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Abstract 

Thyroid peroxidase (TPO) is an enzyme found on the cell surface of thyrocyte 

cells which is involved in the production of thyroid hormones. TPO is one of 

three major autoantigens in autoimmune thyroid disease (AITD). Despite 

investigations by several groups, the three-dimensional structure of the TPO 

protein is unknown. Solving the structure of TPO would further the 

understanding of AITD and produce useful data for improving the diagnosis and 

treatment of the disease. 

The focus of this work was to use information from the structures of related 

peroxidase enzymes to design modified TPO proteins which would be suitable 

for X-ray crystallography. Five modified proteins were designed and expressed 

in an insect cell line. Of these five proteins, four were successfully purified and 

concentrated to the high levels required for crystallographic studies. These 

proteins were characterised to show that they retained key features of the 

native protein such as autoantibody binding and enzymatic activity.     

The four proteins were tested in sparse matrix crystal screens. Two of the 

proteins produced large, single crystals suitable for X-ray diffraction 

experiments. The diffraction data obtained from these crystals had a maximum 

resolution of 5.2 Å, an improvement on previous work but insufficient to produce 

a reliable structure. Further experiments were carried out but the diffraction 

resolution could not be improved. These involved varying the crystallization 

conditions, modifying the protein by deglycosylation and using ligands to 

stabilise the protein.  

Additional work focused on furthering the understanding of autoantibody binding 

to TPO. Using an epitope excision technique not previously applied to TPO, it 

was demonstrated that an anti-TPO monoclonal antibody bound to a region 

close to or covering one of two immunodominant regions of the protein. These 

results are in good agreement with data from the current literature. 
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Chapter 1- Introduction 

 

The immune system 

The human immune system is responsible for preventing pathogens including 

parasites, viruses and microorganisms such as bacteria and fungi from causing 

harm to the body’s cells. To cause harm, these organisms must first bypass the 

body’s intrinsic defences. These are mechanical, chemical and microbiological 

in nature. Skin acts as a mechanical barrier to infection as microorganisms 

cannot pass between the epithelial cells which make up the tissue unless the 

epithelium is damaged in some way1. An example of a chemical defence 

against pathogens is the low pH of the stomach. This acidic environment kills or 

prevents growth of many microorganisms present in food. The native microbial 

flora found on the skin, in the lungs or living in the gut of any healthy individual 

also plays a role in protecting the body from infection. These bacteria are non-

pathogenic and are well adapted to growth on or in their human host. As such 

they deter pathogenic organisms by competing with them for nutrients and by 

producing antimicrobial substances of their own2.     

There are 2 types of immunity, innate and adaptive. Innate immunity relies on 

phagocytic cells known as macrophages which destroy pathogens by engulfing 

them3. Macrophages are constantly in circulation in the body and recognise 

many types of molecules commonly found on the surface of pathogens1. This 

type of response does not require previous exposure to a pathogen. The innate 

response aims to control an infection whilst an adaptive response, which takes 

4 to 7 days in the first instance of exposure to a pathogen develops.  

When a macrophage is activated, it produces cytokines and chemokines which 

increase the permeability of blood vessels and attract neutrophils to the site of 

the infection. This increased permeability causes inflammation at the site of the 

infection. This increases the flow of lymph into the lymphoid tissue and carries 

dendritic cells to the local lymph nodes4. Dendritic cells are a type of 

macrophage that absorb extracellular molecules for presentation to T cells as 
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well as engulfing and digesting pathogens. When an immature dendritic cell 

recognises a pathogen it becomes activated and matures. Mature dendritic cells 

are antigen presenting cells (APC) which possess the cell surface molecules 

required to stimulate proliferation of T cells5. An antigen is a molecule which 

triggers an immune response. In this case the antigen presented are small 

peptides produced by the digestion of proteins found in the extracellular fluid. 

Recognition of an antigen by B or T cells initiates a response from the adaptive 

immune system. Mature dendritic cells secrete cytokines and migrate to the 

lymph nodes to present antigens to T lymphocytes. 

Working alongside macrophages is a system of serum proteins known as 

complement. The complement system is also part of the innate response. When 

a pathogen is recognised by complement, a cascade is triggered which causes 

the proteolytic break down of molecules on the cell surface of the pathogen6. 

This process, known as opsonisation, increases the likelihood of a pathogen 

being recognised by a macrophage. The complement system can also kill cells 

directly by forming anaphylatoxins or membrane attack complexes which form 

large pores in cell membranes7,8. 

Adaptive immunity occurs as a response to a particular pathogen and involves 

lymphocytes which target specific antigens. Lymphocytes produce receptors or 

antibodies which bind to specific sites on an antigen known as an epitope. The 

adaptive immune system does not respond to a pathogen until after infection, 

however once exposed, reinfection with the same pathogen will result in a more 

rapid response9.   

Lymphocytes are produced in the bone marrow from common lymphoid 

progenitor cells. These cells, as with the precursors of other cell types found in 

blood, mature from pluripotent haematopoietic stem cells10. These stem cells 

have the potential to become several different types of mature cells. Common 

lymphoid progenitor cells either mature in the bone marrow and become B cells 

or migrate to the thymus to mature into T cells. 

T cells have cell surface receptors (TCR) which recognise antigens. A large 

repertoire of different receptors is produced by gene recombination11. A limited 

number of gene segments recombine randomly until a functional receptor 



   

3 
 

capable of recognising major histocompatibility (MHC) molecules is produced. 

Once this occurs the recombination stops, fixing the specificity of that 

lymphocyte. Each T cell has multiple copies of the same TCR on its surface to 

recognise MHC bound antigen. 

Once a T cell has undergone recombination and has produced a functional 

receptor it enters circulation. Mature T cells recirculate between the blood 

stream and lymphatic tissue4. In the lymph nodes T cells are presented with 

antigens by APC. Until the T cell receptor is stimulated it is said to be naïve. If 

the receptor is simultaneously stimulated by a foreign antigen attached to a 

MHC molecule and other co-stimulatory molecules found on the surface of 

APC, the T cell becomes activated and begins to proliferate12. Its progeny will 

produce the same cell surface receptors and will thus be activated by the same 

epitope on the antigen which initiated the proliferation. 

Stimulation of the TCR alone is not enough to trigger clonal expansion and 

differentiation of T cells, co-stimulation by another surface receptor is also 

required. CD28 is one of the more highly studied of these receptors. During 

activation CD80 or CD86 molecules on the surface of the APC bind to CD28 on 

the T cell13. This activates the T cell which will then produce cytotoxic T 

lymphocyte associated factor 4 (CTLA-4). CTLA-4 also binds CD80 and CD86, 

but produces an inhibitory signal when it does so14. CTLA-4 has a greater 

affinity for CD80 and CD86 than CD28, so the inhibitory signal reduces the 

sensitivity of progeny cells. As these new cells are stimulated to a lesser degree 

by the APC, interleukin-2 (IL-2) production is limited. IL-2 is an autocrine factor 

which controls T-cell differentiation and in some cases expansion by affecting 

the expression of receptors for other cytokines15. This negative feedback loop 

regulates T cell growth by preventing excessive proliferation.     

Cytotoxic T cells destroy cells infected with intracellular pathogens such as 

parasites, viruses and some bacteria16. Antigens from the pathogen are 

displayed on the infected cells surface by MHC. Interaction with the T cell 

activates caspase cascades in the infected cell which activate enzymes that 

break down DNA. This kills the host cell and the pathogen within. 
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B cells produce proteins known as immunoglobulins (Ig) or antibodies. As with T 

cells, gene rearrangement allows each cell to produce a unique antibody from a 

fixed number of gene segments. There are 5 isotypes of immunoglobulins. IgM 

is the first type of Ig produced by a developing B cell and by a mature cell 

producing a primary response to a previously unencountered antigen. It is 

mainly found as a monomer or pentamer although other polymeric forms have 

been described17. IgD is produced after IgM by alternative splicing18. The other 

3 isotypes are produced by isotype switching, a process which occurs in 

response to antigen stimulation or cytokine signalling19. IgA is dimeric and 

mostly found in mucosal areas such as the gut or respiratory tract although it is 

present in small amounts in sera20. It is also found in secreted fluids such as 

tears or saliva. IgD, E and G are monomers. IgE is mainly involved in immunity 

against parasites but also plays a role in type 1 hypersensitivity reactions21. It is 

the least abundant Ig in circulation, but produces a potent response as mast 

cells bind to it with a high affinity. IgG is found in serum and accounts for around 

75% of the total Ig produced (Fig. 1). There are 4 subclasses of IgG- IgG1, 2, 3 

and 422. IgG1 are the most abundant of the IgG subclasses. IgG1 are usually 

directed to soluble and membrane bound protein antigens23. IgG2 are more 

commonly directed against polysaccharides such as those found in the 

capsules surrounding bacterial cells. While IgG 1, 2 and 4 share a quite similar 

structure IgG3 type antibodies have an extended hinge region relative to the 

other classes and extra glycosylation sites24. This subclass also has the 

shortest half-life in circulation. This may be an adaptation to prevent an 

excessive immune response as IgG3 produces a strong inflammatory response. 

IgG4 antibodies are formed against antigens to which there is a repeated or 

long-term exposure such as allergens25. IgG4 is the only IgG subclass which 

does not fix complement. 

Ig molecules bind antigens through complementarity determining regions 

(CDRs) found at the of the F(ab) regions26. Each F(ab) region has six CDRs in 

total, three each on both the heavy and light chain. Each CDR is a loop of 

variable length, particularly in the case of the heavy chain CDR3. The CDRs 

play a large, although not total, role in determining what antigen the antibody 

recognises27. These are therefore the sites with the highest rates of variation. 
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The genes coding for the stretches of the protein, known as the framework 

region are relatively conserved in comparison. 

 

 

Figure 1- Diagram of an IgG molecule. Heavy chain- blue. Light chain- green. Hinge region of 

heavy chain- blue line. -S S - disulphide bond. F(ab)- antibody binding fragment (two per 

molecule). Lighter colours indicate the regions involved in antigen binding. F(c)- crystallisable 

fragment. This region mediates interactions with effector cells via Fc receptors and complement 

proteins. 

IgD and monomeric IgM molecules are found bound to the surface of the 

mature B cell although both are also secreted. When stimulated they act as 

receptors and initiate the production and secretion of more Ig with the same 

specificity28. The act of B cell receptors (BCR) binding to the antigen may 

neutralise it if it is a virus or bacterial toxin. Other pathogens such as bacteria or 

parasites may not be directly neutralised by Ig binding. Natural killer (NK) cells 

recognise the constant region of Ig molecules which are not involved in antigen 

binding (Fc). NK cells do not have antigen specific receptors and are part of the 

innate immune response. Any molecule or cell with Ig bound to it will be 

recognised by the Fc receptors on NK cells and destroyed by a process known 

as antibody dependent cell mediated cytotoxicity29.       

Few antigens activate a B cell proliferative response directly, therefore another 

subset of T cells known as helper T cells are required to produce a B cell 

response. Naïve helper T cells stimulated by an APC differentiate into either 
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Th1 or Th2 effector cells30. Th1 cells secrete interferon-γ and tumour necrosis 

factor-α whereas Th2 cells secrete several types of interleukins.  

When an antigen is recognised by the BCR it is internalised to an endosomal 

compartment. Here it is broken down into short peptides which are bound to 

MHC class II proteins31. The MHC bound peptides are then displayed on the 

cell surface where they are recognised by helper T cells which are activated by 

the same antigen.  

The probability of an activated B cell meeting a T cell with the same specificity 

in circulation is very low. To increase the likelihood of this event happening 

activated B cells become trapped in the T cell zone of the spleen while naïve B 

cells pass through this zone quickly 32. The T cell zone of the spleen is where T 

cells are trapped and differentiate to helper T cells. Once B cells receive the 

required co-stimulation in the T cell zone they leave the spleen, differentiate and 

proliferate.   

After contact with Th cells bearing the same antigen receptor, B cells migrate to 

the border between the T cell zone and red pulp of the spleen and establish a 

primary focus of proliferation and differentiate into memory or plasma cells33. 

Some activated B cells migrate to the primary lymphoid follicles where a 

germinal centre is formed34. Here B cells go through a process of somatic 

hypermutation. During this process point mutations are introduced to the 

variable (V), diversity (D) and joining (J) genes of Ig molecules at each cell 

division35. These genes code for the section of an Ig which binds to the antigen. 

While there are a limited number of these genes available, by generating 

different combinations of V(D)J genes (V and J only for light chains) a larger, 

more diverse repertoire of Ig molecules is achieved36. This changes the 

structure of the complementarity-determining regions which make up the 

antibody binding site. These mutations occur at a much higher rate than during 

normal cell division increasing the chances of producing a higher affinity clone. 

Mutagenesis is driven by activation-induced cytidine deaminase (AICD). AICD 

deaminates cytosine to uracil in single stranded DNA, causing mismatches in 

the sequence37. Depending on how the repair occurs this mismatch can result in 

a mutation. B cell clones with higher affinity receptors compete more 
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successfully for the limited amount of antigen available38. These cells receive 

survival signals from helper T cells in the germinal centre where lower affinity 

clones or those which no longer produce a functioning receptor die by apoptosis 

and are cleared by macrophages. 

Plasma cells produce and secrete large amounts of Ig, but no longer express 

the MHC molecules required to present antigen to T cells39. A plasma cell 

cannot differentiate further or undergo isotype switching to change the type of Ig 

it produces. Memory B cells are long lived cells which express the high affinity 

receptors selected for in germinal centres40. These cells therefore produce a 

faster and more potent response if the body is reinfected with a previously 

encountered antigen. 

