. coli R2 and E. coli R4 LPS cores 

3.3 Results 

3.3.1 Quality of the structure 

Data were collected on a crystal of mAb WN1 222-5 in complex with the E. coli 

R4 core (E. coli R4 dodecasaccharide, see Chapter 1). The structure was solved to 2.41 Å 

resolution and solved via molecular replacement using the R2 structure as a model.  

Continuous electron density was observed for most regions of the polypeptide chain, with 

excellent electron density observed for most residues in the CDRs except for some 

disorder in CDR H3.  Continuous electron density was also observed for eight sugar 

residues from the R4 LPS core, including the entire inner core, two sugar residues from 

the outer core, and one sugar residue from the lipid A backbone. See Table 4 for 

refinement statistics. 
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Table 4: Refinement statistics for mAb WN1 222-5 in complex with the core LPS from E. 

coli R4 

 WN1 222-5 - R4 

Data collection  

Space group P212121 

Cell dimensions  

a, b, c (Å) 80.98, 88.90, 130.4 

α, β, γ () 90, 90, 90 

Resolution (Å) 20-2.40 (2.49-2.40)* 

Rsym % 9.4 (26.0) 

I/σI 32.8 (6.3) 

Completeness 

(%) 
99.7 (97.6) 

Redundancy 5.3 (4.0) 

Refinement  

Resolution (Å) 20-2.40  (2.46-2.40)* 

No. reflections 35348 

Rwork/ Rfree 22.11/21.94 

No. atoms  

Protein 6450 

Ligand/ion 235/0 

Water 379 

B-factors  

Protein 25.65 

Ligand/ion 43.69 

Water 22.87 

R.m.s deviations  

Bond lengths (Å) 0.019 

Bond angles (º) 2.020 

3.3.2 MAb WN1 222-5 binds the conserved core from E. coli R4  

The E. coli R4 dodecasaccharide P4 oligosaccharide used for crystallization had a 

high binding affinity (KD = 2.9 x 10-7 M) (Müller-Loennies et al., 2003). The R4 core 

structure in complex with WN1 222-5 was determined to 2.41 Å resolution and there was 

clear electron density corresponding to the eight sugars of the LPS (Figure 23). 
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Figure 23: Stereo view of electron density contoured at 1 σ of the E. coli R4 core LPS 

A total of 8 of 12 sugars were observed in the combining site, including the first 

GlcN residue of the lipid A backbone, the complete Hep-Kdo inner core, and the first two 

Glc residues of the outer core.  Electron density was not seen for most of the outer core 

and one glucosamine residue from the lipid A backbone. 

There were 15 intermolecular bonds observed between the core and WN1 222-5, 

of which 14 stemmed from the heavy chain with only one contribution from the light 

chain (Figure 24).  

 

Figure 24: Stereo views of intermolecular WN1 222-5-LPS binding to E. coli R4 core 

E. coli R4 core LPS (yellow). Light chain residues, pink; heavy chain residues, cyan.  
Intermolecular bonds shown as green spheres. 
 



 

 

48 

Six intramolecular bonds were observed in the R4 ligand, none of which stem 

from the lipid A backbone (Figure 25).  

 

 

Figure 25: Intramolecular bonding in the E. coli R4 LPS core  

Six intramolecular bonds (green spheres) are observed. 

3.4 Discussion 

3.4.1 Comparison to E. coli R2 core LPS structure 

In the R2 structure, the entire core region was observed, but none of the lipid A 

backbone.  In the R4 structure, the entire inner core was seen, but only two glucose 

residues from the outer core. Interestingly, the first GlcN residue of the lipid A backbone 

in this structure was able to be modeled into the structure, which was not seen in the R2 

structure.  The GlcN backbone residue seen in the R4 structure does not contact the mAb, 

proving again that the lipid A backbone does not form any part of the epitope, and was 

somewhat disordered. 

A total of 8 sugar residues were observed in the combining site, including the first 

GlcN residue of the lipid A backbone, the complete Hep-Kdo inner core, and the first two 
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Glc residues of the outer core, compared to the 10 sugars from the R2 core type (Figure 

26). 

 

Figure 26: E. coli R2 and E. coli R4 LPS core structures 

Outlined in red on the chemical structure diagrams (top) are the residues ordered in each 
structure. The bottom images show the structures obtained, in the same orientation as the top 
representation. 

 

A superposition of the R2 and R4 structures in the combining site reveals that 

mAb WN1 222-5 lies in the same conformation, with the core LPS binding the antibody 

using the same epitope (Figure 27). 
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Figure 27: Stereo view of E. coli R2 & R4 overlaps in WN1 222-5 combining site 

R4 core LPS: yellow, R2 core LPS: grey. Heavy chain: blue, light chain: pink. 

An overlay of the E. coli R2 inner core LPS and E. coli R4 inner core LPS reveals 

that the two structures share the same conformation (Figure 28). 

 

Figure 28: Stereo view inner core overlay of the E. coli LPS R4 and R2 

Including the first Glc residue from the outer core, showing that both R4 (yellow) and R2 (grey) 
E. coli LPS inner core share the same conformation. 

All of the hydrogen bonds between antigen and antibody in the R2 structure were 

also used in the R4 structure. Corresponding intermolecular bonds between the two 

structures stem from Arg52, Arg52C, Asn53 in CDR H2, Tyr99 in CDR H3, and Tyr94 

in CDR L3. In addition, the R4 structure shows intermolecular bonds from Tyr33 in CDR 
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H1, and Gly96 and Gly98 in CDR H3, for a total of 15 hydrogen bonds in the R4 

structure compared to 13 seen in the R2 structure. 

The R4 oligosaccharide antigen presents many of the same intramolecular bonds 

as R2 with the exception of the bonds to the outer core since most of this cannot be seen 

in this structure. Six intramolecular bonds exist in the R4 ligand, compared to the 10 seen 

in the R2 structure.  None stem from the lipid A backbone residue.  

3.4.2 Comparison to other published inner core structures 

An overlay of either R2 or R4 core LPS with the E. coli K-12 inner core LPS 

structure from the FhuA structure (Ferguson et al., 1998) reveals the same general 

conformation (Figure 29); although, it should be noted that the FhuA structure from 1998 

was of relatively low resolution (2.9Å) and the relatively labile branched heptose may 

have been placed in the incorrect configuration, so therefore was not included in the 

overlay. 

 

Figure 29: FhuA-LPS inner core structure 

Left: Stereo view of E. coli K-12 inner core LPS from FhuA structure (Ferguson et al., 1998); Right: 
Overlay of E. coli K-12 inner core LPS from FhuA structure (blue) with E. coli R2 inner core LPS 
(without HepIII) shows the inner core is in the same general conformation, with the compact 
structure centering around KdoII. 
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Comparison of either the R2 or R4 LPS structure with the J-5 structure from the 

TLR4 complex (demonstrated in Chapter 2) also shows the same conformation and 

shared areas of binding.   

Molecular modelling studies of three-dimensional structure and conformational 

flexibility of complete LPS found that the O-antigen could exist in multiple conformers, 

while the core-OS and lipid A backbone groups possess a single favourable conformation 

with the phosphate groups exposed to the surface and Kdo carboxyl groups buried in the 

inside of the LPS core (Kastowsky et al., 1992).   

These studies supported the concept that these characteristic charge patterns might 

be one of the reasons for the exceptionally strong binding affinity of LPS core to 

monoclonal antibodies.  These studies agree with our own structural work, which shows 

that the phosphate residues of the inner core are exposed to the outside of the antigen and 

the entire inner core is centered around KdoII. The negatively charged phosphate 

moieties potentially allow charged interactions with antibodies, which may result in high 

affinity binding to mAb WN1 222-5. 

3.4.3 WN1 222-5 exhibits specific cross-reactivity 

The results show that the inner core structure is conserved across various 

structures of E. coli. There do exist substitutions of the inner core that decrease binding 

of mAb WN1 222-5 to the inner core region. These are GlcN additions to HepIII where 

the phosphate at HepII is also missing, and the addition of a third Kdo and Rha residue in 

E. coli K-12 (see Chapter 1, section 1.1.1). The GlcN addition to HepIII and phosphate 

removal from HepII has been shown by SPR to abate, but not remove, the binding (from 

KD = 3.2 × 10
–8

 M for the E. coli R2 dodecasaccharide to KD = 1.4 × 10
–5

 M for the E. 
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coli R3 core OS2 containing the GlcN substitution: see Table 2, Chapter 1) (Müller-

Loennies et al., 2003). The K-12 additions have not been assessed.   

However, as mAb WN1 222-5 has been shown to bind all clinical isolates tested 

so far (Di Padova et al., 1993) it is likely that either this substitution is not prolific, or else 

that mAb WN1 222-5 can bind this variant despite the additional residues when a full-

core or wt LPS is present. This suggests that even phase variation resulting in 

microheterogeneity between the cores does not affect the capability of the antibody to 

bind core LPS, which in turn suggests that the shape of the epitope remains largely 

unaffected by these variations in a clinical (wt) situation. 

3.4.4 Vaccines against E. coli do not exist for humans 

Septicemia caused by E. coli remains a global health problem, especially in young 

children, and a vaccine is desperately needed.  In a publication by Cross (2010), killed 

whole bacterial vaccines (E. coli J-5 mutant) protected mice against experimental sepsis. 

Human J-5 immune antisera reduced the mortality from Gram-negative bacterial sepsis in 

a large controlled clinical trial; however, subsequent clinical studies with anti-endotoxin 

antibodies did not demonstrate protective efficacy (Cross, 2010).   

There are no existing E. coli vaccines of any kind for humans, although some do 

exist for animals such as cattle, including Econiche, manufactured by Bioniche Life 

Sciences Inc., and Pfizer’s E. coli Bacterial Extract Vaccine (Potter et al., 2004; Fox et 

al., 2009; Thomson et al., 2009; Allen et al., 2011), which although effective are for 

enterotoxigenic E. coli (ETEC) infections rather than those causing septic shock. 
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3.4.5 LPS vaccines have so far proved ineffective 

The structural analyses of mAbs Se155-4 and S20-4 against O-antigen of S. 

enterica and Vibrio cholerae, respectively, have revealed insights into the high specificity 

for a particular serotype (Cygler et al., 1991; Villeneuve et al., 2000).  However, due to 

their specificity, antibodies against O-antigen are of limited use for the treatment of 

infectious disease. Nevertheless, structures of antibodies in complex with large 

carbohydrate antigens have revealed critical insights for vaccine development.  For 

example, the protective mAb F22-4 in complex with an 11 sugar segment from the O-

antigen of Shigella flexneri serotype 2a (Vulliez-Le Normand et al., 2008) allowed the 

design of new immunogens.   

Recently, a minority of vaccines directed against core LPS structures have made it 

into phase 1 clinical trials. The advancement of these over previous attempts is that they 

are conjugated to other proteins to try to promote a better immune response. In the 

publication by Cross (2010), a subunit vaccine, made by combining core J-5 LPS, with 

the outer membrane protein from group N. meningitidis was highly efficacious in 

experimental models of sepsis and progressed to phase 1 clinical trial.  While well-

tolerated, this vaccine induced only 3-4-fold increases in anti-LPS antibody titres.  

Additional vaccines in which the core glycolipid was either conjugated to carrier protein 

or incorporated into liposomes have also been developed, but have not yet progressed to 

clinical trial (Cross, 2010).   

So, although it has potential, it is clear that core LPS may not be useful as a 

vaccine, even when conjugated to promote T-cell help. Indeed, even the lengthy search 

for mAb WN1 222-5 itself (as discussed in Chapter 1), and the failure of J-5 LPS to 

produce broadly-neutralizing antibodies also indicates that this may be the case.  
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3.4.6 Full LPS core as a potential vaccine 

The failure of the work by Cross using the E. coli J-5 LPS core, combined with 

the binding data and structures presented here could suggest that using full-length core 

LPS may produce a better immune response, since there is increased intramolecular 

hydrogen bonding in the truncated core compared to the full core.  The structural work 

shows that using a larger core fragment, such as the E. coli R2 dodecasaccharide results 

in the highest binding seen in all core fragments tested, which may promote a better 

immune response.  It’s also possible that a smaller fragment than J-5 LPS, such as just the 

Kdo-Hep inner core fragment would be better to be used as a vaccine since none of the 

outer core residues would be contributing to disorder and the inner core would form its 

conformational epitope. 

3.4.7 Carbohydrate mimics as vaccines 

The immune response to carbohydrate is generally not as effective as that towards 

protein as the antigens are processed differently by the immune system. This is largely 

due to the fact that the major histocompatibility complex (MHC) cannot in general 

present carbohydrate antigens, but can present protein antigens.  Antigen presenting cells 

(APCs) such as macrophages, B cells, and dendritic cells, take in protein antigens and 

perform antigen processing, and then return a portion of the antigen (the T cell epitope) to 

the APC's surface within an MHC class II molecule for antigen presentation. This results 

in recognition of the epitope by T helper (Th) cells, with the help of CD4 receptors.  Th 

cells help the activity of other immune cells by releasing T cell cytokines, activate and 

stimulate the growth of cytotoxic T cells, stimulate B cell class switching and affinity 

maturation for increased antibody production, and maximize bactericidal activity of 

http://en.wikipedia.org/wiki/Macrophages
http://en.wikipedia.org/wiki/B_cells
http://en.wikipedia.org/wiki/Dendritic_cells
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phagocytes such as macrophages.  Further, some Th cells go on to form memory T cells, 

which after a repeat exposure to the same T cell epitope, can reproduce to mount a faster 

and stronger immune response than the first infection (Neefjes et al., 2011).  

Since we have shown the LPS inner core to be structurally conserved, it does have 

huge potential to be used in the design of a synthetic protein mimic, to induce a stronger 

immune response and so produce WN1 222-5-like antibodies.  Although not a protein 

mimic, one of the most notable LPS mimics to date has been the drug Eritoran 

tetrasodium: a synthetic lipid A antagonist that blocks LPS from binding to the cell 

surface MD-2-TLR4 receptor (Opal et al., 2013).  Although this drug did not do well in 

clinical trials for sepsis treatment, it has been shown to reduce the inflammation 

associated with influenza and may have potential to protect from other types of 

inflammation (Shirey et al., 2013).  Mimics of oligosaccharides capable of interfering 

with lectin activity are currently being pursued by a number of groups in an effort to 

produce tools for glycobiology and to design antagonists of medically relevant lectins 

(Reina and Bernardi, 2012).  Peptide phage display technology has also recently been 

used to identify several peptides which displayed high reactivity with LPS specific 

antibodies thus suggesting their capability to function as LPS specific peptide mimics 

(Shanmugam et al., 2012). 

3.4.8 Conclusions 

Inner core LPS from E. coli and other Enterobacteriaceae sharing the same 

chemical structure likely share the same structural conformation. The structure of E. coli 

R4 inner core LPS compared to other published structures shows that many inner core E. 

coli LPS have a similar conformation.  Although it is possible that the inner core 

http://en.wikipedia.org/wiki/Immune_response


 

 

57 

conjugated to a carrier protein may be useful as a vaccine target, the R2 structure and 

binding data show that the complete core LPS from E. coli R2 would be a better 

candidate for vaccine design and have a better chance of producing WN1 222-5–like 

antibodies, due to the increased intramolecular binding and potential reduced flexibility 

from the terminal glucose of E. coli J-5 LPS, as discussed in the next chapter. The inner 

core structure may be useful in producing an LPS protein mimic for vaccine potential, as 

this would also evoke a stronger immune response through T-cell help than the 

carbohydrate alone.  
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Chapter 4: The combining site of FDP4 cannot accommodate 
full-length LPS  

 

4.1 Major Proposal 

I gratefully acknowledge the contribution of antibodies from Professor Helmut 

Brade at the Borstel Research Institute, Germany.  Binding data were reproduced from 

(Müller-Loennies et al., 2003). 

Many antibodies were researched on the journey to finding mAb WN1 222-5, 

some of which were raised against the truncated E. coli J-5 LPS, including the mAb 

FDP4. These mabs did not bind to wild-type LPS (i.e. containing an O-antigen). The 

structure of mAb FDP4 was determined in an effort to understand why this was the case.  

Hypothesis: mAb FDP4 binds to a terminal epitope consisting of the non-

reducing end glucose from the truncated E. coli J-5 LPS, which prevents binding to wt 

LPS.  

4.2 Abstract 

It is interesting and clinically relevant that the remarkable mAb WN1 222-5 

achieves its therapeutic potential without significant involvement of the light chain in 

binding.  In both the R2 and R4 LPS core structures (discussed in Chapters 2 and 3), only 

one intermolecular hydrogen bond is contributed from the light chain.  The CDR H2 of 

the heavy chain on the other hand has an extended structure that forms multiple 

interactions.  The relatively open shape of the combining site in WN1 222-5 allows space 

for the extension of the O-antigen and lipid A portions of LPS.  The structure of mAb 

FDP4 unliganded reveals that the antibody raised against E. coli J-5 LPS has a restricted 
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combining site formed predominantly by a long CDR L1, which may not allow space for 

either the O-antigen or lipid A.  MAb FDP4 appears to bind a terminal epitope from all E. 

coli J-5 LPS cores, consisting of the non-reducing end glucose residue; thus, additional 

outer core sugars or O-antigen would prevent binding.   

4.3 Antibodies raised against E. coli J-5 LPS cannot bind wt E. coli LPS 

As part of the search for antibodies against LPS for treatment of septic shock, 

various forms of the E. coli J-5 mutant strain LPS were used to immunize mice to 

generate broad-range antibodies.  Several antibodies from these experiments, including 

FDP4, A2, A7, and A9, were generated that bound to various forms of the truncated LPS 

(Di Padova et al., 1993), which contain a terminal epitope.  It took decades of research to 

eventually find mAb WN1 222-5, that would bind full length LPS, through the use of 

whole bacteria in immunization (Di Padova et al., 1993). It is of potentially critical 

importance to the future design of vaccines to understand why the use of LPS fragments 

for immunization was so ineffective. 

Although mAb FDP4 showed great potential in ELISA analysis against truncated 

ligands (Table 5) and was able to bind a wide variety of ligands in comparison to the 

similar antibodies A2, A7 and A9, its inability to bind to wt LPS, or even LPS containing 

a full core, rendered it useless in a clinical setting. Therefore the clinical research into 

these antibodies was discontinued.  

Structural studies into mAb FDP4 binding were undertaken to provide insight into 

this critical failure in vaccine development in an effort to ensure that future developments 

in this area do not suffer from the same problems. 
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Table 5: General binding ability from ELISA analysis for mAb WN1 222-5 versus the 

antibodies produced from mouse immunization with E. coli J-5 LPS toward various LPS 

antigens 

Anti-E. coli J-5 LPS antibodies named FDP4, A2, A7 and A9. Y = binds, N = doesn’t bind, W = binds 
weakly. FDP4 bound the broadest range of ligands out of the E. coli J-5 LPS binding antibodies; 

however it could not bind any type of LPS with a full core or O-antigen. See Chapter 5 (Materials 
and Methods) for method. 

 
 

4.4 Results 

4.4.1 Quality of the structure 

Data were collected on a crystal of unliganded mAb FDP4 to 3.15 Å resolution 

and solved via molecular replacement using a homologous IgG3 model.  Continuous 
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electron density was observed for most regions of the polypeptide chain, with excellent 

electron density observed for most residues in the CDRs except for some disorder in 

CDRs H2 and H3. See Table 6 for refinement statistics. 

Table 6: Refinement statistics for mAb FDP4 unliganded 

 FDP4 

Data collection  

Space group C2221 

Cell dimensions  

a, b, c (Å) 86.68, 100.1, 128.5 

α, β, γ () 90, 90, 90 

Resolution (Å) 30-3.15 (3.2-3.15)* 

Rsym % 13.2 (42.7) 

I/σI 17.2 (4.3) 

Completeness 

(%) 
99.9 (100) 

Redundancy 4.9 (5.1) 

Refinement  

Resolution (Å) 30-3.15 (3.24-3.15)* 

No. reflections 48735 

Rwork/ Rfree 24.21/29.73 

No. atoms  

Protein 3265 

Ligand/ion - 

Water 18 

B-factors  

Protein 46.60 

Ligand/ion - 

Water 30.21 

R.m.s deviations  

Bond lengths (Å) 0.585 

Bond angles (º) 1.118 

4.4.2 FDP4 has a long CDR L1  

A superposition of the FDP4 structure with mAb WN1 222-5 structure (Figure 

30) shows that the combining sites are very different. In particular, the light chain CDR 

L1 in the FDP4 structure is elongated and tends to occlude the combining site.  It stands 

in contrast to the long H2 in mAb WN1 222-5. 