The immune system has a mechanism to prevent it targeting the body’s own 

cells known as tolerance. In 1953 Billingham et al showed that exposing foetal 

mice or chickens to foreign cells early in development induces tolerance of 

these cells in adult life41. Skin grafts from the donor animal to the host which 

had previously received cells from the donor were successful where they would 

otherwise be rejected and attacked by the host’s immune system. Such hosts 

retained the ability to mount an immunological response to grafts from other 

donors not previously encountered.    

When the immune system is functioning correctly, lymphocytes which react to 

epitopes on self antigens are prevented from maturing. This negative selection 

may occur by destroying the cell by apoptosis or by rendering the cell anergic 

so it cannot respond to the antigen. 

For developing T cells this selection occurs in the thymic cortex. Positive 

selection removes the majority of the developing T cell population. The 

developing cells encounter MHC molecules on the surface of stromal cells. If a 

cell’s TCR does not recognise a MHC molecule in the thymus it undergoes 

programmed cell death42. This interaction triggers the down regulation of either 

CD4 or CD8 receptors, depending on whether the cell recognises class I or 

class II MHC molecules43. This commits the cell to becoming a helper or 

regulatory T cell (CD4+ recognising MHC class II) or cytotoxic T cell (CD8+ 

recognising MHC class I) once mature. The cell population then undergoes 
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another positive selection step for the expression of one of these co-receptors 

required to mount a response to an antigen.  

Expression of self peptides in the thymus is controlled by the regulatory protein 

autoimmune regulator (Aire). This gene was discovered in a study of genetic 

mutations linked to autoimmune polyglandular syndrome type 144. When 

functioning correctly Aire promotes ectopic expression of peripheral tissue 

antigens spread over several locations on the nuclear DNA45. These self 

molecules are then presented to immature T cells as part of the selection 

process. 

Once T cells have been positively selected, they are presented with a variety of 

self peptides bound to MHC molecules in the medulla46. Cells which respond to 

these molecules undergo clonal deletion or become regulatory T cells (Treg 

cells), which play a role in peripheral tolerance and modulating the levels of 

immune responses47. However under some conditions negative selection can 

still occur when the T cell moves to the periphery. Anergy may be triggered in 

the periphery if an antigen is presented without the required co-stimulation of 

the CD28 receptor48. 

B cells also undergo selection to remove self-reactive cells during maturation. 

Once a B cell expresses IgM on its surface, its development can be arrested by 

the binding of a self peptide before the cell matures and enters the periphery49. 

Under normal circumstances this would be a self peptide encountered as a 

soluble protein or membrane bound on the surface of stromal cells in the bone 

marrow50. Developmental arrest prevents B cells from expressing the receptors 

and adhesion molecules required to mature and enter circulation. Prolonged 

exposure to a recognised antigen causing arrest leads to cell death.  

 

Autoimmune disease 

The process of immune tolerance is not always complete and autoimmune 

diseases can develop as a result. Autoimmune diseases occur when the 

immune system responds to the body’s own naturally occurring molecules. 

Molecules which trigger this response are known as autoantigens. The effects 
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and symptoms caused by these inappropriate immune responses vary and 

depend on the function of the particular autoantigen and the cells which carry it. 

Antibodies which react with self molecules are referred to as autoantibodies. 

Evidence for the existence of autoantibodies was first discovered in 1953 when 

sera from patients with acquired haemolytic anaemia was shown to agglutinate 

erythrocytes from normal individuals as well as several other mammalian 

species51. Prior to this study it was thought it was not possible for the body to 

produce antibodies against its own molecules.  

It is now known that a wide range of self reactive antibodies are present in 

healthy individuals52. This phenomenon has also been demonstrated in rats and 

pigs and could be common amongst mammals. These low affinity, polyreactive 

antibodies are known as natural antibodies53. These are constantly in circulation 

in the body regardless of any exposure to an antigen and are expressed by a 

subset of B cells known as B-1 cells. Natural antibodies are mostly of the IgM 

isotype although IgG and IgA are also present54.  

Autoantibodies differ from natural antibodies in that they recognise a single, 

specific epitope with high affinity. Cells that produce autoantibodies responsible 

for a number of diseases have been shown to undergo isotype switching and 

affinity maturation55. These processes produce higher affinity antibodies often, 

but not always, of the IgG or IgA types commonly associated with autoimmune 

disease. An example of affinity maturation of an autoantibody is given by 

comparing the crystal structures of a high and low affinity rheumatoid factor IgM 

which binds to IgG crystallisable fragment (F(c))56. Analysis of the structures 

showed, in this case, mostly residues in the heavy chain antibody binding 

region were involved in binding the antigen to the low affinity antibody57. Only 

two light chain residues made any contact with the antigen leaving two of the 

complementarity determining region loops of this chain completely uninvolved in 

binding. The higher affinity antibody bound in a more conventional way with 

several mutated residues across each chain forming contacts to the antigen 

either by hydrogen bonds or van der Waals interactions, or by inducing 

conformational changes, bringing other residues into contact with the antigen56.  
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Somatic hypermutation of B cells has been demonstrated by producing the 

unmutated form of an insulin autoantibody isolated from a patient with type 1 

diabetes mellitus (T1DM)58. The unmutated antibody was produced from 

germline V genes and bound insulin with a low affinity in comparison to the 

mutated or partially mutated sequences. 

Autoantibodies may be markers of a disease or the causative agent depending 

on the disease and its exact mechanisms. Autoantibodies may activate 

cytotoxic cells such as NK cells causing antibody-dependent cell-mediated 

cytotoxicity59. Both of these processes cause cell death by lysis. B cells may 

also play a role in autoimmunity by acting as APC60. 

T lymphocytes and cytokines are also involved in the pathogenesis of 

autoimmune disease. A 2013 study examined levels of Treg cells in 

autoimmune thyroid disease (AITD) patients relative to healthy control 

individuals61. No significant difference was found in the levels of Treg cells or 

the ability of Th cells to proliferate. However the ability of the Treg cells from 

AITD patients to suppress proliferation of Th cells was greatly reduced 

compared to controls. This lack of suppression may be one factor which allows 

an autoimmune response to develop.   

The role of cytokines in autoimmunity is complex and not fully understood. 

Disruption of the production of a single cytokine or its associated receptor can 

cause wide ranging immune dysfunction. Two cytokines of particular importance 

in suppressing autoimmunity are transforming growth factor-β (TGF-β) and IL-

10. TGF-β inhibits naïve T cells from differentiating into Th type cells and, in 

conjunction with TCR stimulation, induces the expression of FOXP3 to produce 

Treg cells from circulating CD4+ T cells62. Reduced levels of TGF-β have been 

observed in patients with Hashimoto’s thyroiditis and systemic lupus 

erythematosus, indicating that a reduced immunosuppressive capacity may be 

a factor in the development of autoimmune disease63,64.  

Due to its anti-inflammatory effects much effort has been put into studies on 

using IL-10 as a treatment for various autoimmune diseases65. IL-10 is a 

regulatory cytokine with both anti-inflammatory and immunostimulatory activity 

produced by almost all leukocytes66. It inhibits the activation of dendritic cells 
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and macrophages by inhibiting MHC class II expression, reducing the 

production of several pro-inflammatory cytokines and the co-stimulatory 

potential of these cells67. IL-10 also affects T cells directly by inhibiting CD28 

co-stimulation preventing proliferation and cytokine production68. Conversely IL-

10 has a stimulatory effect on B cells increasing proliferation and antibody 

production69. Disappointingly, studies with this cytokine have proven largely 

unsuccessful as the complex role of IL-10 in the immune system means simply 

administrating the cytokine to a patient is generally ineffective. 

Autoimmune diseases can be systemic, affecting the body as a whole or 

localised affecting only a single organ or particular type of cell. In a non-organ 

specific, systemic autoimmune disease such as SLE several organs are 

targeted by the immune system. Symptoms of SLE are wide ranging given its 

systemic nature but include photosensitive skin rashes, inflammation and 

abnormalities in the blood vessels, most noticeable in the kidneys70. 

Descriptions of the facial rash common in lupus can be found dating from 

ancient Greece. The term “lupus” was first used in the 1200’s due to the 

supposed resemblance of the rash to a wolf bite71. The involvement of 

autoantibodies in the disease was not demonstrated until 1958 when Friou et al 

used fluorescent anti-human antibodies to visualise IgG from patient sera 

binding to cell nuclei72.  

SLE occurs when the immune system becomes sensitised to various 

components of the cell nucleus such as double stranded DNA and small nuclear 

ribonucleoprotein73. This is thought to be caused by nucleosomes entering 

circulation due to inefficient clearance by phagocytes following apoptosis74. This 

could be due to genetic mutations causing impaired function of these cells or 

from complement deficiencies. Once triggered this could be exasperated by the 

disease process due to antibodies blocking phagocyte function or depleting 

complement proteins. If not cleared from circulation these molecules can 

stimulate receptors on APC which normally react to viral components, leading to 

the further expansion of autoreactive B and T cells75. Autoreactive Th cells 

stimulate B cells to produce high affinity IgG type antibodies to components of 

the nucleosome70. A reduction in the number or function of Treg cells could 
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allow these autoreactive Th cells to proliferate, although this may not occur in all 

patients76.  

 

Autoimmune thyroid disease 

Autoimmunity to the thyroid can be divided into three main types, 

hypothyroidism, hyperthyroidism and post-partum thyroiditis. Unlike the 

systemic disease SLE, autoimmune hypothyroidism is organ specific. The 

disease known as Hashimoto’s thyroiditis (HT) is named after Dr. Hakaru 

Hashimoto who in 1912, described 4 cases of patients in Japan having 

undergone partial thyroidectomy as treatment for goitre77. Histopathological 

studies of thyroid tissue samples from these patients showed signs of 

lymphocytic infiltration. This was distinct from the more common colloid goitre 

associated with low iodine intake. Modern studies indicate that thyroid atrophy 

is more frequent in HT although some patients do present with goitre. Other 

symptoms of hypothyroidism are wide ranging but can include fatigue, impaired 

memory, depression, weight gain and bradycardia78. Patients with overt 

hypothyroidism have high levels of circulating thyroid stimulating hormone 

(TSH) but low concentrations of the thyroid hormones 3,3’,5-triiodothyronine 

(T3) and thyroxine (T4). 

Examination of the thyroid of HT patients typically reveals evidence of cellular 

infiltration into the gland79. The infiltrating cells are primarily lymphocytes but 

plasma cells and macrophages are also present. The lymphocytes may 

organise and form germinal centres inside the thyroid. In some cases this may 

be accompanied by fibrosis but this is generally rare, representing less than ten 

percent of cases.  

Another, more recently classified form of autoimmune hypothyroidism is IgG4 

thyroiditis80. In IgG4 thyroiditis the infiltrating cells contain a higher proportion of 

IgG4 expressing plasma cells. It is possible that IgG4 thyroiditis is part of the 

more systemic IgG4 related disease which affects the endocrine system more 

widely81. This disease is still poorly understood as until quite recently it was 

thought to be several separate diseases which occurred in isolation.   
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By comparison autoimmune hyperthyroidism can involve other organs. This 

condition is known as Graves’ disease (GD) after the physician Robert James 

Graves82. Graves described it in 1835 along with at least two other physicians, 

Caleb Hillier Parry and Karl Adolph von Basedow, also publishing around the 

same time. GD is the most common cause of hyperthyroidism in areas with 

sufficient iodine intake and results in the over production of thyroid hormones83. 

This leads to symptoms such as weight loss despite increased appetite, 

tremors, irritability, goitre and heat intolerance. Patients with GD have low 

serum TSH concentrations and high levels of T3 and T484
.  

In 1958 it was demonstrated that the sera of some patients with hyperthyroidism 

would have a stimulatory effect on thyroid hormone release in guinea pigs85. 

Initially thought to be an abnormal form of TSH, this substance was shown to 

stimulate the thyroid but the mechanism by which it did was thought to be 

different from that of TSH. In 1964 some evidence indicated this substance, 

which had become known as “long acting thyroid stimulator”, was an Ig 

molecule86. In 1974 Smith & Hall showed that autoantibodies to the TSHR have 

the ability to mimic TSH and stimulate the TSHR87. 

GD patients may also present with exophthalmos, known as Graves’ 

ophthalmopathy (GO). This condition causes a protrusion of the eyes due to 

swelling of the extraocular tissue caused by increased adipogenesis or 

enlargement of the extraocular muscles88. Th cells infiltrate the tissue and 

produce cytokines such as IL-2, interferon γ and tumor necrosis factor. Orbital 

fibroblasts respond to these cytokines by secreting increased amounts of 

hyaluronan. This is a hydrophilic glycosaminoglycan found in the matrix 

between the ocular muscle fibres. Excess production of this molecule draws 

more fluid into the tissue causing swelling. GO usually occurs within 18 months 

of the onset of hyperthyroidism in around half of GD patients. Between 3 and 

5% of patients suffer a more severe form of the condition which can cause 

permanent sight impairment89. The condition is believed to be mediated by 

TSHR antibodies acting on TSHR expressed in the retro orbital fibroblasts88.  

GO proved difficult to study as a reproducible mouse model was not developed 

until 201390. This model was produced by immunising mice with a plasmid 
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containing the gene for human TSHR leucine rich repeat domain and produces 

similar pathologies to those observed in humans. Mice immunized following this 

protocol may develop stimulating or blocking TSHR antibodies and be hyper or 

hypothyroid as a result91. The reason for these different phenotypes is currently 

unknown. 

GO is often mild and self limiting so treatment with topical lubricants and the 

use of sunglasses can be sufficient to ameliorate the symptoms. In more severe 

cases steroids or surgical intervention are required to control the condition92.  