 

 

62 

 

Figure 30: MAbs WN1 222-5 and FDP4 structure overlay 

MAb FDP4 (heavy chain: grey, light chain: orange) overlay with mAb WN1 222-5 in complex with 
LPS (heavy chain: blue, light chain: pink). Circled in blue is the long light chain of FDP4, which 
likely precludes binding of the O-antigen. 

4.4.3 MAb FDP4 has a pocket-type combining site 

The combination of light and heavy chain variable regions in the mAb FDP4 

structure form a deep pocket in the combining site (Figure 31), instead of the groove type 

seen in mAb WN1 222-5. 

 

Figure 31: Side view of the combining site of mAb FDP4 showing compact structure 

Represented by molecular surface (dots) and carbon backbone. Shows that the combining site 
of FDP4 is deep and compact. Heavy chain: green, light chain: red. 
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4.5 Discussion 

4.5.1 Structural comparison to mAb WN1 222-5 

In comparison to the combining site from mAb WN1 222-5 (Figure 32), which is 

shaped like an open groove formed by the relatively short CDR’s of the light chain and 

long arm of CDR H2, the combining site for mAb FDP4 is deep and compact.  CDRs 

from both the light and heavy chain come together to form a pocket, and the long CDR 

L1 loop predominates in the formation of the compact structure. 

 

Figure 32: Structural surface of the combining sites of mAbs FDP4 & WN1 222-5 

Left: FDP4 has a deep, closed “pocket” conformation, Right: the open groove seen in WN1 222-
5’s combining site. Heavy chain: blue, light chain: green. 

4.5.2 The mAb FDP4 combining site precludes binding to wt LPS  

Although we do not know in what orientation the truncated E. coli J-5 LPS binds, 

it appears from the unliganded structure that the combining site would be too small to 

allow binding of the phosphorylated lipid A backbone, or an O-antigen.  In fact the 

binding site appears to only have space for one sugar residue.  The fact that binding by 

mAb FDP4 to the J-5 truncated LPS is abolished by additional outer core sugars, plus the 

small size of the combining site and the evidence that mAb FDP4 binds all variations of 
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J-5 LPS regardless of lipid A backbone residues or of core differences, points towards the 

epitope consisting of the smallest common feature to all the J-5 LPS variations: the 

terminal Glc residue.  This residue was modelled into the mAb FDP4 structure and can be 

seen to fit well into the combining site (Figure 33).  

 

Figure 33: Side view of the combining site of FDP4 with modelled Glc residue  

Represented by molecular surface, sliced to show the deep pocket of the combining site. The 
terminal glucose residue (pink, sticks, molecular surface as dots) was modelled into the 
combining site. Heavy chain: blue, light chain: green. 

 Amino acids pointing in towards the centre of the pocket that could potentially 

form intermolecular bonds with the glucose include heavy chain residues His50, Arg58 

and Tyr52, and light chain residues Tyr36 and His34. The shape of the combining site is 

consistent with other carbohydrate binding antibodies (e.g. mAbs Se155-4 (Cygler et al., 

1991), S20-4 (Villeneuve et al., 2000), S25-2 (Brooks et al., 2010)) where binding is 

dominated by the interaction of a single carbohydrate residue buried in a pocket formed 

at the interface of the light and heavy chain CDRs, with each chain contributing 

approximately equally to surface contact area. 
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4.5.3 Sequence comparison to mAb WN1 222-5 

The sequence of the mAb FDP4 light chain is relatively similar to mAb WN1 

222-5 apart from the CDR L1 loop, which contains an extra five amino acids (5’-

VKSNG-3’) making the light chain longer than that of mAb WN1 222-5. The heavy 

chain variable region has 46% identity to that from mAb WN1 222-5 and forms a 

dissimilar shape in comparison to mAb WN1 222-5, contributing to the overall pocket 

shaped combining site of mAb FDP4 (Figure 34). 

BLASTP of light chain variable region, FDP4 (Query 1) vs. WN1 222-5 (Sbjct 1) 

Score Expect Method Identities Positives Gaps 

131bits(329) 7e-45 Compositional matrix adjust. 68/112(61%) 78/112(69%) 5/112(4%) 

      
a
Query  1    DIVITQSPLSLPVSLGDQASISCRSSQSLVKSNGNTYLHWYLQKPGQSPKLLIYKVSNRF  60 

 
            DI + QSP SL  SLGD  SI+CR+SQ++     N +L WY QKPG  PKLLIYK SN   
b
Sbjct  1    DIQMNQSPSSLSASLGDTISITCRASQNI-----NIWLSWYQQKPGNVPKLLIYKASNLH  55 

 
a
Query  61   SGVPDRFSGSGSGTGFTLKISRVAAEDLGVYFCSQSTHIPWTFGGGTKLEIK  112 

   
 
         +GVP RFSGSGSGT FTL IS +  ED+  Y+C Q    P TFGGGTKLEIK 

b
Sbjct  56   TGVPSRFSGSGSGTDFTLIISSLQPEDIATYYCLQGQSYPRTFGGGTKLEIK  107 

 

 

BLASTP of heavy chain variable region, FDP4 (Query 1) vs. WN1 222-5 (Sbjct 1) 

Score Expect Method Identities Positives Gaps 

102 bits(254) 2e-33 Compositional matrix adjust. 58/126(46%) 80/126(63%) 12/126(9%) 

      
a
Query  1    EVKLMESGPGILQPSQTLSLTCSFSGFSLSTSNMGVSWIRQPSGKGLEWLAHIYWD---D  57 

     
 
       EVKL+ESG G++QP  +LSL+C+ SGF+ S   M  +W+RQ  GK  EWLA I      D 

b
Sbjct  1    EVKLVESGGGLVQPGGSLSLSCAASGFTFSDYYM--TWVRQAPGKAPEWLALIRNKRNGD  58 

 
a
Query  58   DKRYNPSLRSRLTISKDISRNQVFLTITSVDIADTATYYC---ARAFTTTPRFDCWGQGT  114 

     
 
          Y+ S++ R TIS+D SR+ + L + ++   D+ATYYC    R +T     D WGQGT 

b
Sbjct  59   TAEYSASVKGRFTISRDYSRSILHLQMNALRTEDSATYYCVRQGRGYT----LDYWGQGT  114 

 
a
Query  115  TLTVSS  120 

   
 
         ++TVSS 

b
Sbjct  115  SVTVSS  120 

 

a
Query relates to amino acid sequence of FDP4 

b
Subjct relates to amino acid sequence of WN1 222-5 

 

Figure 34: Protein BLAST of mAB FDP4 vs. mAb WN1 222-5 variable regions  

Light chain, top, heavy chain, bottom. 
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4.5.4 Conclusions 

The structure of mAb FDP4 unliganded, which was raised against the acylated 

truncated LPS from the E. coli J-5 mutant, contains a combining site formed of a deep 

pocket due to the elongated CDR L1 in combination with all CDRs of the heavy chain, 

which is consistent with other published anti-carbohydrate antibodies. MAb FDP4 

potentially failed as a clinically useful monoclonal antibody because it binds the terminal 

glucose of the truncated core and so cannot bind LPS containing a full outer core or O-

antigen.  As the terminal glucose of the J-5 core appears to be a strongly antigenic 

feature, future antibodies developed for broad-range septic shock treatment should be 

generated from either full-core or full LPS. 
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Chapter 5: Materials and Methods: Antibody Work 

 

5.1 Protein digestion 

Production and purification of mAb WN1 222-5 IgG and Fab fragments – The 

monoclonal antibodies WN1 222-5 (IgG2a) and FDP4 (IgG3) were generated by Dr. 

Franco di Padova and Dr. Sven Müller-Loennies. WN1 222-5 was generated by standard 

methods as described previously in detail (de StGroth and Scheidegger, 1980; Di Padova 

et al., 1993). Briefly, 22-week-old NZB mice were immunized intravenously with 108 

heat-killed bacteria in 0.1 ml of standard buffer solution. Four immunizations, one week 

apart, were carried out (weeks 1 and 3: E. coli F576, E. coli F653, and S. Minnesota R60; 

weeks 2 and 4: E. coli F470, E. coli F2513, and E. coli 018rf).  After 1 month, two 

injections, 1 day apart, of a mixture of the six strains (10 heat-killed bacteria) were given, 

the first injection intravenously and the second intraperitoneally. On the fourth day, 

spleen cells were recovered and fused with a nonsecreting murine B-cell parental 

myeloma cell line, by standard procedures. Supernatants of hybridoma cell cultures 

grown in serum-free medium were employed for in vitro tests. MAb concentration in 

culture supernatants was measured by ELISA and was in the range of 10 to 50 μg/ml.  

MAb FDP4 was generated in a similar manner, but using truncated LPS from the mutant 

strain E. coli J-5 for intravenous injections, rather than full bacteria. 

In each case, the IgG was purified on a protein A column and the Fab fragment 

prepared by digestion of the intact IgG with papain.  IgG was dialyzed into 20 mM 

HEPES (Sigma-Aldrich, Oakville, ON, Canada) pH 7.5, diluted to a concentration of 0.5 

mg/ml and 2 mM EDTA (Sigma-Aldrich) and 5 mM DTT (Sigma-Aldrich) were added.  

The digestion reaction was carried out at room temperature using a papain (Sigma-
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Aldrich) to IgG ratio of 1:200 for 4 hours. The reaction was quenched by the addition of 

10 mM iodoacetamide (Sigma-Aldrich), and the solution was dialyzed overnight into 20 

mM HEPES pH 7.5. The Fab fragment was purified by cation exchange chromatography 

on a CM-825 column (Shodex, NY, USA) using a linear gradient of 0-0.5 M NaCl in 20 

mM HEPES pH 7.5. 

5.2 Crystallization of Fabs 

Purified mAb WN1 222-5 was exchanged into 20 mM HEPES pH 7.5 and 

concentrated to 12 mg/ml.   

Unliganded structure – The concentrated antibody was screened using Hampton 

crystal screen I and II (Hampton Research, Aliso Viejo, USA) using hanging drop 

method, a 1:1 protein: reservoir ratio, and a 2 μl drop size.  Crystals (0.1 x 0.1 x 0.4 mm
3
) 

appeared in Hampton screen I under condition 41 (0.1 M HEPES sodium pH 7.5, 10 % 

v/v 2-propanol, 20 % w/v PEG 4000).  Larger crystals (0.3 x 0.3 x 0.1 mm
3
) appeared 

under similar conditions (0.1 M HEPES sodium pH 7.5, 10 % v/v 2-propanol, 15 % w/v 

PEG 3350) using 2 μl drops and a 2:1 protein: reservoir ratio at 16°C. 

R2 complex structure – The Fab was mixed with E. coli R2 dodecasaccharide-P4 

(5 mM) and equilibrated overnight before the complex solution was screened using 

Hampton crystal screen I and II (Hampton Research, Aliso Viejo, USA) using hanging 

drop method, a 1:1 protein: reservoir ratio, and a 2 μl drop size.  Large crystals (0.5 x 0.5 

x 0.1 mm
3
) appeared in Hampton screen I under condition 47 (0.1 M sodium acetate 

trihydrate pH 4.6, 2.0 M ammonium sulfate) after 5 days.  Larger crystals (1.0 x 1.0 x 0.2 

mm
3
) appeared under similar conditions (0.1 M sodium acetate trihydrate pH 6.5, 2.0 M 
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ammonium sulfate) after 3 weeks, using 3 μl drops, and a 2:1 protein: reservoir ratio, at 

16°C with an approximate 250 fold excess of dodecasaccharide to protein. 

R4 complex structure – The Fab was mixed with E. coli R4 dodecasaccharide-P4 

(5 mM) and equilibrated overnight before the complex solution was screened using 

Hampton crystal screen I and II (Hampton Research, Aliso Viejo, USA) using hanging 

drop method, a 1:1 protein: reservoir ratio, with a 2 μl drop size.  Small crystals (0.2 x 0.2 

x 0.1 mm
3
) appeared in Hampton screen I under condition 47 (0.1 M sodium acetate 

trihydrate pH 4.6, 2.0 M ammonium sulfate).  Larger crystals (0.5 x 0.5 x 0.1 mm
3
) 

appeared under replicated conditions after several months, using a 2:1 protein to reservoir 

ratio and 2 μl drops at 16°C with an approximate 250 fold excess of dodecasaccharide to 

protein. 

Crystallization of mAb FDP4 Fab – Purified FDP4 Fab was exchanged into 20 

mM HEPES pH 7.5 and concentrated to 10 mg/ml.  The Fab was screened using 

Hampton crystal screen I and II (Hampton Research, Aliso Viejo, USA) using hanging 

drop method, a 2:1 protein: reservoir ratio and a 2 μl drop size at 16°C.  Small crystals 

(0.2 x 0.2 x 0.1 mm
3
) appeared in Hampton screen I under condition 39 (0.1 M HEPES 

pH 7.5, 2% v/v PEG 400, 2.0 M ammonium sulfate) after 10 days growth.   

5.3 Data collection, structure determination and refinement 

Crystals were flash frozen to -160°C using an Oxford Cryostream 700 crystal 

cooler (Oxford Cryosystems, Oxford, UK) using either mother liquor supplemented with 

25% (±)-2-methyl-2,4-pentanediol (MPD; Sigma-Aldrich), or 20-30% w/v glycerol 

(Sigma-Aldrich), or dragging the crystal through LV CryoOil (MiTeGen, NY, USA) as a 

cryoprotectant.   
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WN1 222-5 unliganded – For the unliganded WN1 222-5 structure, data were 

collected on a Rigaku R-AXIS 4++ area detector (Rigaku, Japan) coupled to a MM-002 

x-ray generator (CuK radiation) with Osmic "blue" optics (Rigaku Americas, Texas) 

and processed using Crystal Clear/d*trek (Rigaku, Japan).   

WN1 222-5 complexes and FDP4 – For all other structures, data were collected at 

the Canadian Macromolecular Crystallography Facility on beamline 08ID-1 (CMCF-ID) 

of the Canadian Light Source (Saskatoon, Saskatchewan), using a 0.92 Å wavelength.   

The structures of WN1 222-5 in complex with LPS ligands were solved by 

molecular replacement with Phaser implemented in CCP4 (McCoy et al., 2007) using the 

variable domain of the homologous IgG2a antibody D2.3 (PDB: 1YEF) as a search 

model for R2, then the R2 structure as a model for R4. The LPS core was modelled using 

the program SWEET2 (www.glycosciences.de ), followed by library file creation using 

the program PRODRG (Schuttelkopf and van Aalten, 2004). The FDP4 structure was 

solved by molecular replacement with Phaser implemented in CCP4 (McCoy et al., 2007) 

using a split, aligned, model of homologous antibodies; PDB: 3O41 (Heavy chain, 

variable), PDB: 3IF1 (Light chain, variable), PDB: 1UZ6 (Heavy chain, constant, IgG3), 

PDB: 2ZCK (Light chain, constant) as a search model.  Manual fitting of sigma A 

weighted Fo-Fc and 2Fo-Fc electron density maps for all models was carried out with 

Coot (Emsley and Cowtan, 2004) and the program SetoRibbon (Evans, available from 

author). Restrained refinements and TLS refinements were carried out with Phenix 

(Adams et al., 2010) and Refmac (Murshudov et al., 1997). Final model and refinement 

statistics for all mAbs are given in Table 7. 

 

http://www.glycosciences.de/spec/sweet/
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Table 7: Data collection and refinement statistics 

 WN1 222-5 unliganded WN1 222-5 - R2 WN1 222-5 - R4 FDP4 

Data collection     

Space group C2 P43212 P212121 C2221 

Cell dimensions     

a, b, c (Å) 134.9, 48.20, 140.1 101.9,101.9, 118.5 80.98, 88.90, 130.4 86.68, 100.1, 128.5 

α, β, γ () 90, 110.6, 90 90, 90, 90 90, 90, 90 90, 90, 90 

Resolution (Å) 20-2.70 (2.78-2.70)* 30-1.72 (1.78-1.72)* 20-2.40 (2.49-2.40)* 30-3.15 (3.2-3.15)* 

Rsym % 6.2 (25.3) 4.7 (21.1) 9.4 (26.0) 13.2 (42.7) 

I/σI 31.1 (4.0) 15.3 (4.8) 32.8 (6.3) 17.2 (4.3) 

Completeness 

(%) 
92.4 (94.9) 98.7 (85.1) 99.7 (97.6) 99.9 (100) 

Redundancy 3.18 (3.57) 5.3 (4.3) 5.3 (4.0) 4.9 (5.1) 

Refinement     

Resolution (Å) 20-2.13  (2.21-2.13)* 30-1.73  (1.78-1.73)* 20-2.40  (2.46-2.40)* 30-3.15 (3.24-3.15)* 

No. reflections 44060 64926 35348 48735 

Rwork/ Rfree 23.78/ 28.43 18.2/ 23.1 22.11/21.94 24.21/29.73 

No. atoms     

Protein 6520 3244 6450 3265 

Ligand/ion - 133/49 235/0 - 

Water 503 112 379 18 

B-factors     

Protein 40.43 20.25 25.65 46.60 

Ligand/ion - 22.75/64.62 43.69 - 

Water 45.79 36.87 22.87 30.21 

R.m.s deviations     

Bond lengths (Å) 0.015 0.032 0.019 0.585 

Bond angles (º) 1.873 2.865 2.020 1.118 

*Highest resolution shell is shown in parenthesis. 
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5.4 ELISA binding 

All ELISA experiments were performed by Dr. Sven Müller-Loennies at the 

Borstel Research Institute, Germany (Müller-Loennies et al., 2003). 

Neoglycoconjugates – Neoglycoconjugates of deacylated oligosaccharides were 

prepared as described previously (Brade et al., 1994) for ELISA binding experiments. 

Briefly, ligands (2.5 mg) were dissolved in 200 μl of 50 mm carbonate buffer pH 9.2; 

glutardialdehyde (25%, electron microscopy grade; Merck) was added (1% final 

concentration); and the sample was stirred for 4 h at 25°C under N2 atmosphere. Excess 

glutardialdehyde was removed by lyophilization, and the samples were redissolved in 200 

μl of water. BSA (2.5 mg) was added from a 10 mg ml
–1

 solution in 50 mm carbonate 

buffer pH 9.2, and the mixture was incubated overnight at 25°C. Finally, 250 μg of 

NaBH4 was added, and the samples were incubated for 1 h at 4°C in the dark followed by 

dialysis against water once and three times against PBS pH 7.2. 

ELISA experiments – Binding of mAb WN1 222-5 to the neoglycoconjugates was 

determined by ELISA. Varying amounts of glycoconjugates were coated onto 96-well 

microtiter plates (Nunc, Maxisorb) and tested against serial dilutions of antibody. 

Antibody binding was detected with enzyme-conjugated anti-mouse IgG and substrate 

and measured photometrically at 405 nm.  Experiments were done in quadruplicate, and 

mean values were calculated. Confidence values did not exceed 10%. Binding of the 

mAb WN1 222-5 to fully acylated LPS was determined using LPS as a solid phase 

antigen instead of neoglycoconjugates (Müller-Loennies et al., 2002). 
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5.5 Affinity and kinetic constants determined by SPR  

All SPR studies were performed by Dr. Roger MacKenzie at the Institute for 

Biological Sciences, NRC, Canada. From: (Müller-Loennies et al., 2003). 

In order to gain a deeper insight into the kinetics and affinities of the binding, 

SPR analyses of the binding of core oligosaccharides to Fab WN1 222-5 were performed.  

Analyses were performed with a BIA-CORE 3000 instrument (Biacore, Inc.). WN1 222-

5 Fab was immobilized on a CM5 sensor chip (Biacore) at a surface density of 

approximately 20,000 RU using the amine coupling kit from Biacore. Analyses were 

carried out at 25°C in 10 mm HEPES pH 7.4, containing 3 mm EDTA, 0.005% P-20, and 

150 mm or 300 mm NaCl. Surface regeneration was not necessary. Data were evaluated 

using the BIAevaluation 3.0 software (Biacore). 