Pregnancy is a major risk factor for thyroid disease. The demand on the thyroid 

to produce hormones can cause the gland to increase in volume by as much as 

40%93. This increase in demand, immune suppression during pregnancy, and 

the return  normal activity in the postpartum period may trigger thyroid 

disease94. The risk of HT and GD developing both increase with pregnancy and 

the third common form of AITD, postpartum thyroiditis (PPT) occurs in 

approximately 8% of women95. PPT was first noted in the literature in 1948 by 

Dr H. E. W. Roberton in New Zealand96. He found patients suffering from 

fatigue, irritability and coldness after giving birth improved dramatically when 

treated with thyroid extracts and noted the similarity of the condition with 

hypothyroidism.  

PPT can occur up to a year after giving birth97. Patients alternate between bouts 

of hyperthyroidism and hypothyroidism with symptoms alternating between 

those associated with each condition. Hyperthyroid periods are often 

asymptomatic but hormone replacement may be required during hypothyroid 

phases depending on the severity of the disease. TSH levels are usually low in 

PPT patients and T3 and T4 levels may be elevated. The condition is transient 

in most cases and is usually resolved within a year of developing, however 

permanent hypothyroidism develops in around 23% of patients98.  

Thyroid autoimmunity has been linked to adverse pregnancy outcomes in a 

number of studies99. This includes an increased risk of spontaneous and 

recurrent miscarriage, and preterm delivery. The reasons for this are not 

completely clear. It is possible that minor hypothyroidism increases risk as 

treatment with levothyroxine appears to have a beneficial effect100. There is also 
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evidence that the offspring of TPO antibody positive mothers are more likely to 

suffer from impaired neurological development during childhood101. The IQ 

scores of the children of TPO antibody positive mothers are lower on average 

than those of antibody negative mothers up to the age of seven102. Maternal 

TPO antibody positivity is also associated with an increased risk of 

sensorineural hearing loss.    

 

Thyroid autoantigens 

In AITD autoantibodies are produced which recognise three main autoantigens, 

thyroid peroxidase (TPO), TSHR and thyroglobulin (Tg)103–105. Antibodies to 

TPO have proven diagnostic and predictive value for HT and PPT79,97. A large 

number of TPO autoantibodies have been isolated and studied106. The majority 

of these have been produced from combinatorial libraries although at least one 

monoclonal antibody has been produced from hybridoma cells generated from a 

patient lymphocyte107–109. TPO antibodies from patient sera are predominantly 

IgG1 and IgG4 and have been shown to activate complement in vitro to induce 

complement-mediated cytotoxicity110,111. 

Antibodies to TSHR found in AITD patients are interesting due to the effect they 

have on TSH receptor function. TSHR is a G protein coupled receptor 

stimulated by TSH. It is membrane bound and found on the basal surface of 

thyrocytes. Stimulation of the receptor triggers production of cyclic adenosine 

monophosphate (cAMP) which regulates several metabolic processes within the 

cell and leads to production of thyroid hormones112.  

Autoantibodies to the TSHR can be of two types, stimulating or blocking113,114. 

Stimulating and blocking antibodies disrupt normal thyroid function when they 

bind to the receptor115. Stimulating antibodies mimic the action of TSH causing 

the receptor to be activated when bound and consist exclusively of the IgG1 

subtype116. Blocking antibodies inhibit the binding of TSH preventing the 

receptor from functioning117. Both stimulating and blocking antibodies have 

been demonstrated to bind to the leucine rich repeat domain of the TSHR118,119. 

Neutral antibodies to the TSHR have also been described and are believed to 
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bind to the receptor but do not affect the binding of TSH or stimulate cAMP 

production120. 

Patients with AITD may simultaneously produce blocking and stimulating 

autoantibodies and as a result serum concentrations of TSHR autoantibodies 

may not correlate with disease severity121. It is not unknown for patients to 

fluctuate between hyper and hypothyroidism due to changes in the relative 

concentrations of blocking and stimulating antibodies. 

Tg is a very large protein, approximately 330 kDa, produced in the thyroid122. It 

plays a role in iodine storage as well as being the precursor to T3 and T4. 

Found in the follicular lumen, it makes up a large proportion of the total thyroid 

protein and is present in several multimeric forms which may be soluble or 

insoluble. Tg autoantibodies are mostly IgG4 but lower levels of IgG1, 2 and 3 

are usually detectable110,123. IgG4 antibodies do not fix complement, but some 

weak complement activity can be detected from the other IgG classes of Tg 

autoantibodies. Tg autoantibodies are found in the sera of patients with HT and 

GD but are generally the least useful clinically for predicting disease 

progression as they do not fix complement to damage cells directly or correlate 

with lymphocytic infiltration as TPO antibodies do124.  

It is possible that Tg has a greater role as a T cell autoantigen. A 2008 paper by 

Muixí et al purified MHC class II molecules from GD patient thyroid tissue125. 

Several different peptides bound to the MHC molecules were shown to originate 

from Tg, indicating it could play more of a role in the T cell autoimmune 

response.    

 

Prevalence of autoimmune thyroid disease 

A 2008 review of the literature by McGrogan et al highlighted the difficulty of 

studying AITD on a population-wide basis126. Most of the data collected on the 

prevalence of thyroid disease specifically caused by thyroid autoimmunity is 

from Caucasian populations based in the UK, USA and Scandinavia. Patient 

selection criteria can also affect results as AITD is often subclinical. Patients 

with detectable thyroid antibodies may be euthyroid and inclusion of these 
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cases could skew results as could variations in assay methodologies. Many 

studies examine the prevalence of thyroid dysfunction in relation to other factors 

such as pregnancy or iodine intake or study only a limited population which is 

not generally representative. This limits the amount of data which can be 

included in any meta-analysis of the literature. 

One of the largest scale studies on the prevalence of thyroid disease is the 

“Whickham survey” 127. This work was carried out on a sample representative of 

the United Kingdom general population between 1972 and 1974 and involved 

an initial survey and a 20 year follow up128. The follow up study found a 3.9% 

prevalence of hyperthyroidism in women. Hyperthyroidism is rare in men, with 

only a single recurrent case over the study period. The prevalence of 

hypothyroidism in women was 9.3% and 1.3% in men. While the Whickham 

survey is one of the most frequently cited sources for thyroid disease 

prevalence figures, the results of a single study of one population may not be 

representative. It must also be taken into account that the results of the 20 year 

follow up were gathered in 1993, making the data over 20 years old at the time 

of writing. Given the changes in lifestyle and diet of the population over this 

period the data may no longer give an accurate representation of the 

prevalence of thyroid disease, even in the UK. 

Data was gathered as part of an even larger study in the USA carried out 

between 1988 and 1994129. The “national health and nutrition examination 

survey III (NHANES III)” is an on-going, large scale survey designed to produce 

a range of data representative of the general population of America at the time. 

Its purpose is to allow for the analysis of risk factors and trends over time for a 

wide variety of diseases. A 2002 study using this data found an overall 

prevalence of 1.3% for hyperthyroidism and 4.6% for hypothyroidism. While this 

study looked at differences between age and ethnic groupings, prevalence was 

not reported for males and females separately. This work suffers the same 

limitations as the Whickham survey in that the data is already quite old by the 

time it is collated and analysed. However the large scale of these works means 

the conclusions drawn from them are more likely to be accurate and 

representative. 
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Causes and risk factors of autoimmune thyroid disease 

There is unlikely to be a single underlying cause for complex conditions like HT 

and GD. However, a number of contributing factors have been identified. 

Despite the difficulties in measuring the prevalence of thyroid disease one clear 

trend is that both GD and HT affect women more commonly than men. This is a 

general trend for most autoimmune diseases and may be due to immunological 

differences between the sexes130. In humans and animals females typically 

have stronger immune responses and higher levels of some serum 

immunoglobulins131,132. These differences appear after sexual maturity is 

reached and are linked to the action of sex hormones. This has been 

demonstrated by performing gonadectomies on mice which then have a 

reduced disparity in immune responses between the genders133. This is 

possibly caused by oestrogen, which can stimulate B cell immune responses 

and therefore reactivity to self antigens134.   

Skewed X chromosome inactivation is another possible explanation for the 

higher occurrence of AITD in females. Skewed X inactivation has been found to 

occur more commonly in females with AITD than in the general population135.  

Under normal circumstances one X chromosome is randomly inactivated and 

the overall proportion of each copy is roughly equal. In skewed X inactivation 

the same copy is inactivated in 80% or more of the cells which may lead to 

reduced expression of some self-antigens in the thymus and loss of tolerance.  

Reports of familial clustering of thyroid disease have been made as far back as 

the 1940’s although these may be explained by shared environmental and 

lifestyle factors as well as a genetic contribution136. Twin studies are more 

useful for determining the influence of genetics on disease progression as 

monozygotic twins are almost genetically identical. High rates of disease 

concordance between monozygotic twins indicates a strong genetic influence. 

The largest of these studies into GD was carried out in Denmark and found 

significantly higher concordance in monozygotic than dizygotic twins which have 

greater genetic diversity137,138. Other large studies carried out in America 

confirmed this trend for GD and HT139,140. In all these studies concordance was 
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not complete indicating environmental factors still play a role and while 

important, genetics are not wholly responsible for the disease developing. 

Some of the first studies into the contribution of genetics to AITD were genome 

wide linkage analyses. These studies determine which genetic markers, such 

as short tandem repeats, are positioned close to the disease causing genes on 

the chromosomes141. The closer a marker is to the disease causing gene the 

more likely they are to be co-inherited. This identifies loci of interest for closer 

study. In most cases this type of study into the genetic influences of AITD have 

failed to give reproducible data142. More reliable results have been obtained 

from studies into the role of individual genes. These studies focus on either 

thyroid specific or immune regulatory genes based on the hypothesis that these 

are likely to have some involvement, given what is known about the nature of 

the disease. These studies use a statistical approach to determine which 

genetic markers appear more or less frequently in AITD patients compared to 

healthy controls. Surprisingly given its role as a major autoantigen, no link has 

been established between the TPO gene and AITD143,144.  

The TSHR gene has been shown to be linked with GD and AITD in general in 

several studies145. Further work identified five GD associated polymorphisms in 

intron 1 of the gene. As this region is not protein coding two mechanisms have 

been suggested for its link to GD. The first proposed mechanism is that disease 

associated mutations may affect mRNA splicing producing more autoantigenic 

variants of TSHR146. Measurements of full-length and truncated mRNA in 

thyroid tissue by Brand et al showed higher levels of truncated transcripts in 

individuals carrying the disease associated alleles. While this alone is not 

conclusive, these truncated transcripts could be translated to produce free 

TSHR extracellular domain which contains the autoantibody epitopes. 

Alternatively, autoimmunity to the TSHR could arise from decreased thymic 

expression of particular alleles147. Colobran et al demonstrated differences in 

mRNA levels of different TSHR alleles in the thymus147. It was also shown that 

in heterozygous individuals the disease associated allele was transcribed at 

lower levels relative to an allele linked to a lower risk of GD. Decreased mRNA 

transcription will lead to lower protein expression in the thymus and could result 

in self-reactive T cells escaping negative selection. These two theories are not 
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mutually exclusive and both effects may occur simultaneously to cause or 

exacerbate the disease.       

The Tg gene is found in one of the few chromosomal loci to show linkage to 

AITD in multiple studies148,149. Given its known role as an autoantigen, the gene 

was subjected to closer study. Single nucleotide polymorphisms causing amino 

acid substitutions in the protein sequence were found which were linked to an 

increased susceptibility to AITD150. The authors suggest that some of these 

amino acid substitutions could cause structural changes which produce a more 

antigenic form of the protein, although this has yet to be proven. 

Mutations in genes coding for some MHC class II proteins have been linked to 

AITD. Modelling the structural consequences of these mutations have partially 

explained the mechanisms behind this increased susceptibility151,152. When 

specifically discussing humans, the MHC is also referred the human leukocyte 

antigen complex (HLA). Mutations to a specific MHC class II gene, HLA-DR, 

can alter the shape and charge of the peptide binding groove in the expressed 

protein and have been linked to the incidence of both GD and HT. This alters 

how antigens bind to the molecule and therefore how they are presented to T 

cells. An example of this is the mutation of residue 74 in the HLA-DR3 β chain 

to arginine which has been shown to increase the risk of GD151. This residue is 

more commonly a glutamine or alanine, both of which have smaller, uncharged 

side chains. Modelling the expressed protein shows this mutation alters the 

surface charge of the peptide binding groove and thus which peptides bind to it. 

Hodge et al proposed an interaction between this HLA-DR mutation and a 

polymorphism conferring increased susceptibility in the Tg gene but their results 

narrowly failed to reach the required statistical significance to confirm a link153.   

There is a similar correlation between HT and other HLA-DR mutations. In this 

case the association seems more complex as mutations at several different 

positions are involved152. The same mechanism, alteration of the binding 

characteristics of the peptide binding groove, has been demonstrating by 

modelling but the full significance of these mutations is not yet fully understood 

in either disease.     
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Studies of polymorphisms in the immunoregulatory genes CTLA-4 and protein 

tyrosine phosphatase-22 have shown clear evidence of particular alleles 

increasing the risk of AITD and other autoimmune diseases154,155. Both of these 

proteins down-regulate T cell activation so possession of a less active allele 

could contribute to the disease process. Similar studies suggest other genes 

such as CD40 and FOXP3 may also play a role in AITD but are less clearly 

linked156. CD40 is expressed on B cells and APCs and is a co-stimulatory 

signalling receptor involved in antigen presentation and interactions between B 

and T cells157. FOXP3 is a DNA binding transcription factor which regulates 

expression of several genes of the immune system158. Again, inactive or less 

active alleles of these genes could cause immune dysfunction leading to 

autoimmunity. 

Environmental factors can also modify the risk of developing AITD. One of 

these factors is diet. The micronutrients iodine and selenium play an important 

role in thyroid function159,160. Deficiencies in these elements can be detrimental 

to general thyroid health and exacerbate conditions such as AITD. TPO 

oxidizes iodide to a reactive iodine species which iodinates tyrosine residues on 

Tg to produce thyroid hormones (detailed in “Thyroid peroxidase function”)161. 

Iodine deficiency can lead to hypothyroidism, goitre, reduced fertility and growth 

or developmental abnormalities in children162. Efforts have been made to 

reduce this problem worldwide through the use of iodized salt with some 

success163. While this is generally beneficial in iodine deficient areas some 

studies have shown that iodine supplementation may increase the risk of 

developing thyroid autoantibodies164,165. The increase in prevalence of thyroid 

conditions following interventions such as iodine supplementation appears to be 

mostly transient if iodine intake remains consistent. It seems sudden, dramatic 

changes in iodine intake have a greater effect on the likelihood of thyroid 

problems developing than consistently high or low levels166. Increased 

iodination of Tg has been demonstrated to alter recognition by human 

autoantibodies and increase its potential for triggering autoimmunity in animal 

models which is one possible cause for this effect167,168. Alternatively high iodine 

intake has been demonstrated to damage the thyroid in rats, possibly due to the 

production of high levels of free radicals169. 
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Selenium is present as selenocysteine at the active site of several enzymes 

involved in regulating redox states and in catalysing the activation or 

inactivation of thyroid hormones170. Without a sufficient supply of selenium to 

produce these enzymes the thyroid may be at risk of damage by free radicals. 

This damage could potentially trigger autoimmunity to the thyroid or exacerbate 

an existing condition. GD patients have been shown to have lower serum levels 

of selenium compared to healthy controls and while this could also be the case 

for HT, so far it has not been proven171,172. Selenium supplementation is 

commonly prescribed to AITD patients, although a recent review of the literature 

concluded the current evidence does not support its use routinely except when 

a patient is shown to have a deficiency173. 

A 2002 meta-analysis of the literature at the time showed a clear link between 

smoking and an increased risk of GD and GO in particular174. The same meta-

analysis found no link between smoking and HT, however more recent studies 

disagree175. The NHANES III study found lower levels of hypothyroidism among 

the smokers as did a large population study from Norway176,177. The NHANES 

III study also found a lower occurrence of thyroid autoantibodies amongst 

smokers compared to non-smokers. Although this was not examined in the 

Norwegian study, it has been corroborated by work carried out in Denmark and 

the Netherlands178,179.  

Current estimates put the number of chemicals present in tobacco smoke at 

around 5000180. This makes it very difficult to study the effect of smoking on 

AITD and as a result little is known about the mechanisms by which it influences 

the disease process. Cigarette smoke has been shown to increase 

adipogenesis and glycosaminoglycan expression by orbital fibroblasts obtained 

from GO patients in vitro181. This only occurs in the presence of IL-1 which 

suggests smoking may enhance the symptoms of rather than initiate the 

disease. Further work is required to fully understand the clinical relevance of 

these findings. 

A general hypothesis used to explain the triggering of autoimmunity is molecular 

mimicry. This theory suggests that a bacterial or viral infection could initiate an 

autoimmune response by producing an antigen of similar structure to a self 
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molecule. There is growing evidence for this phenomenon generated from basic 

local alignment search tool searches in a range of human autoimmune 

diseases182. Studies on proteins from bacteria possibly associated with AITD 

have found many examples of sections homologous to thyroid autoantigens183. 

 

Treatment of autoimmune thyroid disease 

Current treatments for GD and HT involve modifying thyroid function to alleviate 

symptoms184. For GD this is achieved using drugs such as methimazole (MMI) 

or propylthiouracil (PTU) (Fig. 2) which decrease thyroid hormone synthesis by 

inhibiting TPO185. In most cases MMI is the preferred choice of drug as most 

patients experience fewer side effects than with PTU186. 

             

 

Figure 2- Structure of 1-methyl-2-mercaptoimidazole (methimazole, MMI, 1) and 6-propyl-2-

thiouracil (PTU, 2). 

If sufficient control of hormone levels cannot be obtained with drugs, alternative 

treatments are a full or partial thyroidectomy or radioactive iodine ablation of the 

thyroid187. Both treatments permanently decrease the output of thyroid 

hormones. Thyroidectomy is a minimally invasive surgery also used in some 

cases of thyroid cancer188. The gland is commonly accessed by a small 

horizontal incision at the base of the neck. Alternatively a transoral approach 

can be taken where access is gained endoscopically through the mouth189. This 

method is relatively new and its use is not currently widespread but has several 

advantages including not leaving a visible scar. Thyroidectomy has the benefits 

of being a definitive treatment which also remedies goitre almost 

immediately190. However this must be balanced with the costs and risks 

associated with surgery and the then lifelong need for treatment to replace 

thyroid hormones.  
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The alternative method of permanently stopping the production of the thyroid 

hormones is to destroy the thyroid with radioactive iodine191. Iodine naturally 

accumulates in the thyroid where it is essential for the production of thyroid 

hormones (detailed in “Thyroid peroxidase function”). On administering the 

radioactive isotope iodine-131 to the patient the dose of radiation is 

concentrated in the thyroid, limiting any adverse effects to the surrounding 

tissue. While this treatment can take six months or longer the majority of 

patients are rendered euthyroid with one treatment192. This treatment is not 

suitable for pregnant or breast feeding women and patients need to avoid 

prolonged close contact with other people, particularly children, for a few days 

following treatment. As with a surgical thyroidectomy this procedure frequently 

results in lifelong hypothyroidism requiring appropriate treatment190. 

The treatment for HT involves administering synthetic or, historically, porcine 

derived T4 to bring the circulating thyroid hormone levels up to the normal 

range. This does not completely mimic physiological conditions and in some 

cases T4 levels need to be increased up to or beyond the upper end of the 

normal range to normalise T3 and TSH levels193. However, there is currently no 

evidence that a combination T3 and T4 replacement regime has any 

advantages over T4 only. Current treatments only deal with the symptoms 

caused by AITD, there are no proven curative treatments for AITD at present.  

 

 

The thyroid 

The thyroid is an endocrine gland found at the base of the neck in humans, 

curving around the trachea194. It consists of 2 lateral lobes joined by a band of 

tissue known as the isthmus. The gland contains many follicles which are 

surrounded by thyrocyte cells.  

The function of the thyroid is to produce the hormone T3 and its prohormone T4 

(Fig. 3) when stimulated by TSH. T4 is converted to T3 by deiodinase enzymes 

in muscle, kidney and liver tissue195. T3 binds to the thyroid hormone nuclear 

receptor which then binds to enhancers in the promoter regions of target 

genes196. This produces a number of physiological effects including increasing 
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heart rate, gut motility, muscle contraction and relaxation and bone resorption. 

Thyroid hormones are also crucial during foetal development for regulating the 

development of the heart, brain and lungs as well as playing a role in controlling 

metabolism and the endocrine system197.  

          

Figure 3- Structure of 3,3’,5-triiodothyronine (T3, 3) and thyroxine (T4, 4). 

 

Thyroid hormone synthesis takes place in the follicular lumen of the thyroid. 

Most of the thyroid hormone output is in the form of T4198. T4 is less 

physiologically active than T3 but has a longer half-life in circulation199. Both 

hormones are the product of two TPO mediated reactions on Tg (detailed in 

“Thyroid peroxidase function”). 

Once T3 and T4 are synthesised they are released from Tg and enter 

circulation. Tg is internalized in vesicles that enter the thyrocytes either by 

pinocytosis or receptor mediated endocytosis200. Once internalized Tg 

containing vesicles fuse with lysosomes which contain proteolytic enzymes. 

These enzymes digest Tg, releasing the hormonogenic residues201.    

 

Thyroid peroxidase function 

TPO is a membrane bound enzyme found on the apical membrane of 

thyrocytes. It is orientated so its active site extends into the follicular lumen202. 

Its function is to catalyse both the iodination of tyrosine and the coupling of 

iodotyrosines to produce T3 and T4203. Many aspects of the catalytic cycle of 

TPO have not been studied directly, but can be inferred from work with other 

enzymes as key residues and structural elements of the active site appear to be 

conserved amongst other members of the peroxidase family204.  
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TPO contains a covalently bound haem prosthetic group which is vital for 

correct folding, intracellular trafficking and enzymatic activity205. The first step in 

the catalytic cycle is the oxidation of the iron atom at the centre of the haem 

group. The resting state of the enzyme is the 3+ ferric form (Fig. 4)161. Hydrogen 

peroxide binds to the haem iron and undergoes heterolytic cleavage to produce 

a 4+ oxoferryl group and a single water molecule in a two electron oxidation 

with the second electron is donated by the protoporphyrin ring which forms a π 

cation radical (Fig. 5).  

 

 

Figure 4- Structure of haem in the 3+ resting state (5) and the 4+ oxoferryl form following 

oxidation by hydrogen peroxide (6).  

The side chains of Histidine 239 and Arginine 396 play an important role in this 

reaction (Fig. 5)206. The histidine residue serves as an acid-base catalyst 

transferring a proton from the iron bound oxygen atom of H2O2 to the second 

oxygen atom, which then leaves as water207. The arginine residue polarises the 

bond between the two oxygen atoms which promotes the heterolytic cleavage 

of that bond208. 
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Figure 5- Oxidation of the TPO active site by hydrogen peroxide208. 

When describing peroxidase activity the two electron oxidised form of the 

enzyme is referred to as compound I (active site haem as Fig. 4(6)). If a suitable 

substrate is not available the π cation radical form of compound I will isomerise 

to a more stable protein radical209. An amino acid, likely a tyrosine or tryptophan 

residue close to the active site, accepts an electron from the protoporphyrin ring 

as has been shown to occur in related peroxidase enzymes myeloperoxidase 

(MPO) and lactoperoxidase (LPO)210,211. This process has been shown to occur 

in TPO, but the acceptor residue has not been identified.  

Both the iodination and coupling reactions are thought to be performed by the π 

cation radical form of compound I161. The coupling reaction can be inhibited by 

high concentrations of iodide, indicating the two reactions are competing for the 

same form of compound I. Given the constant supply of iodide and other 

substrates in the thyroid, it has also been suggested that the protein cation 

radical does not form under physiological conditions161,212.   

Compound I can return to the resting state enzyme by at least two series of 

reactions. A single, two electron oxidation of iodide (I-) to hypoiodite (IO-) 

returns the enzyme directly to the resting state213. If a single electron oxidation 

of a substrate occurs, the protoporphyrin ring is reduced to form compound II 

(Fig 7)214. Compound II still contains one oxidizing equivalent in the form of the 

4+ oxoferryl group. A second, single electron redox reaction returns compound 
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II to the resting state of the enzyme. These reactions can produce molecular 

iodine (I2) by oxidizing two iodide ions. There are several other potential iodine 

species which could be produced by iodide oxidation and subsequent reactions 

of the products which would be capable of iodinating Tg. However iodine and 

hypoiodous acid (IOH) have been shown to be the most abundant products 

produced by TPO-mediated iodide oxidation215.  

 

 

Figure 6- Structure of active site haem in compound II (7)216. Compound II is formed following a 

single electron oxidation of a substrate by compound I. Note the protoporphyrin ring has gained 

an electron when compared to compound I (Fig. 4(6)). 

Whilst not proven conclusively, iodination of a substrate by TPO is very likely to 

be a non-specific reaction. No crystal structure exists for TPO but high 

resolution structures of MPO and LPO have been obtained217,218. These 

enzymes both share a sequence identity of around 48% with the peroxidase 

domain of TPO (detailed in “Related peroxidase enzymes”). In both of these 

structures the active site is accessed through a channel approximately 15 Å 

deep and 10-15 Å at the widest point. This would make it difficult for a tyrosine 

residue in Tg to access the active site to react specifically with an enzyme 

bound iodine intermediate.  

Enzymatic iodination of tyrosine can occur at multiple consensus sequences the 

simplest of which requires only a glutamic acid or aspartic acid residue 

preceding the tyrosine219. As such there is potential for many proteins other 

than thyroglobulin to be iodinated and act as a substrate for hormone 
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generation. This was demonstrated in early work by Coval & Taurog which 

showed a peroxidase enzyme isolated from porcine thyroid could catalyse the 

iodination of both Tg, bovine serum albumin (BSA) and free tyrosine 

residues203. Iodinated proteins other than Tg and lipids can be detected in 

thyroid follicles further indicating this reaction is non-specific220,221. The structure 

of the thyroid follicular lumen confines the iodination reaction, preventing 

inappropriate iodination of proteins. It has been hypothesised that iodination of 

other thyroid follicle proteins may provide an iodine storage capacity which is 

independent of the turnover of Tg, although this has not been proven.     

The structure of Tg allows the next step of hormone synthesis, the coupling 

reaction, to take place222. During this step each of the two iodotyrosines must 

be in the correct orientation for the coupling reaction to take place. Tg can be 

iodinated at many different sites but despite containing 67 tyrosine residues per 

monomer only 4 are directly involved in producing hormones219. The iodinated 

but non-hormonogenic sites of Tg are thought to act as an iodine store. Tg is 

present at very high concentrations in thyroid follicles, mostly in an insoluble, 

multimeric form which is solubilised when the supply of dietary iodine is 

insufficient.223.  

The iodinated side chains of the two tyrosine residues are joined by the 

coupling reaction resulting in a peptide bound T3 or T4 residue and a 

dehydroalanine residue224,225. Free diiodothyronine has been shown to increase 

the amount of hormone generated by this reaction in vitro226,216. It is likely that 

the free diiodothyronine residues, which would also be found in thyroid follicles, 

have a role in transferring electrons to the Tg bound iodotyrosines. As 

discussed above it would be very difficult for Tg bound residues to access the 

active site and react directly with an enzyme bound intermediate227. 
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Figure 7- Iodotyrosine coupling reaction to form T3/T4 as proposed by Taurog et al225.  