5.6 Germline gene analysis 

Murine BALB/c germline gene segments were compared using IMGT, the 

international ImMunoGeneTics information system® http://www.imgt.org (Initiator and 

coordinator: Marie-Paule Lefranc, Montpellier, France) (Ruiz et al., 2000; Lefranc et al., 

2009). 

 

http://www.imgt.org/
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Chapter 6: Unanswered questions 

6.1 Could the anti-idiotope to WN1 222-5 be used as a vaccine? 

Immunization of mice with mAb WN1 222-5 yielded several anti-idiotypic (anti-

ID) mAbs one of which (mAb S81-19) competitively inhibited binding of mAb WN1 

222-5 to E. coli and Salmonella LPS (Brade et al., 2012). This Anti-ID to WN1 222-5 is 

thought to be a type β anti-ID and therefore thought to mimic the inner core of LPS. As 

part of this research the anti-ID Fab in complex with WN1 222-5 was crystallized, 

although no data has been obtained thus far.  

6.1.1 Anti-ID Fab mimics core LPS 

While preparing the anti-idiotypic antibody for crystallization trials, some unusual 

features of the protein that were different from other antibodies previously crystallized 

were noted. The digested antibody had a light chain that appeared to be larger on SDS-

PAGE than indicated by the gene sequence. The masses of the light and heavy chains 

were confirmed by Mass Spectrometry, and an isoelectric focussing gel revealed each 

chain to have markedly different isoelectric points of approximately 4.5 for the light 

chain, and approximately 8 for the heavy chain.  (For comparison, the light and heavy 

chains of mAb WN1 222-5 had isoelectric points of approximately 8.7 and 9 

respectively.) 

There is a high proportion of acidic residues in the CDRs of the light chain 

variable region, particularly aspartate residues (Figure 35). In fact the amino acid 

composition is approximately 8.1% aspartate residues, which is double that of mAbs 

WN1 222-5 and FDP4. 
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Figure 35: Sequence of S81-19, the type β anti-ID to WN1 222-5  

Highlighted in red are acidic residues in the CDRs, which may be mimicking the acidic portions of 
LPS (Kdo and lipid A region).  

6.1.2 MAb WN1 222-5 – anti-ID Complex 

After several rounds of crystallization optimization of the Fab WN1 222-5 – Anti-

ID protein complex, small acicular crystals were obtained (Figure 36) that did not diffract 

to higher than 6 Å resolution even using a synchrotron beamline. 

 

Figure 36: WN1 222-5 – anti-ID acicular crystals  

Obtained after several rounds of optimization. 

As these crystals would not diffract, efforts are now concentrated on crystallizing 

the Fab portion of the anti-ID antibody by itself, to allow direct comparison with the 
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structures of LPS obtained in complex with mAb WN1 222-5.  Crystals of the anti-ID 

Fab unliganded (Figure 37) diffracted to 3.5 Å resolution at a synchrotron beamline, but 

suffered from beam damage, rendering the data not useful. This is an ongoing project. 

 

Figure 37: Anti-ID unliganded crystals  

Clusters of crystals could be prised apart into thin sheet crystals which were then flash-frozen; 
however, they suffered from beam damage at the synchrotron beamline and a structure has yet 
to be obtained. 

6.2 Does the WN1 222-5 mimicry of TLR4 extend to an MD-2 complex?  

6.2.1 Overlay of WN1 222-5 – MD-2 – LPS 

While studying the ability of mAb WN1 222-5 to mimic the binding of TLR4 

(Chapter 2) it was noted that MD-2 aligns well with the WN1 222-5 combining site, does 

not intrude into the antibody, and may be able to bind the antibody (Figure 38).  
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Figure 38: MD-2 – LPS – WN1 222-5 potential complex  

In red is the MD-2 protein, in blue is WN1 222-5 (dark blue = heavy chain, light blue = light 
chain), in pink is the core LPS from the WN1 222-5 – LPS complex, which has been overlaid with 
the acylated LPS from the TLR4 – MD-2 complex (PDB: 3FXI (Park et al., 2009). 

 

If mAb WN1 222-5 were in fact able to bind to MD-2, this would give the 

antibody an added advantage in conferring immunity to septic shock since blocking the 

MD-2 would prevent other forms of LPS that bind TLR4 – MD-2 from initiating the 

septic shock cascade. 

6.3 Does the humanized (chimeric) version of mAb WN1 222-5 (named SDZ 
219-800) have the same combining site as WN1 222-5? 

A chimeric humanized version of mAb WN1 222-5 was developed by Novartis 

presumably for potential use in human clinical trials.  Antibodies are humanized to 

prevent immunogenicity. There are two ways of humanizing antibodies; the first is to 

fully humanize all regions of the antibody apart from the CDRs, the second is to keep the 

entire variable region from the murine model and only humanize the amino acids of the 

constant region. This is known as a chimeric antibody.  Rather than being fully 

MD-2 WN1 222-5 
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humanized, mAb SDZ 219-800 is chimeric, in that the variable region is fully murine, 

and the constant region is fully human. 

6.3.1 Crystals of mAb SDZ 219-800 

Small crystals have been obtained of the Fab portion of mAb SDZ 219-800 

(Figure 39) via robot screening and the sitting drop method. The antibody was difficult to 

crystallize and it was only after several rounds of optimization that these crystals were 

obtained. Although small, they are potentially large enough to collect data at a 

synchrotron beamline. 

 

Figure 39: MAb SDZ 219-800 crystals  

6.3.2 MAbs WN1 222-5 and SDZ 219-800 sequence comparison  

The variable region of mAb SDZ 219-800 is exactly the same as that of the IgG2a 

antibody WN1 222-5. However, due to the chimerization of SDZ 219-800, the constant 

region is that of a human IgG1, kappa antibody (Figure 40).  
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BLASTP of heavy chain constant region, WN1 222-5 (Query 1) vs. SDZ 219-800 (Sbjct 1) 

Score     Expect   Method    Identities       Positives     Gaps 

103 bits(258)      1e-34   Compositional matrix adjust.      63/98(64%)      75/98(76%)        6/98(6%) 

      

a
Query 1   AKTTAPSVYPLAPV-----GSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAVLQ-S    54 

 
          A T  PSV+PLAP       G+  LGCLVK YFPEPVT++WNSG+L+SGVHTFPAVLQ S 

b
Sbjct 1   ASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSS    60 

  
a
Query 55  GLYTLSSSVTVTSSTWPSQSITCNVAHPASSTKVDKKI  92 

 
          GLY+LSS VTV SS + +Q+  CNV H  S+TKVDKK+ 

b
Sbjct 61  GLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKV  98 

 

 

BLASTP of light chain constant region, WN1 222-5 (Query 1) vs. SDZ 219-800 (Sbjct 1) 

Score    Expect Method    Identities     Positives      Gaps 

137 bits(345)     2e-47   Compositional matrix adjust.    63/102(62%)    78/102(76%)        0/102(0%) 

      

a
Query 1  RGAAPTVSIFPPSSEQLTSGGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKD   63 

 
           AAP+V IFPPS EQL  SGASVVC LNNFYP++  V+WK+ D  +  +S   T +QDSKD 

b
Sbjct 1  TVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKD   62 

 
a
Query 64 STYSMSSTLTLTKDEYERHNSYTCEATHKTSTSPIVKSFNRG  105 

 
         STYS+SSTLTL+K +YE+H  Y CE TH+  +SP+ KSFNRG 

b
Sbjct 63 STYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRG  104 

 
a
Query relates to amino acid sequence of WN1 222-5 

b
Subjct relates to amino acid sequence of SDZ 219-800 

 

Figure 40: Sequence alignment of the constant regions WN1 222-5 and SDZ 219-800 

(Top) Sequence analysis of the constant heavy chain of murine WN1 222-5 against chimeric SDZ 
219-800.  (Bottom) Sequence analysis of constant light chain of murine WN1 222-5 against 
chimeric SDZ 219-800. 

 

MAb SDZ 219-800 contains an extra five amino acids (5’-SKSTS-3’) near the 

hinge region that marks the start of the CH chain and an increased proportion of long 

chain amino acids (Lys and Asn) along with polar residues.  The CL chains appear to 

have similar proportions of charged and bulky residues with no significant differences.  

Potentially, the increase of long chain amino acids in conjunction with the additional 

residues in the CH chain has caused a large enough difference in structure and charge 

dispersion as to alter crystallization conditions from that of WN1 222-5.  This may 
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account for extra peaks from cation exchange HPLC for SDZ 219-800 over that of WN1 

222-5 (data not shown), as the papain may have significantly more accessible scissile 

bonds.   

 

Figure 41: Model of WN1 222-5 variable region with constant region of PDB: 2XTJ  

2XTJ is a human IgG1-kappa type antibody with the same constant region as SDZ 219-800. Heavy 
chain: blue, light chain: pink. Left: front view, right: side view. This is what the structure of the 
chimeric antibody SDZ 219-800 should look like, with the only differences potentially occurring 
in the elbow region between the variable and constant domains. 

 

The structure of the antibody is likely to resemble that shown in Figure 41, with 

the only potential differences occurring in the angle of the elbow region between the 

variable and constant domains. The elbow angle is defined as the angle relating VL to VH 

and CL to CH. It can vary greatly between different antibodies, which may explain why 

the humanized version of WN1 222-5, i.e. SDZ 219-800, was more difficult to crystallize 

than WN1 222-5. 
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Chapter 7: Investigating protein crystals using electron 
microscopy: introduction 

 

7.1 A short history of electron crystallography 

Analysis of molecular structure by electron diffraction (ED) was first pursued by 

a group of crystallographers in the Soviet Union in 1937 – 1938.  Neither theories nor 

techniques for structure analysis by ED were available at that time and so these scientists 

concentrated on the development of the technique and the design of ED cameras (Zou et 

al., 2011). 