 

Thyroid peroxidase gene structure 

The gene coding for TPO was first isolated from GD patient thyroid tissue and 

sequenced in 1987228. It is located on chromosome 2 in humans and consists of 

17 exons and 16 introns229. Two cDNA sequences were isolated and 

designated hTPO-1 and hTPO-2. Analysis of the sequences showed hTPO-2 

contained a deletion of 171 nucleotides corresponding to exon 10. This was 

attributed to alternative mRNA splicing after transcription of a single gene. Later 

work showed that both hTPO-1 and hTPO-2 mRNA was also present in normal 

thyroid tissue with hTPO-1 being the predominant form230. Expression of both 

mRNAs in Chinese hamster ovary (CHO) cells showed hTPO-2 coded for an 

inactive form of the protein which was not trafficked to the cell surface231. 

Comparison of translated protein sequence of hTPO-1 and hTPO-2 to the MPO 

protein sequence suggests that the missing section of hTPO-2 may alter the 

structure of the active site rendering this form inactive232. 
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A number of other TPO isoforms have subsequently been identified, generated 

through alternative splicing of mRNA. These include hTPO-3 missing residues 

encoded by exon 16, hTPO-4 missing exon 14 and hTPO-5 missing exon 

8233,234. RNA species with multiple missing exons have also been detected234. 

These are all expected to be inactive as one of the missing exons is exon 10 in 

each case, the same exon missing that results in the inactive hTPO-2 isoform.  

Genetically it appears that TPO evolved separately from MPO, LPO and 

eosinophil peroxidase (EPO). The genes for these other peroxidases all appear 

closely clustered on chromosome 17. The intron-exon structure of all three are 

very similar, but differ from that of TPO. This suggests that these enzymes 

share a common ancestor and arose from gene duplication235. 

 

Related peroxidase enzymes 

TPO is a member of the peroxidase-cyclooxygenase superfamily of haem 

peroxidases236. Historically this family was first named the “mammalian”, then 

“animal” peroxidase family as more homologous enzymes were identified237. All 

members of this family contain a covalently bound haem group and most are 

multi-domain proteins. In other haem peroxidases the haem group is bound to 

the protein through non-covalent interactions236. At the time of writing over 

15,000 protein sequences were assigned to this family in the InterPro 

database238. 

The most closely related proteins to TPO are MPO, LPO and EPO. These 

enzymes are involved in the immune response, producing oxidizing agents to 

damage pathogens239–241. They are found in neutrophils, milk and saliva and 

eosinophils respectively. Each of these proteins is cationic. Unlike the 

membrane bound TPO, MPO, LPO and EPO are all soluble proteins lacking the 

complement control protein like (CCP), epidermal growth factor like (EGF) or 

membrane spanning domains found in TPO204. All four enzymes oxidize a 

range of substrates at varying rates. These include halides, pseudohalides such 

as thiocyanate and aromatic molecules such as tyrosine or guaiacol204.The 

structures of MPO and LPO have been solved by X-ray crystallography218,242.  
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Figure 8- Alignment of human TPO, MPO and LPO protein sequences, _ identical residues _ 

similar residues.  
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Human TPO shares 43.7% amino acid sequence identity with human MPO and 

41.7% with human LPO if the entire protein sequence is considered. The most 

homologous regions of these proteins are the central residues, particularly 

around the active site.  The sequence identity of the TPO peroxidase domain, 

comprising of amino acids 142-734 to the MPO and LPO sequences are 48.4% 

and 47.4% respectively.  

Myeloperoxidase 

Canine MPO was the first to be successfully crystallized and its structure was 

solved in 1992. The human protein sequence was fitted to the electron density 

data to produce a structure with a resolution of 3.0 Å. While this gave a good 

overview of the protein tertiary structure, this data lacked electron density in 

some regions and the resolution was too low to fully characterise the active site 

haem. Later work produced higher quality diffraction data with a 1.8 Å structure 

of human MPO being produced in 2000217.  

The mature MPO protein is a homodimer of 146 kDa formed from two copies of 

a single, 745 amino acid translation product242. Each half of the protein 

undergoes post-translational cleavage to remove a small, six amino acid 

peptide243. This produces a large and small polypeptide linked by covalent 

bonds to the haem prosthetic group. The protein has six intermolecular disulfide 

bonds with the two halves of the dimer joined by a single disulfide bond 

between cysteine 319242. The protein secondary structure consists 

predominantly of α-helices. There are 19 in total with five surrounding the active 

site, four from the large polypeptide and one from the small. MPO has five 

potential sites for N-linked glycosylation all of which are glycosylated with 

complex or high-mannose type glycans under normal conditions244. The MPO 

crystal structures suggested that only some of these actually have sugars 

attached, but this was disproved by later studies utilizing mass spectrometry. It 

is hypothesised that glycosylation of MPO affects the overall enzyme structure 

as deglycosylation of MPO has been shown to decrease enzymatic activity245. 

There is also a calcium binding site with pentagonal bipyramidal geometry217. 

This is situated in a loop between residues 168-174 with asparagine 96 also 

forming a bond to the calcium atom. This site is structurally important and 
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conserved amongst all the related peroxidases including TPO204. Mutating 

asparagine 96 to alanine in MPO or making the equivalent mutation in LPO has 

been shown to almost completely inactivate the enzyme246.  

Figure 9- MPO structure (PDB 1CXP). Identical subunits shown as ribbon (left, blue) and 

cartoon (right, red) depictions. Haem group, calcium and cystine 319 coloured by element 

(Carbon-grey, nitrogen-blue, oxygen-red, sulphur-yellow, iron-orange, calcium-green). 

 

Lactoperoxidase 

LPO is present in secretions such as saliva, tears and milk so a common 

method of obtaining the protein is to purify it from unpasteurized milk. For this 

reason most studies on LPO use the enzyme from bovine or caprine sources. 

Due to its antimicrobial action and the ease of obtaining it LPO, is used 

commercially in both the food and medical industries247. A 2.4 Å resolution 

crystal structure for caprine LPO was first produced in 2008218. There are now 

over 60 lactoperoxidase structures deposited in the protein data bank at the 

time of writing. These include enzymes from Bos taurus (cattle), Capra hircus 

(goat) and Bubalus bublis (water buffalo) but not human LPO. These structures 

C 

N 

N 

C 



   

35 
 

have been produced of the protein alone and in complex with a variety of 

inhibitors and substrates.  

LPO consists of a single polypeptide chain of 712 amino acids235,248. The 

human enzyme has a molecular weight of 80 kDa but the bovine form is slightly 

smaller at 78.5 kDa. Overall the structure of LPO is similar to the MPO 

monomer, particularly the active site as evidenced by crystal structures and the 

multiple shared enzyme substrates247. The LPO secondary structure contains 

20 α-helices with a short α-helix between amino acids 124 and 132 having no 

equivalent in MPO218. This sequence aligns with the six amino acids cleaved 

from MPO post translation. No cleavage of LPO occurs explaining this small 

structural difference. LPO has seven disulfide bonds, however in LPO the 

equivalent residue to cysteine 319 in MPO is a glycine, preventing dimerization 

at this site247. The only unpaired cysteine residue in LPO is at position 441 but 

this is buried in the protein structure and unavailable for disulfide bonding. All 

five potential N-glycosylation sites are glycosylated with complex, hybrid or 

high-mannose type glycans249.  

 

Figure 10- Caprine LPO structure (PDB 5FF1) in cartoon depiction. Haem group and calcium 

coloured by element (Carbon-grey, nitrogen-blue, oxygen-red, sulphur-yellow, iron-orange, 

calcium-green).  
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Eosinophil peroxidase 

There is currently no crystal structure for EPO. The protein is monomeric and 

consists of two subunits produced from a single chain precursor in a similar 

manner to MPO250. EPO is slightly smaller than MPO, consisting of 715 amino 

acids with a molecular weight of approximately 70 kDa251. Biochemical 

investigations into the structure of EPO have determined that the pattern of 

disulfide bonding is similar to that found in MPO252. It is glycosylated at two sites 

from a potential four although the nature of these glycans has not been 

investigated. The haem group has been shown to be bound to aspartic acid 93 

and glutamic acid 241 through ester bonds253. This agrees with predictions from 

sequence alignments and indicates the active site homology observed in MPO 

and LPO is also likely to be conserved in EPO. 

 

Thyroid peroxidase protein structure 

The TPO protein consists of 933 amino acids when expressed and can be 

divided into six domains228. Although TPO has previously been crystallized, 

there is currently no high resolution crystal structure for the protein254,255. 

Crystals produced have either been unsuitable for X-ray diffraction studies or 

have not diffracted to sufficiently high resolution for the structure to be solved. 

Much of the current knowledge of the structure of TPO has been gained from 

sequence alignments and homology models based on related peroxidase 

enzymes256,257. Models of the native TPO protein, such as those produced by 

Hendry and Hobby et al, utilise separate template structures for each domain as 

there is no single protein known which shares a high level of homology across 

the entirety of TPO256,258. The positioning of the individual domains of the 

protein relative to each other is difficult to determine precisely by modelling in 

this way. More recent work by Le et al has considered information on enzyme 

function and autoantibody binding sites to generate improved models257.  
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Figure 9- Human TPO domain organisation.  

 

N-terminal domain 

The TPO N-terminal domain shares little homology with other peroxidases. This 

domain consists of 127 amino acids when the protein is first expressed but is 

trimmed to 32 amino acids in the mature protein259. This is thought to occur in 

the endoplasmic reticulum and as a result the N-terminal amino acid of the 

mature protein is threonine 109. A 14 amino acid signal peptide required for 

trafficking and targeting for secretion is also removed during this modification260. 

The propeptide spanning amino acids 15-108 does not play an obvious role in 

expression, as enzymatically active and correctly folded TPO is still trafficked to 

the cell surface if this section of the gene is removed261.  Levels of expression, 

glycosylation, peroxidase activity and reactivity with patient autoantibodies were 

all comparable to the wild type protein when TPO was expressed in CHO cells.  
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Peroxidase domain 

The largest domain of TPO is the peroxidase domain consisting of 592 amino 

acids. This region contains the enzyme active site and covalently bound haem. 

In this region there are two extensions to the TPO protein sequence which are 

not present in MPO or LPO between amino acids 303-310 and 376-378. The 

location of these extensions would suggest an elongation of a surface exposed 

loop which is unlikely to cause a major change in the overall protein structure256.  

The haem group found at the TPO active site is thought to take the form of a 

modified haem b as found in LPO204. In LPO and EPO the haem is bound to the 

peptide chain through ester bonds to an aspartic acid residue and a glutamic 

acid residue218,253. From sequence alignments the haem group in TPO is 

thought to be bound to the enzyme by ester bonds with aspartic acid 237 and 

glutamic acid 399204. The haem group of MPO forms two equivalent ester bonds 

to the peptide and a sulfonium ion linkage with a methionine residue217. This 

bond is not formed in TPO, LPO or EPO as there is no equivalent methionine 

residue in the protein sequence204.  

The presence of haem in proteins produces a peak in the Soret region of the 

UV-Vis absorbance spectra262. In TPO, LPO and EPO the maxima of this peak 

is around 412 nm, in MPO the soret peak is shifted to 430 nm204. This is due to 

the third covalent bond distorting the pyrrole from planar263. Disrupting the 

sulfonium ion bond by mutating methionine 243 to the equivalent residue found 

in TPO, LPO or EPO (valine, glutamine or threonine respectively) shifts the 

soret band closer to the value observed in the other peroxidases264.  
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Figure 12- Active site haem of LPO (PDB: 5FF1, A) and MPO (PDB: 1CXP, B). Protein-teal, 

haem and connecting residues coloured by element (Carbon-grey, nitrogen-blue, oxygen-red, 

iron-orange). 

 

Complement control protein like domain 

The extra-cellular portion of TPO contains a CCP domain positioned at the C-

terminal end of the peroxidase domain. CCP domains are also known as short 

consensus repeats or sushi domains. Klickstein et al used DNA probes to 

demonstrate that regions of the human complement protein CR1 are made up 

of repeating sequences of this domain265. Further work by Reid & Day used a 

computer program to identify other proteins, including TPO, which contained 

this sequence and showed it is not exclusive to proteins involved in the 

complement system266.  

CCP domains are usually around 60 amino acids in length267. They consist of 

several β-sheets running roughly parallel to the long axis of the molecule with 

several conserved hydrophobic residues in the centre. One of the characteristic 

features of these domains is two disulfide bonds joining four cystine residues in 

a 1-3, 2-4 pattern. CCP-like domains are often found as a series of repeating 

domains, although there is only a single CCP domain in TPO. Two proteins are 

known to consist entirely of repeating CCP domains; the complement protein 

factor H and vaccinia virus complement control protein (VCP). Factor H is one 

of the many proteins involved in regulating the complement cascade. Its role is 

to prevent complement proteins from damaging normal host cells268. VCP also 

A B 
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inhibits complement activation. In this case, virus survival is improved as it 

prevents infected host cells, which are producing more virus, from being 

attacked by the complement system269. Structures for individual and pairs of 

CCP domains from both of these proteins have been produced from nuclear 

magnetic resonance (NMR) data270,271. These show that despite the relatively 

low sequence similarity between each domain (between 14% and 28%) the 

overall structure of each domain overlaps quite closely271.  

 

Figure 13- NMR structure of 16th CCP module of human factor H (PDB: 1HCC) coloured blue to 

red from N to C termini.   

The CCP domain found in TPO consists of 56 amino acids. It shares 26.0% 

amino acid sequence identity with the 16th CCP domain of factor H and 34.6% 

with the 3rd CCP domain from VCP. 