In 1968, DeRosier and Klug at the MRC Laboratory for Molecular Biology in 

Cambridge started working on methods to determine the phases of structure factors in 

electron diffraction patterns by reconstructing three-dimensional objects from a set of EM 

images, for which Klug won the Nobel Prize in Chemistry in 1982. This 3D 

reconstruction is based on the fact that both phase and amplitude information are present 

in EM images and so can be extracted from the Fourier transform of images by digitised 

image processing. 

This 3D reconstruction method created a revolution in structural molecular 

biology, and hundreds of macromolecular structures including those of membrane 

proteins and viruses were subsequently determined.  One of the most notable, from 1975, 

is the 3D structure of purple membrane, solved to 7 Å resolution from EM images 

combined with ED data (Henderson and Unwin, 1975). It wasn’t for 10 more years that 

the first X-ray crystal structure of a membrane protein was determined (Deisenhofer et 

al., 1985), solved by Michel, Deisenhofer and Huber (which won them the Nobel Prize 

for Chemistry in 1988). 



 

 

82 

In 1990, using more powerful microscopes with better detectors, the structure of 

the purple membrane protein was solved to a 3.5 Å resolution, again by combining EM 

images with ED (Henderson et al., 1990). Since then, many other membrane structures 

have been deduced including the PhoE porin (Jap et al., 1991) and proteins in the light-

harvesting complex (Kuhlbrandt et al., 1994). Despite these achievements, the problems 

associated with ED and introducing hydrated specimens into an EM have meant that very 

few biological macromolecule structures have been solved by electron crystallography to 

date, compared to x-ray crystallography. 

7.2 Why aren’t more protein crystal structures solved using electron 
crystallography? 

The determination of biological macromolecules through single crystal x-ray 

diffraction is arguably the premier physical method for probing the nature of these 

molecules and is currently the most widely utilized method, uncovering hundreds of high 

impact structures since its development (Dunkle et al., 2011; Gourdon et al., 2011; Leung 

et al., 2011).  The explosion of new techniques and bright x-ray sources in the 1980’s and 

1990’s led to rapid advancement of protein x-ray crystallography; however, structure 

determination on some of the most important problems is now stalled due to the general 

inability to grow crystals of target macromolecules and macromolecular complexes to 

sufficient size.     

Electron microscopes are capable of sampling considerably smaller crystals, but 

problems with maintaining protein crystals in a vacuum, the beam intensity, and the 

strong interaction of electrons with proteins that allow only thin crystals to be sampled 

have restricted electron crystallography to inorganic or mineral crystals, which mitigate 

these problems by generally diffracting to significantly higher resolution in comparison to 
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macromolecules due to their smaller unit cells and higher levels of ordering.  However, 

recent advances in EM technology may mean these problems associated may be 

overcome. 

7.3 Potential advantages of electron crystallography over x-ray 
crystallography 

7.3.1 Electrons interact with matter more strongly than x-rays do  

Since electrons interact with matter more strongly than x-rays do, this means that 

considerably smaller crystals than those required for x-ray diffraction can be utilised.  For 

single crystal x-ray diffraction, crystals usually need to be larger than about 50 x 50 x 50 

μm
3
, or 5 x 5 x 5 μm

3
 for a synchrotron light source. For electron diffraction, crystals 

need only be 0.1 x 0.1 x 0.01 μm
3
. Thus electron crystallography has a promising future 

for crystals too small to be currently analysed by x-ray crystallography.  

7.3.2 Electrons can be focussed by magnetic lenses to form an image to solve the 
phase problem 

In order to calculate electron densities from any diffraction experiment you need 

three pieces of information, only two of which can be determined directly by the 

experiment. Those three things are the Bragg index (hkl) that relates a reflection to a 

specific unit cell; the intensity of the reflections, I(hkl); and the phase angles of the 

reflections, α(hkl).  It is important to distinguish the phase angle of the Bragg reflection 

from that of the scattered x-ray, neutron or electron used to probe the structure.  While 

both important, they are unrelated.  The unit cell is chosen to explain the position of the 

Bragg peaks and usually takes advantage of the symmetry of the crystal, while the 

intensities are measured by specialised detectors.   
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The ‘phase’ of a reflection pertains directly to the Fourier transform that converts 

the intensity data from the diffraction pattern into the periodic electron density of the 

crystal (and vice versa).  Every reflection represents a sine wave of electron density in the 

crystal, with the height of the wave related to the intensity of the Bragg peak and the final 

distribution of electron density determined by summing the individual components of 

each reflection.  To do this, the relative starting point, or ‘phase,’ of each wave must be 

known.  Unfortunately, unlike the intensities of the Bragg reflections, the phases of each 

reflection generally cannot be measured, which is called the ‘phase problem.’ 

The ‘phase problem’ is a problem for both small molecule and protein structures, 

but it’s a greater problem for proteins as there aren’t so many ways to derive the phases.  

One reason for this is that the resolution of the data usually isn’t as good; typically 2-3 Å 

resolution for proteins compared to 0.7-1 Å for a routine small molecule crystal structure.  

Nowadays, most small molecules can be solved by ‘direct methods’ using only the 

intensity data and ‘formalized chemical intuition’. Direct methods are theoretically 

possible for protein structures, but it gets harder to apply the method as the number of 

atoms in the unit cell becomes larger and the resolution of the data becomes poorer. 

The phase information of the scattered x-ray, neutron or electron generally lost in 

diffraction can (for the electron at least) be preserved in high resolution TEM (HRTEM) 

images, which can be linked to the diffraction data. As well, electron holography is a 

viable method of directly measuring the phase of the scattered electrons (Tonomura, 

1995; Lichte, 2013). 
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7.4 Protein crystals have many types of disorder 

Protein crystals suffer from many different kinds of disorder including twinning, 

formation of cracks and dislocations during crystal growth, and incorporation of 

macromolecular impurities such as aggregates into the crystal lattice. The quality of 

structural data from protein crystals is limited by these to some extent and so studying 

protein crystal disorder is a current research topic.  

Protein crystals are composed of approximately 50% solute, which make them 

difficult to study by many techniques, including in the high vacuum of an EM. 

Techniques such as X-ray topography, high-angular-resolution reciprocal space 

measurements and standard crystallographic data collection on relatively large crystals 

have previously been used for research into crystal disorder (Caylor et al., 1999). Apart 

from examples of inorganic crystal growth (Mann et al., 1984; Banfield et al., 2000; 

Chung et al., 2009) there are no studies of crystal disorder using EM, but with recent 

advancements in EM technology this may now be possible. 

Another challenge of studying biological specimens using EM is that the intensity 

of the beam often damages the sample. To overcome this, lower intensity techniques 

were developed to examine biological samples including the environmental SEM 

(ESEM) with the use of the Environmental Secondary Electron Detector (Danilatos, 

1994), which has been used to research topics such as; water in carbon nanopipes (Rossi 

et al., 2004), wet and insulating materials (Donald, 2003), and the behaviour of aerosols 

(Ebert et al., 2002) to name but a few. The environmental TEM (ETEM) was developed 

in the late 1970’s, which uses low voltage and environmental cells to study materials in a 

gaseous environment with controlled temperatures (Kishita et al., 2009). However, 

neither of these techniques has yet to be successful at looking at high resolution protein 
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crystal growth to examine the associated impurities and mosaicity.  Newer microscopes 

are now capable of low dose techniques and new methods for sample manipulation mean 

studying protein crystal disorder via EM is now a viable alternative. 

7.5 Protein crystal nucleation 

Nucleation occurs as the very first step in crystal formation and despite ongoing 

research it is still not well understood for protein crystals. By controlling nucleation it 

may be possible to cause crystals to grow where none had been seen, or to moderate such 

protein crystal characteristics as the size, perfection and number of crystals grown in 

solution (Galkin and Vekilov, 2000). However, to fully understand this event, powerful 

instruments are needed to see what happens at such a small scale.  

The theory of protein nucleation and growth was first developed during the early 

20
th

 century, with condensation of a drop from its vapour, followed by further research on 

crystallization from melts and from solutions (Volmer and Adhikari, 1925; Volmer and 

Schultze, 1931; Becker, 1940; Turnbull, 1950; Mutaftsc, 1967). However, the application 

to protein crystallography didn’t come about until 1985, through the revolutionary work 

of Feher and Kam (Feher and Kam, 1985). At this time, the significance of understanding 

the nucleation phase in protein crystallography became apparent (Manuel Garcia-Ruiz, 

2003). 

Atomic force microscopy (AFM) has been the major technique used to study 

nucleation (Durbin and Feher, 1990; Wiencek, 1999; Park et al., 2006). This technique 

has so far indicated that nucleation occurs through a two-step process whereby metastable 

clusters first form in a dense liquid providing an environment where a crystalline nucleus 

can form inside the clusters as the second step (Vekilov, 2010a; Vekilov, 2010b). 
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Although this explanation somewhat demystifies the mechanism, it still does not fully 

answer the question since it is still unknown whether the very first step involves an 

amorphous aggregate or an instantaneous crystalline lattice (Vekilov, 2010b).  

The relatively large size of protein crystals may eventually permit direct 

visualization of the growth of crystals at the very beginning stages, which may be 

correlated with indirect information inferred from beam scattering studies. EM may be a 

viable technique for studying this area of research now that new microscopes and 

sampling techniques are available. 

7.6 Summary 

Recent advances in electron microscopy (EM) technology such as improved beam 

characteristics have allowed the initiation of programs to develop EM as a viable 

alternative to x-ray crystallography.  In this research, method development into 

techniques for examining protein crystals in an electron microscope has been conducted, 

using standard equipment to explore avenues for introducing a protein crystal into the 

chamber of an electron microscope for analysing three-dimensional crystals for potential 

structure determination, studies into protein crystal disorder, and protein crystal 

nucleation events. 
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Chapter 8: SEM imaging of protein crystal growth 

 

8.1 Proposal 

The elucidation of a protein structure using x-ray crystallography relies on the 

quality of the crystal. To date, there are few studies surrounding the nucleation of protein 

crystals and the impact it has on crystal quality. Electron microscopy has not been 

utilised in most of these studies due to the inability to view wet specimens in the high 

vacuum of an EM.  

8.2 Abstract 

SEM imaging of the crystal growth process of lysozyme reveals the protein grows 

in a stacking, spiralling manner. Although nucleation cannot be observed, the top of the 

pyramid-like tetragonal protein crystal structures contain a non-crystalline area that 

appears to be experiencing strain due to the growth of the protein crystal. This research 

shows that it is possible to view detailed early stage protein crystal growth using a wet 

SEM technique therefore overcoming the problem of viewing hydrated protein crystals. 

8.3 Results  

8.3.1 SEM images reveal spiralling crystal growth pattern 

The growth of lysozyme crystals was observed during the crystallization process 

from a hanging drop crystallization experiment set up inside a Quantomix chamber (a 

sample holder designed for hydrated specimens) using SEM, demonstrating the 

feasibility of studying protein crystals in this way and thus overcome the problems 

associated with viewing hydrated protein crystals in the vacuum of the SEM (Gomery et 

al., 2013).  
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The images of the growing protein crystals revealed that the crystals grew in a 

stacking, spiralling manner (Figure 42). Although these images did not show the first 

nucleation phase, they did show tiny crystals growing on the surface of the chamber, just 

after nucleation occurred, revealing some remarkable features. An estimate can be 

obtained at the size of the amorphous area that is under strain during the crystal growth at 

the tip of each ‘pyramid’ if assumed to be spherical. The diameter of each centre is 

approximately 0.2 μm across, which is equal to approximately 50 lysozyme units in 

width (lysozyme size estimated from PDB: 3AW7). Therefore the number of lysozyme 

units at each crystal tip is approximately 125,000 (50 cubed).  

 

Figure 42: SEM Images of Lysozyme Crystal Growth  

a) A close up of one growing crystal shows that there are no facets in the centre. This may be a 
sign of an aggregate rather than crystalline area of amorphous growth, due to strain caused by 
the stacking and spiralling growth of the protein crystal. b) The same image with arrow 
indicating the spiralling direction of growth. c) The same image with boxes indicating definite 
‘steps’ created by screw dislocations, which enable the crystal to grow in a self-perpetuating 
manner.  
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Figure 43 shows protein crystal growth from 8 – 16 minutes post mixing the 

hanging drop. Towards the bottom right of Figure 43 b) and c) potential twinning is 

occurring between 2 lattices in the image, although this may also indicate a multiple 

crystal. Either of these types of defect may result in two lattices diffracting at the same 

time, making structural determination by x-ray crystallography more difficult.   

 

Figure 43: Timeframe images of lysozyme crystals growing on a polymer in a SEM  

Layers can be seen to be forming as the crystal grows in solution from an initial nucleus. a) 8 
minutes post setting up hanging drop, 10kV, x 500 magnification, b) 12 minutes post setting up 
hanging drop, 1kV, x 2.20k magnification, c) 16 minutes post setting up hanging drop, 1kV, x 
4.50k magnification. Towards the right of images b and c, evidence of potential twinning or 
multiple crystal growth can be seen as two growing crystal lattices collide, as indicated by the 
white arrows.  
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8.3.2 Fluid cells using standard equipment can withstand the SEM vacuum 

As part of the method development for examining protein crystals in an EM, 

simple fluid cells were made using standard silicon nitride SEM grids, held together with 

a ‘spacer material’ (Figure 44). See materials and methods (Chapter 10) for details. 

 

Figure 44: Silicon nitride fluid cell 

Left: close up of silicon nitride fluid cell containing lysozyme crystallization mixture and lysozyme 
crystals. Right: the fluid cell affixed to a microscope slide. 
 

These grids were able to withstand the vacuum in a SEM. 

8.4 Discussion 

8.4.1 SEM imaging of hydrated specimens  

Imaging of wet specimens in a SEM has previously been near impossible, due to 

the high vacuum in the SEM chamber causing sublimation. In the last half century since 

development of SEM, this has been the major impediment for its use in biological and 

biochemical applications. However with the recent advances in both SEM instruments, 

and SEM chambers specifically designed for these types of specimens (Muscariello et al., 

2005), the technique is fast becoming feasible. 

The SEM image of the growing tetragonal lysozyme crystals showed that it is 

possible to examine small protein crystals in the vacuum environment of the instrument. 
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Crystals were imaged at a number of timepoints (8-16 minutes post setting up the 

hanging drop experiment), while remaining in the beamline. Their growth shows some 

very interesting features. It can clearly be seen that the crystals are growing in a 

‘stacking’ manner, whereby consecutive layers of protein are being added from the centre 

(Figure 42 c). The centre of each pyramid-like crystal structure appears to be an area 

under strain from the spiralling crystal growth and has different contrast compared to the 

layers around it, indicating an amorphous, non-crystalline area.  

Images taken at 8 minutes post setting up the hanging drop (Figure 43 a) show the 

beginnings of the ‘pyramid-like’ tetragonal lysozyme crystals with dark centres. At this 

point and due to the lower magnification (x 500), it is difficult to distinguish individual 

crystals as the straight edges are not apparent. However by 12 minutes (Figure 43 b) and 

at a higher magnification (x 2.20 k) each crystal is clearly defined and tetragonal crystals 

of up to 10 x 12 μm are observed. Between 12 and 16 minutes (Figure 43 b and c), only a 

small amount of crystal growth has occurred. This may be due to the effects of the 

electron beam, or other factors such as the equilibrium of vapour diffusion in the 

Quantomix chamber being unbalanced after a certain timepoint so crystallization cannot 

continue.  

8.4.2 Nucleation centres cannot be observed 

The question of whether nucleation begins as an amorphous aggregate cannot be 

answered definitively from the images obtained by the SEM, since the crystals are 

already of too large a size and contain thousands of layers of protein by the time they 

were imaged.  If one zooms into a crystal (Figure 42 a), no facets exist in the very centre 

of the crystal indicating an area of amorphous aggregate rather than a crystal, although 



 

 

93 

this is unlikely to be a nucleation centre and more likely an area under strain during 

crystal growth.  An estimation of the number of proteins within this amorphous area was 

calculated to be ~125,000 units (vide supra). 

8.4.3 Spiralling growth of protein crystals 

There are only two known growth modes for all crystals; normal growth and 

tangential, layer growth (Chernov, 2003). The layer mode of growth is typical for protein 

crystals and growth from solution (Figure 45). Uncompleted lattice layers form steps, 

which are ended by ‘kinks’. New molecules join the growing lattice at the kinks only.  

Kinks are generated at steps relatively easily by fluctuations in exchange of molecules 

between the step and the solution or adsorption layer. If there are no steps on a crystal 

face however, or if all the kinks and steps are defaced by absorbed impurities, the face 

cannot grow. New steps are generated by only two mechanisms: 1) two-dimensional 

nucleation caused by fluctuational island creation or, 2) a screw dislocation crossing the 

crystal face, which forms one helicoidal plane of molecules, like a parking garage, or 

pyramid, acquiring a spiral shape as seen in the SEM images (Chernov, 2003). 

 

Figure 45: Layer-type mode of growth of a crystal  

Uncompleted lattice layers form steps, which are ended by ‘kinks’. New molecules join the 
growing lattice at the kinks only.  Kinks are generated at steps relatively easily by fluctuations in 
exchange of molecules between the step and the solution or adsorption layer. 
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This spiral-like growth mechanism was first put forward by F.C. Frank (Frank, 

1949) who stated that a crystal can still grow even under an extremely low driving force, 

because new crystal areas created by the screw dislocations of spiral growth act as self-

perpetuating step sources. These step sources, or layers of new growth due to screw 

dislocations which are visualized on the SEM images as shown in Figure 42, showing 

that the crystals are growing by spreading of the existing layers and generation of new 

ones at the screw dislocations. Screw dislocations can be left or right handed, or even 

double screw dislocations are possible.  

Previous research on visualizing this growth mechanism in lysozyme crystals was 

originally conducted by Durbin and Carlson (Durbin and Carlson, 1992), who were able 

to devise a chamber for use with an AFM to view growing crystals. However, this 

research shows the first SEM images of early stage crystal growth. 

8.4.4 Twinning and multiple crystals 

The beginnings of the two lattices overlapping as seen in Figure 43 are potentially 

going to result in epitaxial twinning (an overlap in one or two cell dimensions), as it 

looks as though 2 separate lattices are beginning to collide, which will eventually likely 

cause an overlap in cell dimensions. This can make the data more difficult to manipulate 

for structure determination. However this could also be two overlapping crystals, which 

would result in a multiple. Multiple crystals can also be a problem for data collection 

because diffraction images can overlap making indexing difficult. 

8.4.5 Future research 

Future research will involve growing protein crystals in the same way as 

described above but slowing down the crystal growth in order to observe even earlier 
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stages in protein crystal growth using SEM. It is possible to use fluid cells from standard 

silicon nitride SEM grids and spacer material as shown here. Potentially the nucleation 

process could be observed to try to determine if it is indeed an amorphous aggregate or a 

crystalline lattice that starts the nucleation process. 

8.4.6 Conclusions 

Structural biology often relies on the ability to crystallize a protein, however 

protein crystallization itself is a field of study that’s often overlooked. Standard electron 

microscopy techniques have been used, i.e. SEM, to study the early stages of growth of 

protein crystals showing that it is possible to view 3D protein crystals using EM. It is 

demonstrated that it is possible to obtain high quality images of protein crystals in a SEM 

using standard techniques.  Similar techniques can be used to further our understanding 

of protein crystal nucleation and disorder. SEM images of growing protein crystals 

confirmed that the crystals are increasing in a stacking, spiralling manner and contain 

amorphous areas which are likely caused by the strain occurring as the crystal grows. 
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Chapter 9: TEM imaging and diffraction of lysozyme crystals 

9.1 Proposal  

TEM imaging and diffraction have the potential to be used to study the structure 

of proteins via electron diffraction. TEM imaging and diffraction also has potential for 

examining the defects in protein crystallization and for furthering our understanding of 

the mechanism of protein crystal nucleation. A cryo-TEM method is proposed for 

examining the disorder in protein crystals and potentially for investigating protein crystal 

nucleation events. 

9.2 Abstract 

Structural biology generally relies on good quality protein crystals in order for 

structure determination.  Many factors affect the growth process of a protein crystal 

including the way it nucleates and the types of damage and effects of contamination 

during its growth. Although the quality of a crystal is vital to structure determination, it is 

an under-studied area of research. This method development begins to explore ways of 

measuring protein crystal quality using cryo-TEM, thus overcoming the problems 

associated with viewing hydrated specimens in a vacuum. Using cryo-TEM imaging and 

diffraction of lysozyme protein crystals as a model, unique features of crystal defects are 

reported. 