 

 
Figure 14- Alignment of TPO CCP domain, factor H 16th CCP domain and VCP 3rd CCP domain 

protein sequences. _ identical residues _ similar residues. 
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Epidermal growth factor like domain 

The last extra-cellular domain of TPO is an EGF domain which is located on the 

cell surface. EGF-like domains share structural homology with epidermal growth 

factor and are found in a large variety of animal proteins. These include 

extracellular matrix proteins, blood clotting factors and other growth factors272. 

The amino acid sequence of murine EGF was deduced by Edman degradation 

in 1970273. Once the EGF cDNA sequence was obtained database searches 

showed several proteins contained sections with a similar sequence274. More 

recently, structures of EGF and EGF-like domains have been produced by NMR 

and X-ray crystallography275,276. 

EGF domains appear most commonly in the extracellular region of membrane 

proteins or in secreted proteins272. The domain is typically around 30-40 amino 

acids long and contains two β-sheets. There are three disulfide bonds between 

cysteine residues 1-3, 2-4 and 5-6. Some EGF domains also contain a calcium 

binding site made up of five amino acids. The calcium binding motif takes the 

form aspartic acid/asparagine-x-aspartic acid/asparagine-glutamine/glutamic 

acid-X-aspartic acid/asparagine-X-tyrosine/phenylalanine where x is a single 

amino acid and X is a variable number of amino acids277.  

The tertiary structure and calcium binding sites of EGF domains have been 

shown to be functionally important, as mutations disrupting these features are 

linked to disease. For example, mutations in the blood coagulation factor, factor 

IX cause haemophilia B278. Loss of function in this protein disrupts the 

coagulation cascade which produces blood clotting in response to injury. 

Mutations to another EGF domain containing protein, fibrillin-1, are linked to 

Marfan syndrome279. Marfan syndrome causes weakening of the connective 

tissue throughout the whole body, the most serious complication of this being 

damage to the heart valves280.  

 
Figure 14- Alignment of TPO EGF domain, fibrillin 33rd EGF domain and factor IX first EGF 

domain protein sequences. _ identical residues _ similar residues ˅ calcium binding motif 

residues. 
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In human TPO the EGF like domain consists of 43 amino acids. It shares 41.4% 

amino acid sequence identity with the 33rd EGF domain of fibrillin and 26.3% 

with the first EGF domain from factor IX. Based on sequence alignments and 

the structures of these proteins, the calcium binding motif is expected to consist 

of aspartic acid 796, asparagine 798, asparagine 816 and phenylalanine 821 in 

the TPO EGF domain, with additional contacts to the calcium atom made 

through the main chain carbonyl oxygens of valine 797 and threonine 817.  

 

       

Figure 16- NMR structure of 33rd EGF domain of human fibrillin (PDB: 1EMN, A), crystal 

structure of first EGF domain of human factor IX (PDB: 1EDM, B). Coloured blue to red from N 

to C termini, calcium shown as green sphere. 

Unlike the peroxidase domain, the CCP and EGF domains do not have a clearly 

defined function in TPO. The TPO isoform hTPO-4 which lacks the EGF domain 

due to alternative mRNA splicing has been shown to be trafficked to the cell 

surface where it is enzymatically active and recognised by monoclonal TPO 

antibodies234. A plausible model of this isoform has been produced suggesting it 

can adopt a similar confirmation to the full-length protein257. One theory is that 

these domains act as physical spacers to shift the peroxidase domain away 

from the cellular membrane as they play a similar role in other proteins266,272. 

This has yet to be confirmed but is possibly weakened by the evidence from the 

study of hTPO-4.    
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Transmembrane domain 

The transmembrane domain of TPO consists of 24 amino acids which are 

predicted to form an α-helix257. This helix contains a glycine-x-x-x-glycine motif 

between residues 860 and 864, a pattern shown to be common in associating 

transmembrane α-helices281. The fourth residue after glycine 864 is threonine 

(868) which increases the likelihood of dimerization. The sequence glycine-x-x-

x-glycine-x-x-x-threonine is one of the more commonly found extensions of the 

glycine-x-x-x-glycine motif present in associated helices. While TPO appears to 

form dimers when in its native, membrane-bound state, the extra-cellular portion 

of TPO expressed recombinantly has been shown to be a monomer282–284. This 

supports the theory that formation of a TPO homodimer occurs due interactions 

between the transmembrane domains of two separately expressed TPO 

molecules.  

At the C terminus there is a 58 amino acid cytoplasmic tail extending into the 

thyrocyte cytoplasm. This section of the protein is hydrophilic and is predicted to 

have a random coil secondary structure285. 

 

Glycosylation 

The TPO protein sequence contains four N-linked glycosylation sites at 

asparagine 129, 307, 342 and 569228. TPO purified from human thyroid glands 

contains a mixture of complex and high-mannose type glycans286. In contrast, 

porcine TPO appears to only have high-mannose type glycans attached287. 

TPO purified from tissue or obtained from recombinant sources commonly 

produces a double band when visualised by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE)288,289. The cause of this has 

not been proven conclusively, but co-purification of different glycoforms has 

been suggested as a possible explanation286. Studies have shown that N-linked 

glycosylation of TPO is essential for successful trafficking to the cell surface in 

CHO cells, but that deglycosylation does not affect recognition by 

autoantibodies or enzymatic activity286,290. This differs from studies on MPO 

which found deglycosylation reduced enzymatic activity245. However, this has 
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not been discrepancy may be due to the different methodologies employed by 

each study.  

 

Thyroid peroxidase immunodominant regions 

There are two main regions of TPO which contain B-cell epitopes. These have 

been mapped by several groups using varying methods. Around 80% of AITD 

patient sera antibodies recognise two overlapping sections on the extra-cellular 

domains of the protein107. These regions are known as immunodominant 

regions (IDR) A and B. The nomenclature used for these two regions is the 

source of some confusion in the literature291. While the regions involved are 

generally agreed upon the labelling of the two IDRs are often transposed. 

Throughout this work the nomenclature of Ruf et al will be used292. 

When initially defining the IDRs human TPO was purified from thyroid glands 

removed from GD patients. This material was used to immunize mice and 

generate a panel of anti-TPO monoclonal antibodies292. These monoclonal 

antibodies were used in an enzyme-linked immunosorbent assay (ELISA) to 

demonstrate that autoantibodies from GD and HT patients recognise two 

immunodominant regions of TPO. Other early studies showed the 

conformations of residues forming the TPO epitopes are important, as patient 

sera autoantibodies show reduced reactivity with reduced and/or denatured 

TPO293,294. The epitopes are known to be discontinuous, although monoclonal 

antibodies to some linear sections of the protein have been shown to inhibit 

patient sera binding295. Complete inhibition is not observed with these 

antibodies even at high concentrations, indicating the epitope may be only 

partially blocked. Despite the sequence similarities, TPO autoantibodies do not 

react with MPO or LPO and the binding of antibodies to the protein does not 

inhibit enzymatic activity296.  

Other methods used to roughly map the TPO IDRs have included producing 

short fragments of TPO, or TPO-MPO chimeric proteins to determine the 

regions involved in autoantibody binding297–299. The data produced by these 

studies helped narrow down the IDRs particularly as most studies pointed 
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towards the same general areas of the protein being involved despite the 

varying methods used.  

Bresson et al used short synthesised peptides as a substrate in a spot blot 

format to compare the binding of various polyclonal and monoclonal antibodies 

with patient autoantibodies300. By synthesising eight amino acid long sections of 

a region suspected to be part of the IDR, strong evidence was produced 

towards amino acids 597-604 and 611-618 being key sequences for antibody 

binding to IDR-B. This improved on earlier work in which amino acids 590-622 

were identified301. 

Phage display is another technique which has proven quite successful when 

studying the TPO epitopes. Its application has allowed several short sequences 

of the IDRs to be identified302. Sequences are selected from a library of short 

peptides by binding to a molecule of interest, in this case a TPO monoclonal 

antibody303. The peptides making up the library are attached to the surface of a 

bacteriophage containing the DNA encoding the peptide which can be amplified 

in Escherichia coli. The process is repeated several times to generate a 

population of phages with high binding affinity to the selecting agent. These can 

then be analysed to determine the peptide sequences in the selected 

population. By comparing the sequences present in a library selected using a 

TPO monoclonal antibody to the TPO protein sequence several short stretches 

of IDR-A were identified302. These include amino acids 353-363, 377-386, 713-

720 and 766-775.   

Later studies into the TPO IDRs used site-directed mutagenesis to determine 

the role of individual amino acids in autoantibody binding. The most common 

approach has been to substitute alanine for the target residue, although in some 

cases the mutation was to the equivalent residue in MPO304. The TPO mutants 

are assayed while displayed on the cell surface of CHO cells. Antibody binding 

relative to unmodified TPO can then be assessed by flow cytometry to 

determine the effect, if any, a mutation has had304,305. Alternatively the mutated 

proteins can be extracted and analysed by methods such as Western blotting, 

ELISA or radioimmunosorbent assay (RIA)306,307. Residues identified as having 

a role in autoantibody binding from mutagenesis studies include amino acids 
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225, 353, 358, 359, 361, 646 and 707 in IDR-A and amino acids 620, 627, and 

630 in IDR-B304,305,307. Tyrosine 772 has been found to influence autoantibody 

binding by two separate groups but its role is not completely clear306,307. Work 

by Gora et al in 2004 found that mutating this residue to alanine affected the 

binding of antibodies to both IDRs307. The authors suggest this residue may 

have a currently unknown role in the tertiary structure of the protein. The 

mutation may disrupt the protein structure in this particular location, reducing 

autoantibody binding rather than by the loss of a direct contact with the antibody 

when that residue is absent. 

Guo et al used a unique method to study the epitope of a particular TPO 

monoclonal antibody, TR1.9308. Their approach was to use F(ab) from the TPO 

monoclonal antibody to protect the epitope during biotinylation. Trypsin is 

inhibited by lysine biotinylation and by comparing the digestion patterns of TPO 

biotinylated with and without F(ab) present and non-biotinylated TPO, they were 

able to isolate one peptide containing a lysine residue which was protected from 

biotinylation by the F(ab). This peptide was then identified by N-terminal 

sequencing as comprising amino acids 704-733, with the lysine at position 713 

being protected from biotinylation by the F(ab).   

109 TQQSQHPTDALSEDLLSIIANMSGCLPYMLPPKCPNTCLANKYRPITGACNNRDHPRWGA 

169 SNTALARWLPPVYEDGFSQPRGWNPGFLYNGFPLPPVREVTRHVIQVSNEVVTDDDRYSD 

229 LLMAWGQYIDHDIAFTPQSTSKAAFGGGADCQMTCENQNPCFPIQLPEEARPAAGTACLP 

289 FYRSSAACGTGDQGALFGNLSTANPRQQMNGLTSFLDASTVYGSSPALERQLRNWTSAEG 

349 LLRVHARLRDSGRAYLPFVPPRAPSACAPEPGIPGETRGPCFLAGDGRATEVPSLTALHT 

409 LWLREHNRLAAALKALNAHWSADAVYQEARKVVGALHQIITLRDYIPRILGPEAFQQYVG 

469 PYEGYDSTANPTVSNVFSTAAFRFGHATIHPLVRRLDASFQEHPDLPGLWLHQAFFSPWT 

529 LLRGGGLDPLIRGLLARPAKLQVQDQLMNEELTERLFVLSNSSTLDLASINLQRGRDHGL 

589 PGYNEWREFCGLPRLETPADLSTAIASRSVADKILDLYKHPDNIDVWLGGLAENFLPRAR 

649 TGPLFACLIGKQMKALRDGDWFWWENSHVFTDAQRRELEKHSLSRVICDNTGLTRVPMDA 

709 FQVGKFPEDFESCDSIPGMNLEAWRETFPQDDKCGFPESVENGDFVHCEESGRRVLVYSC 

769 RHGYELQGREQLTCTQEGWDFQPPLC 

Figure 17- Amino acids mapped to TPO immunodominant regions. Sequence- human 

TPO amino acids 109-796 (N-terminal, peroxidase and CCP domains). 

 _ Immunodominant region A _ Immunodominant region B. 

In summary, the IDR-A involves residues from both the peroxidase and CCP 

domains. Residues 225, 353-363, 377-386, 646, 707 and 713-720 of the 

peroxidase domain and amino acids 776-775 in the CCP domain contribute to 

IDR-A. By comparison, the residues making up IDR-B are relatively clustered, 
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consisting of amino acids 597-604, 611-618, 620, 627 and 630 of the 

peroxidase domain. Despite intensive study, the exact nature of autoantibody 

binding to TPO is still not fully characterised. Having multiple domains involved 

which appear to be joined by flexible hinge regions complicates the 

crystallization of an immunologically active form of TPO302,306. 

 

Aims of study 

The overall aim of this work is to learn more about the structure of the human 

TPO protein to gain a better understanding of its role in AITD. An accurate 

structure of the TPO protein has yet to be produced so this work initially focused 

on obtaining one. X-ray crystallography was deemed the most suitable 

technique for this. Both native and recombinant TPO have previously been 

shown to produce poorly diffracting crystals so the initial aims were; 

1. Design and produce modified forms of TPO which retain key features of 

the native protein. 

2. Crystalize the modified TPO proteins. 

3. Solve the structure of these proteins by X-ray diffraction. 

The modifications made to the TPO protein were designed based on existing 

knowledge of the protein structure with the aim of removing or changing 

features which may impair crystallization. Four modified TPO proteins were 

successfully expressed and purified.  Two of these proteins were crystallized 

but did not diffract to a high enough resolution to solve the structure. Several 

methods of improving the diffraction resolution of the crystals produced were 

tested but no improvement could be made.  

As a structure of the TPO protein could not be produced during the course of 

this work, efforts were made to address other gaps in the current knowledge of 

TPO. The nature of autoantibody binding to TPO is of particular interest and 

clinical relevance. To help further understand this, another aim was added; 

4. Identify the epitopes of the monoclonal TPO antibodies 4F5 and 2G4 by 

epitope excision. 
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Epitope excision had not previously been applied to the study of TPO antibodies 

so this was an opportunity to assess the ability of this technique to characterise 

TPO antibodies and produce unique data regarding the nature of the TPO IDRs. 