9.3 Results 

9.3.1 TEM imaging reveals areas of mosaicity 

Figure 46 shows a TEM image of a protein crystal (lysozyme). There are many 

interesting features in the crystal, which are labelled in the figure legend. This crystal is 
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slightly tilted giving rise to an under-focus, bright edge on the bottom (marked e) and an 

in-focus edge on the top (marked i).  The crystal is wedge-shaped and slightly bent 

resulting in bend contours. Many small crystallites are seen within the main crystal 

having an area density of ~0.8 crystallites per μm
2
 with some oriented to give strong 

diffraction contrast (marked b) and others oriented to give weak diffraction contrast 

(marked c) due to the change in the crystal orientation caused by the bent crystal. These 

crystallites ranged in diameter from 0.1 μm to 0.7 μm, with a mean of 0.347 μm.   

 

 

Figure 46: Cryo-TEM image of a crushed lysozyme crystal showing areas of interest 

9.3.2 TEM diffraction of crushed lysozyme crystals 

Following imaging, a 10 μm x 10 μm area of the crystal was subjected to very 

limited select area electron diffraction (SAED) as shown in Figure 47. 
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Figure 47: SAED of lysozyme crystal 

Left: TEM diffraction from crushed lysozyme crystal. Right: Explanation of measurements used 
for strain calculations. 

Although diffraction conditions were not ideal, features of the diffraction pattern 

could be linked to features in the TEM image seen in Figure 46. There are two similar 

rows of large diffraction spots (systematic reflections), which are rotated from each other 

by approximately 10 degrees. One row of spots is irregularly shaped, possibly due to the 

beam missing part of the crystal. These two sets of diffraction spots likely represent the 

areas of the crystal inside and outside the dislocation network indicated by ‘d’ in Figure 

46.  Other diffraction spots within the pattern are better defined. Spots 1 and 2 are well 

defined diffraction spots that have an elliptical shape, potentially due to the 

inhomogenous strain within the crystal. Their shape can be used to estimate the two-

dimensional (x, y) internal strain (or anisotropic mosaic spread) of the crystal using the 

simple formula:  

1)      

2)      

  oxox ddddd
21 x

  ooy ddddd
21 yy 
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Where do is the intermolecular spacing of the protein crystal plane giving rise to 

the elliptically shaped diffracted beam, ∆dx is the distortion of the spot in the x direction 

and ∆dy is the distortion of the spot in the y direction (See Figure 47 for explanation). 

Average values of 0.036 in the x direction and 0.073 in the y directions for spots 1 and 2 

were obtained using this method (Gomery et al., 2012).  

9.4 Discussion  

9.4.1 A standard TEM technique can be used to examine protein crystals 

TEM imaging and diffraction from 3D protein crystals was first demonstrated by 

Taylor and Glaeser (Taylor and Glaeser, 1974). One of the main aims of the research 

presented here was to see how feasible this was using standard sample apparatus; cryo-

TEM.  Although the electron beam was not optimized for good diffraction, a reasonable 

image and diffraction pattern were still recorded from a crushed protein crystal sample to 

enable some conclusions to be drawn about defects within its structure. 

9.4.2 Defects seen within the protein crystal 

The TEM image (Figure 46) shows a non-perfect, slightly tilted, wedge-shaped 

crystal containing many small ‘crystallites’ diffracting differently (smaller, less intense 

diffractions spots, separate from the rows of systematic reflections) from the main crystal 

due to their different crystallographic orientations. The crystallite’s misorientation with 

respect to the main crystal and relatively high area density of 0.8 crystallites/ μm
2
 is 

potentially a factor in producing mosaic spread, which is defined as the width of the 

distribution of misorientation angles of all the unit cells, and is typically between 0.3° 

and 1.0° for flash-cooled protein crystals (Kriminski et al., 2002).  
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The dislocation network that behaves as a low-angle grain boundary (interface 

between two crystals or crystal areas) was determined from the diffraction pattern to 

rotate the protein crystal by approximately 10 degrees.  Some of the defects such as areas 

of crystal thinning (f in Figure 46) and some of the larger crystallites (b in Figure 46) 

seen within the TEM image of the crystal no doubt were created during the post 

crystallization sample processing involving the crushing and freezing procedures to place 

the specimen in the TEM sample holder. The more a crystal is handled, the more 

degradation will be seen and thus the worse the diffraction pattern, which is often a 

concern to a protein structural biologist (McPherson et al., 1996; Helliwell, 2005). 

The incorporation of the small crystallites into the main crystal may have 

occurred from nucleation centers on the surface of the growing crystal enabling their 

misorientation from the main crystal. Another possibility as seen by AFM studies 

(McPherson et al., 1996) involves crystallites that form in the solution that then fall onto 

the surface and become incorporated in the growing crystal, however, these crystallites 

were shown to have needle and plate-like structures, not the rounded shapes found in this 

study.   

Although it was not possible to measure defects in other protein crystals, a 

published AFM/TEM study of protein crystals of S-layers from Sulfolobus 

acidocaldarius (Devaud et al., 1992) shows that defects and twin boundaries are a feature 

in other types of protein crystals.  Another AFM study revealed the apparent rough 

surface of growing hexagonal bacteriorhodopsin transmembrane protein crystals (Qutub 

et al., 2004). 
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The TEM specimen was flash frozen. Flash freezing protein crystals prior to 

structural analysis always creates mosaicity due to ice formation of approximately 50 % 

solvent within the protein crystals (Helliwell, 2005). However, some mosaicity is 

inherently present in the crystals before freezing due to the incorporation of the small 

crystallites within the crystal that would disrupt the planes of the crystal lattice and thus 

cause strain which in turn causes the spread of the diffraction intensities.  

9.4.3 Future research 

Although nucleation was not directly examined in this study, future work will 

involve flash freezing crystals at specific timepoints of early-stage growth and examining 

their diffraction and image using TEM in the way demonstrated here to attempt to study 

the event.  Diffraction as seen in this study would indicate a crystalline nucleation centre. 

A circle pattern would indicate an amorphous center. The use of standard, thin (10 to 100 

μm thick) silicon nitride TEM grids, held together with either glue or carbon paste will be 

used for this research. To act as a reference, gold nanoparticles can be placed inside these 

grids, acting both as a planar reference point for nucleation centres and as a diffraction 

reference since the lattice spacing of the gold nanoparticles will be different from protein 

crystals. 

The crystal characterization and analysis shown here begins to examine protein 

crystal quality at the atomic level topic in an effort to improve crystal growth methods to 

aid structural analysis using standard instrumentation. By understanding the disorder 

during growth of protein crystals, their mosaicity and defect structures, it may one day be 

possible to use this information to grow more perfect protein crystals and thus obtain 

better diffraction and higher resolution images of protein crystals.   
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9.4.4 Conclusions 

Standard electron microscopy, i.e. cryo-TEM, revealed it was possible to obtain 

images and electron diffraction from 3D protein crystals. The image revealed a high 

density of small crystallites and defects within the lysozyme protein crystal. Electron 

diffraction showed spread of diffraction spots, potentially due to anisotropic mosaic 

spread, which enabled strain measurements using a simple model. It may one day be 

possible to use this information to grow more perfect protein crystals and thus obtain 

better diffraction and higher resolution structures.   

Future research will involve trying to determine whether an amorphous aggregate 

or a crystalline lattice starts the protein crystallization process, using similar techniques. 

Diffraction of 3D protein crystals using TEM may also allow protein structure 

determination in the future. 
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Chapter 10: Materials and Methods for EM work 

 

10.1 Protein crystals  

Lysozyme (Sigma-Aldrich) was used as a model protein due its availability and 

the abundance of information in the literature regarding its crystallization.  Protein 

crystals were grown using the hanging drop method using a standard solution of sodium 

acetate pH 4.6, MPEG 2000 (Sigma-Aldrich) and 1.0 M sodium chloride (Sigma-

Aldrich) reservoir for growing tetragonal lysozyme crystals. Lysozyme was used at a 

concentration of 100 mg/ml in sodium acetate (Sigma-Aldrich).  

10.2 SEM 

A Hitachi S-4800 SEM was used to observe protein crystal growth in situ. Protein 

crystals were obtained as described above, then immediately placed into the SEM inside 

an environmental chamber (Quantomix). Images of growing crystals were taken at 8, 12, 

and 16 minutes after setting up the hanging drop using a 1 – 10 kV energy electron beam. 

10.2.1 Handmade fluid cells 

Cells were made from standard 50 μm thick silicon nitride SEM grids (Norcada), 

and held together by a ‘spacer material’ (Norcada part # SPL040A025A040Y-S1) which 

had a total thickness of 100 μm ± 10% and was made from polyethylene terephthalate 

(PET) with a general adhesive on both sides (Figure 48). The grids were placed with the 

flat surfaces facing towards each other, so that the thickness of the entire finished fluid 

compartment was only ~ 200 μm. 
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Figure 48: Spacer material used for SEM cells  

Spacer material (Norcada) has a ‘carrier’ PET material with a thickness of 25 μm, surrounded by 
2 layers of acrylic adhesive for a total thickness of 100 μm ± 10%. 

10.3 TEM 

Experiments using 3D lysozyme crystals were performed using a FEI TECNAI 

200kV TEM F20 microscope. Before analysis using TEM, the lysozyme crystals were 

crushed into small pieces of less than 0.1 mm size by looking at the crystal under a light 

microscope and by using a steel needle to crush the crystals, then placed on a standard 

carbon C-flat TEM grid that had been glow discharged using an Emitech K100X at 20 

mA for 15 seconds with Amylamine (99%, Sigma-Aldrich) to give a hydrophilic surface, 

before being frozen in liquid ethane using a Vitrobot (FEI), followed by immersion in 

liquid nitrogen. Before freezing, the crystals were cryo-protected using a 70:30 ratio of 

reservoir to ethylene glycol. Diffraction was taken with a spot size 9 at 200 kV. A 

diffraction pattern was also taken of the protein crystal for comparison with the 

transmission electron microscopy images taken at x 4,400 magnification, using a 

selective aperture of 20 μm. 
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