4F5 and 2G4 were chosen for this study as they were readily available, have 

been previously characterised and, in the case of 4F5, the structure has been 

solved by X-ray crystallography. Despite this the exact IDR to which each 

antibody binds was yet to be determined and therefore of interest.  
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Chapter 2- Production and Characterization of Modified 

Thyroid Peroxidase Proteins 

 

Introduction 

As a major autoantigen, a structure TPO has been long sought after. However, 

despite the protein being first crystallized in 1997, the structure is still yet to be 

solved254. Human thyroid tissue is difficult to obtain in large quantities and 

generally does not yield large amounts of the protein. The group which 

crystallized the native enzyme obtained only 20 mg of pure TPO from 2.5 kg of 

thyroid tissue. For this reason, recombinant forms of the enzyme have been 

produced using several different eukaryotic expression systems284,309,310. The 

full length wild type protein has been produced recombinantly, but for many 

studies only the extra-cellular domains (amino acids 1-838) are required283,284. 

By truncating the protein after the EGF domain it can be produced in a soluble 

form which may be advantageous, depending on the nature of the study. The 

extra-cellular region of TPO, expressed in insect cells, was crystallized shortly 

after the native human protein255. Unlike the native protein which produced only 

small, two-dimensional crystals, crystals of insect expressed recombinant TPO 

were the first TPO crystals suitable for X-ray diffraction studies. These larger, 

three-dimensional crystals diffracted up to 6 Å which was not sufficient to solve 

the structure, but did allow some features to be identified.   

Several features of the protein which could be responsible for the difficulty in 

growing well-ordered crystals of TPO. The first steps of this work focused on 

producing a modified protein more amenable to crystallization. These protein 

constructs contained modifications designed based on information from various 

MPO and LPO crystal structures. When modifying the protein, care was taken 

not to disrupt any key features. Much of the research into TPO relates to its role 

in autoimmunity and therefore any modified TPO proteins produced needed to 

retain the autoantibody binding characteristics of the native enzyme. If the 

autoantibody epitopes were disrupted it is likely that the overall protein fold 

would have been largely altered. This would severely limit the usefulness of any 
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structure produced. While not as essential as the retention of autoantibody 

binding, an enzymatically active protein is also desirable. This would provide 

further insight into the mechanism of enzymatic activity of TPO and would also 

indicate that the protein was similar in structure to the native enzyme. 

 

Results and Discussion 

Design of modified thyroid peroxidase proteins and DNA cloning 

 

Initially a protein was designed based on the TPO extra-cellular domains (amino 

acids 1-838) only. A method for expressing the extra cellular domains of TPO in 

High Five (Trichoplusia ni) insect cells and purifying the truncated protein is well 

established284. Referred to as recombinant human TPO (rhTPO, amino acids 1-

838) this protein is soluble and can be purified and concentrated to the high 

levels required for crystallography. It has been crystallized previously although 

the crystals diffracted poorly255. Using rhTPO as a starting point, two 

modifications were introduced to produce a modified protein, designated 

“NΔTPO”. These were a deletion in the N-terminal domain of the protein and a 

truncation at the C-terminus, after the CCP domain. 

The N-terminal domain of TPO is largely removed in the mature protein259. 

Evidence has been produced that removal of much of this cleaved section from 

the DNA sequence has little effect on the structure or trafficking of the 

expressed protein261. N-terminal sequencing of TPO often produces mixed 

results suggesting that cleavage is not uniform and there are other potential 

cleavage sites besides the predominant site after amino acid 108258. A mixture 

of protein isoforms with variation in the N-terminal residue could be difficult to 

separate resulting in heterogeneity in the final purified preparation. This could 

inhibit crystal formation or lower the diffraction resolution if the protein does 

Key points 

 DNA coding for TPO aa 1-14,109-796+6x his (NΔTPO) was produced 

in the pUC18 vector. 

 The NΔTPO gene was cloned into the pFastBac vector for further 

modification and recombinant baculovirus production. 
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crystallise311. X-ray diffraction data is essentially an average of all the molecules 

making up a crystal, thus heterogeneity in the protein forming the crystal will 

lower the overall resolution of the data produced. To reduce the potential for 

heterogeneity at this site, a section of the N-terminal domain was deleted from 

the DNA sequence so amino acid 109 followed directly after the signal peptide. 

The signal peptide, consisting of amino acids 1-14 ,is required for intracellular 

trafficking, so the DNA coding for amino acids 15-108 was removed to allow the 

retention of this sequence259. While a case could be made for removing the 

entire N-terminal domain this was not attempted as it contains two cysteine 

residues which are expected to be disulphide bonded to other residues 

elsewhere in the protein256,257. Removal of these two residues could have a 

large effect on the overall protein fold so was not attempted. 

A gene encoding for rhTPO in a pUC18 vector was modified by site directed 

mutagenesis to introduce a unique SalI recognition sequence. The recognition 

sequence was introduced after the codon for lysine 108 using primers 1 and 2 

(sequences of all mutagenesis primers are detailed in the primers section). This 

new plasmid was designated pUC18/TPO Sal.  

 
Figure 18- Alignment of TPO cDNA with primer 1, : indicates identical bases. _SalI recognition 

sequence, ▼designates cleavage site. Base pairs numbered above. 

JM110 Escherichia coli were transformed with the pUC18/TPO Sal plasmid, 

cultured and plasmid DNA purified. The recovered pUC18/TPO Sal DNA was 

cut with EcoRI and SalI, separated by gel electrophoresis and the >5kbp band 

purified from the gel. A linker sequence was produced by annealing two linker 

oligonucleotides (“primers”). Linker oligonucleotides were designed so that 

when annealed, each end had the correct unpaired single stranded end for 

ligation into an EcoRI/SalI cut vector without the need for prior restriction 

endonuclease (RE) digestion. The linker was ligated into the cut vector using T4 

DNA ligase to produce a plasmid containing the sequence for TPO amino 

acids1-14, 109-838, i.e. the TPO signal peptide followed immediately by the first 

amino acid of the mature protein. The SalI recognition site was then removed by 
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another round of site-directed mutagenesis using primers 3 and 4. This plasmid 

was designated pUC18/Nmod TPO.  

The C-terminus was then truncated by site-directed mutagenesis using primers 

5 and 6. This incorporated a six histidine tag, stop codon and a HindIII 

recognition sequence after the codons for amino acid 796, the last residue of 

the TPO CCP domain. This resulted in the removal of the EGF domain when 

the gene was cloned into the pFastBac (Invitrogen, USA) vector for recombinant 

baculovirus production. This plasmid was designated pUC18/NΔTPO. 

 

Figure 19- Alignment of TPO cDNA with primer 5, : indicates identical bases. _Insertion, 
▼designates HindIII cleavage site. Base pairs numbered above. 

The EGF domain has been shown to not be involved with autoantibody 

recognition or enzymatic activity, the two main features of interest in TPO312. 

When expressed in a soluble form there is potential for the individual domains 

of the protein to move independently, adopting multiple different confirmations 

particularly during crystal growth. By removing this domain, it was hoped that 

this inherent flexibility would be reduced, easing crystallization while still 

retaining the structure of the main areas of interest. The TPO IDRs are known 

to extend into the CCP domain so this section could not be removed without 

altering the antibody binding characteristics of the protein313. 

The gene for NΔTPO was amplified by PCR, separated and purified before 

digestion and ligation into the pFastBac vector (Invitrogen, UK) between the 

EcoRI and HindIII RE recognition sequences. Further modifications to produce 

other proteins were carried out starting from pFastBac/NΔTPO. 

 

 

 

 

 



   

53 
 

Further modification of NΔTPO gene 

 

Three features of NΔTPO were identified for further modification based on the 

existing literature and examination of the MPO and LPO crystal structures; an 

unpaired cysteine residue predicted to be solvent exposed and two flexible 

loops on the protein surface.  

The thiol group on the side chain of cysteine is highly reactive, commonly 

forming disulfide bonds, coordinating ligands or acting as a nucleophile during 

catalysis314. Cysteine 146 in TPO is predicted to be unpaired and solvent 

exposed based on sequence alignments and homology modelling. This reactive 

residue could be involved in a number of unwanted interactions which could 

lead to protein aggregation, variable disulphide bond arrangement or other 

forms of heterogeneity amongst molecules, all of which are undesirable during 

crystallization. To investigate the effects of modifying this residue, primers were 

designed to mutate cysteine 146 to serine.  

Introducing this mutation requires only a single base change; a guanine base 

was mutated to cytosine to change the TGC codon for cysteine to TCC coding 

for serine using primers 7 and 8. This was designated NΔTPOS. Serine is 

structurally similar to cysteine however, the replacement of the sulphur atom 

with a less nucleophilic oxygen renders it, generally, less reactive. 

 
 

Figure 20- Alignment of NΔTPO cDNA with primer 7,: indicates identical bases. _Mutated 

codon- TGC codes for cysteine where TCC codes for serine. Base pairs numbered above. 

When comparing the protein sequences of the TPO peroxidase domain with 

that of MPO and LPO there are two notable extensions (Fig. 8). The largest lies 

between amino acid 292-317 in the TPO protein sequence. This aligns with a 

Key points 

 Four further modifications were made to the NΔTPO gene. 

 Recombinant baculoviruses containing each of the five modified TPO 

genes were produced for protein expression. 
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large flexible loop on the surface of MPO and LPO. As this loop is even larger in 

TPO it was targeted for modification by partial deletion. Flexible sections of a 

protein can be problematic during crystallography as they may inhibit the 

formation of crystal contacts. If they adopt multiple confirmations or are free to 

move inside a crystal then they can lower the overall diffraction resolution. Two 

deletions to this loop were tested. The first, NΔTPO-10, was a 10 amino acid 

deletion removing amino acids 299-308. This was an attempt to produce a 

similar structure to that found in MPO, as the loop in TPO is 10 amino acids 

longer than the MPO equivalent. The second, NΔTPO-14, was a longer but 

overlapping deletion of 14 amino acids removing amino acids 298-311. Here a 

homology model of the TPO peroxidase domain, produced by RSR Ltd 

(unpublished), was examined to estimate how much of the loop could be 

removed without altering the overall protein structure. By measuring distances 

between amino acids on the model it was determined that glycine 297 and 

asparagine 312 were in a reasonable position to form a peptide bond if the 

amino acids between these residues were removed. Both of these mutations 

also removed the glycosylation site at asparagine 307, leaving only three 

potential sites for N-linked glycosylation. 

To remove the section of DNA coding for this loop, a KpnI site was introduced 

by mutagenesis with primers 9 and 10. This involved making a silent mutation to 

the codon for valine 406 in the NΔTPO DNA sequence by site-directed 

mutagenesis. 

 

Figure 21- Alignment of NΔTPO cDNA with primer 9, : indicates identical bases. _Mutated 

codon- GTC to GTA, silent mutation as GTX codes for valine,▼designates KpnI cleavage site. 

Base pairs numbered above. 

Synthetic genes were obtained from Life Technologies, U.K, coding for TPO 

amino acids 286-408. Gene 1 had the sequence coding for amino acids 299-

308 removed to produce NΔTPO-10, Gene 2 had the sequence coding for 

amino acids 298-311 removed to produce NΔTPO-14. These were cut from the 

supplied plasmid and ligated into the NΔTPO sequence in the pFastBac vector 

between the introduced KpnI site and a naturally occurring FseI site in the TPO 
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sequence. This removed either 10 or 14 amino acids from the translated 

sequence. As the mutation to produce the KpnI site was silent, it was not 

necessary to remove it once the desired sequences had been produced. 

The final modification made was a deletion to a loop between amino acids 248-

257. This loop aligns with a problematic section of the MPO structure. The first 

diffraction data produced from canine MPO did not show any electron density in 

the region containing the equivalent loop242. While this was later resolved in a 

higher resolution structure of human MPO it does suggest this loop may be 

flexible or prone to adopting different confirmations217. Furthermore this loop is 

extended in TPO relative to MPO increasing the likelihood of it having a 

negative effect during crystallography.   

Using the same methodology as per NΔTPO-14 it was determined that 

removing more than two amino acids was likely to put strain on the confirmation 

of the protein, possibly altering the folding. Removing alanine 251 and alanine 

252 in this loop was achieved by site directed mutagenesis of the NΔTPO 

sequence with primers 11 and 12 to produce the gene for NΔTPO-2. 

 

Figure 22- Alignment of TPO cDNA with primer 11, : indicates identical bases, - indicates the 

absence of a base in the primer, included to maintain clarity of alignment. _Removed section 

coding for aa 251 & 252. 

Once the correct DNA sequence for each protein was cloned into the pFastBac 

vector and confirmed by sequencing, bacmid DNA and recombinant 

baculoviruses were generated using the Bac-to-Bac baculovirus expression 

system (Invitrogen, USA) using the manufacturers’ protocols.  
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Table 1- Amino acid sequences of modified TPO proteins 

Designation amino acids 

NΔTPO 1-14, 109-796+6 x his 

NΔTPOS As NΔTPO, cys 146→ser 

NΔTPO-10 As NΔTPO, aa 299-308 removed 

NΔTPO-14 As NΔTPO, aa 298-311 removed 

NΔTPO-2 As NΔTPO, aa 250-251 removed 

Amino acid numbering refers to the protein sequence of full-length human TPO. 

 

Expression of modified thyroid peroxidase proteins 

 

All modified TPO proteins used in this work were expressed recombinantly in 

High Five cells. This cell line was selected as it has previously been shown to 

produce the extra-cellular domains of TPO in an immunologically and 

enzymatically active form with good yields284. Expression and purification 

protocols were based on those previously established for rhTPO and produced 

adequate expression levels with little to no modifications required. Average 

expression levels determined by RIA and total expression by weight and volume 

are shown in Table 2. To provide ample material for characterisation and 

crystallography experiments it was estimated around 240 mg of each protein 

would need to be expressed assuming final recovery would be around 20-25%. 

In some cases, multiple expression and purification runs were carried out for the 

same modified TPO protein. In these instances, the circumstances are 

explained below. 

 

 

Key points 

 Modified TPO proteins were expressed in High Five insect cells. 

 All proteins expressed at good levels, showed some enzymatic 

activity and appeared stable. 
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Table 2- Pooled protein harvests prior to purification 

Modified TPO 

protein 

(run) 

Volume of 

culture 

supernatant 

(L) 

Weight of TPO 

(mg) 

Average TPO 

concentration 

(µg/mL) 

Average TPO 

enzymatic 

activity 

(GU/mg) 

NΔTPO (1) 14 159.0 11.3 71 

NΔTPO (2) 12 225.8 18.8 43 

NΔTPO (3) 22 319.1 14.5 60 

NΔTPOS 16 255.7 16.0 83 

NΔTPO-10 16 279.3 17.5 41 

NΔTPO-14 (1) 14 374.8 26.8 34 

NΔTPO-14 (2) 14 234.5 16.8 24 

NΔTPO-2 8 293.1 36.6 31 

Each row details a pool of culture supernatant which formed the starting material for an anion 

exchange purification run. In cases where multiple expression and purification runs were carried 

out, each separate purification is numbered in brackets to differentiate. 

The RIA used to measure protein expression in culture supernatants utilised a 

polyclonal rabbit anti-TPO sera. This allowed the quantification of the protein of 

interest in a complex mixture. At later stages of the purification process, when 

the proteins were mostly purified, optical absorbance was used to quantify 

protein concentration (Chapter 6).  

Enzymatic activity of expression supernatants was measured by a guaiacol 

oxidation assay315. This assay was used throughout the production and analysis 

process to measure the ability of the enzymes to catalyse the oxidation of 

guaiacol in the presence of hydrogen peroxide. Oxidized guaiacol dimerizes to 

form 3,3’-dimethoxy-4,4’-biphenoquinone (Fig. 23)316. 
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Figure 23- Mechanism of reaction catalysed by TPO in guaiacol oxidation assay316. TPO 

oxidises guaiacol which then dimerizes to produce 3,3’-dimethoxy-4,4’-biphenoquinone which 

absorbs at 470 nm. 

Samples of protein harvested from expression media were also subjected to 

SDS-PAGE, Western blotted and probed with another, anti-TPO polyclonal 

rabbit serum. As with the RIA, the use of a polyclonal TPO antibody sera 

allowed for the analysis of the protein of interest in a complex mixture prior to 

purification. If the TPO protein in a supernatant has been degraded, then bands 

with a much lower than expected molecular weight are observed by Western 

blotting. This technique was used to exclude supernatants containing degraded 

protein. 

 

Figure 24- Western blot of intact protein from harvest supernatant. Lane 1- rhTPO, lane 2- 

NΔTPO-14 (1). This analysis was carried out to check for protein degradation prior to 

purification. Native and recombinant TPO commonly appears as a doublet when visualised by 

SDS-PAGE where the NΔTPO proteins resolve as a single band.  

Expression of the modified TPO proteins was within expected ranges for 

recombinant soluble proteins expressed in High Five cells and was consistent 

with those observed previously for rhTPO284,317. It is possible that protein 

expression could have been further optimised but this was not attempted as the 

expression volumes required to reach or exceed the 240 mg target weight were 

well within the capacity of a single anion exchange column. 

Initial expression of NΔTPO (NΔTPO (1), Table 2) gave the lowest expression 

levels (average concentration in harvested supernatant 11.3µg/mL), but this 

1                      2 
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pool encompassed several early expression optimisation experiments. Once 

infection conditions and harvest times were established the second pool 

(NΔTPO (2)) and all other NΔTPO proteins had overall higher expression levels 

(average concentrations observed by RIA in harvested supernatant were 

between 14.5 and 36.6 µg/mL).  

 

Capture of protein from culture media 

 

The modified TPO proteins were captured from culture supernatant by anion 

exchange (diethylaminoethyl, DEAE) using a fluidized bed system. The fluidized 

bed allows large particles to pass through removing the need for filtration of the 

culture supernatant provided the majority of cell debris has been removed by 

centrifugation. The protocol used was identical to that established previously for 

rhTPO by RSR Ltd (Chapter 6) and gave good recovery yields (Table 3)284. 

Protein was eluted from the column using a single step increase in sodium 

chloride concentration. Enzymatically active fractions, as determined by 

guaiacol oxidation assays, were pooled immediately and analysed following 

each column run using the same techniques as the post-harvest material. In 

some cases (NΔTPO-10 and -2) the weight of protein recovered was calculated 

to increase above the amount loaded onto the column. This may be due to the 

removal of other proteins and molecules which interacted non-specifically with 

the expressed modified TPO protein or other assay components when 

measuring the concentration by RIA. This may have produced a false low value 

when assaying culture supernatant samples.  

 

 

 

 

Key point 

 Modified TPO proteins were captured efficiently using fluidized bed, 

anion exchange chromatography. 
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Table 3- DEAE purification yields 

Modified TPO 
protein 

(run) 

Elution 
volume 

(L) 

Weight of 
TPO 
(mg) 

TPO 
concentration 

(µg/mL) 

Recovery 
(%) 

TPO enzymatic 
activity 

(GU/mg) 

NΔTPO (1) 3.22 151.1 46.9 95.0 273 

NΔTPO (2) 3.21 173.2 53.9 77.0 335 

NΔTPO (3) 3.24 293.9 90.7 92.1 247 

NΔTPOS 3.46 232.1 67.1 90.8 238 

NΔTPO-10 3.14 303.5 96.7 108.7 131 

NΔTPO-14 (1) 3.24 337.7 104.2 90.1 167 

NΔTPO-14 (2) 3.06 221.9 72.5 94.6 240 

NΔTPO-2 3.08 318.3 103.3 108.6 135 
Recovery % calculated from column/weight of TPO loaded to column (Table 2). 

The only run in which the recovery of modified TPO protein dropped below 90% 

by RIA was NΔTPO (2). This was attributed to a column leak during the 

purification run resulting in the loss of an unknown volume of material. As this 

material was to be combined with the NΔTPO (1) batch later in the purification 

process and a reasonable weight of protein was recovered, this was deemed 

acceptable. 

 

Purification of modified thyroid peroxidase proteins 

 

The only major deviation from previously established protocols was in the 

second of the three purification steps. Antibody affinity chromatography has 

previously been used successfully for the purification of TPO288,318. While this 

has been shown to be a very effective method, there are some disadvantages. 

A long contact time is required for protein binding, making this method relatively 

time consuming compared to the other steps. Also, producing antibody affinity 

matrix requires large amounts of IgG which also has to be expressed and 

purified before use. 

Key points 

 Modified TPO proteins were further purified by metal affinity 

chromatography. 

 Each protein eluted in two peaks, analysis showed that material in 

each peak had different levels of purity and enzymatic activity. 
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A six histidine tag was present at the C-terminus of all proteins produced to 

facilitate purification by nickel immobilised metal affinity chromatography 

(IMAC). Purification by this method was quicker and less costly than antibody 

affinity chromatography. A further advantage of this method was that by eluting 

the bound protein with an imidazole gradient, two separate peaks of material 

could be separated (Fig. 25). Both elution peaks were shown to contain the 

protein of interest by RIA. However, when examined further the peak that eluted 

at a lower imidazole concentration consisted of mostly enzymatically inactive 

material. This material was also of slightly lower purity than the second peak 

based on stained SDS-PAGE. This material was judged unsuitable for further 

purification as an enzymatically active protein was desired. A mixture of active 

and inactive material in the final pool could also reduce the chances of 

producing well-diffracting crystals. In all cases the majority of the protein bound 

to the column was of the more active type, eluting in the second peak (Table 5). 

Post IMAC yields given in Table 4 are for the second elution peak only. The 

DEAE elution pool NΔTPO (3) was split into two equal pools of ~120 mg to 

maximise recovery, and are designated NΔTPO (3a) and NΔTPO (3b) in Tables 

4 and 5. 
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Figure 25- IMAC elution profile for NΔTPO(1). Blue- absorbance at 280 nm, green- % buffer B 

concentration (buffer A + 500 mM imidazole). NΔTPO proteins elute in two peaks by this 

method with the first peak containing material of low enzymatic activity and purity. Only protein 

from the second peak was used for further purification and study. 

 

Table 4- IMAC purification yields 

Modified TPO 
protein 

(run) 

Elution 
volume(mL) 

Weight of 
TPO 
(mg) 

TPO 
concentration 

(µg/mL) 

Recovery 
(%) 

NΔTPO (1) 260 84.32 324.3 55.8 

NΔTPO (2) 256 90.09 351.91 52.0 

NΔTPO (3a) 320 98.88 309.00 67.3 

NΔTPO (3b) 310 100.32 323.61 68.2 

NΔTPOS 390 165.36 424.00 71.2 

NΔTPO-10 210 118.67 565.09 39.1 

NΔTPO-14 (1) 212 64.07 302.21 19.0 

NΔTPO-14 (2) 262 120.58 460.23 54.3 

NΔTPO-2 266 183.00 687.97 57.5 
Figures for 2nd elution peaks only. Recovery % calculated from the weight of TPO calculated for 

each post DEAE purification pool (Table 3 and main text). 
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Figure 26- Stained 8% acrylamide reduced SDS-PAGE of pooled post IMAC NΔTPO (1) elution 

peaks. Material from the first peak was of slightly lower purity and not used for further 

purification. 

 

Table 5- Post IMAC pool enzymatic activities and peak ratios 

Modified TPO 
protein 

(run) 

Absorbance 
peak area 

ratio 

peak 1 
GU/mg 

peak 2 
GU/mg 

NΔTPO (1) 2.2 36 444 

NΔTPO (2) 2.7 42 380 

NΔTPO (3a) 2.0 24 320 

NΔTPO (3b) 2.2 40 322 

NΔTPOS 2.8 44 315 

NΔTPO-10 2.6 47 197 

NΔTPO-14 (1) 1.1 51 236 

NΔTPO-14 (2) 2.6 42 391 

NΔTPO-2 4.3 41 198 
Peak ratio calculated as absorbance (at 280 nm) peak 2 area/ Absorbance (at 280 nm) peak 1 

area. 

The recoveries from IMAC purifications were lower than the initial DEAE 

capture, reflecting the greater selectivity of this step. The analysis of the first 

peak material from each run shows this step separated some lower activity or 

inactive protein from the active enzyme (Table 5). The RIA used up to this point 

to quantify protein yields cannot differentiate active and inactive protein, 

therefore the yields reported do not take into account the removal of inactive 

protein.   
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The yield from the NΔTPO-14 (1) IMAC run was significantly lower than any 

other run. The low yield was due to an equipment malfunction causing a 

premature advance of the elution gradient. This caused the appearance of a 

small absorbance peak between the two normally observed peaks. The time 

taken for the absorbance to drop between peaks was also extended in this run 

due to the advancement of the gradient. The use of an incorrect elution gradient 

is reflected in the peak area ratio for this run (Table 5), the area of the second 

elution peak was much lower relative to the first peak in this run. Analysis of the 

material obtained from this run showed no detectable difference in the quality of 

the protein obtained from the second elution peak. A second expression run 

was carried out with this protein as the low yield did not appear to stem from 

any inherent defect cause by this particular modification and gratifyingly, 

NΔTPO-10 (2) gave a yield and peak area ratio in line with the other modified 

TPO proteins.   

 

Final polishing of modified thyroid peroxidase proteins 

 

While the TPO proteins produced appeared >90% pure by SDS-PAGE following 

IMAC, aggregated protein was still present in the pools which would be 

detrimental to crystal growth. This was removed from the post-IMAC pools by a 

final polishing step by size exclusion chromatography (SEC). Samples were 

taken from fractions collected from preparative SEC columns and analysed 

individually by analytical SEC, SDS-PAGE and guaiacol oxidation assay. 

Analytical SEC was used to quantify how much, if any, aggregated material was 

present in each fraction. SDS-PAGE gels were stained to visually check purity 

and ensure there was no protein degradation. The guaiacol oxidation assay was 

Key points 

 Modified TPO proteins were purified by size exclusion 

chromatography to ensure the final preparations used for 

crystallography were as homogeneous as possible. 

 Individual fractions were analysed separately prior to pooling to 

ensure only the best material was selected for further study. 

 The NΔTPOS protein (cys146→ser) was excluded at this point due to 

excessive aggregation and apparent instability. 
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used to ensure all material included in final pools had an acceptable level of 

enzymatic activity. 

Table 6- Post SEC fractions summary 

Modified TPO 
protein 

(run) 

No. of 
fractions 

TPO Concentration 
range 

(µg/mL) 

TPO Enzymatic 
activity range 

(GU/mg) 

Minimum purity 
(%) 

NΔTPO (1+2) 22 171-745 359-498 97.6 

NΔTPO (3) 18 59-695 153-716 97.3 

NΔTPOS 7 352-394 168-209 97.2 

NΔTPO-10 28 124-882 107-283 98.4 

NΔTPO-14 (1) 19 
69-738 169-619 98.8 

NΔTPO-14 (2) 20 

NΔTPO-2 29 80-927 121-347 98.0 
Fractions selected for further use from size exclusion chromatography columns only. Minimum 

purity is the % of monomeric protein present in the fraction determined from analytical SEC 

profile. Value reported is for the lowest purity fraction included in the final pool. 

Figure 27- Preparative SEC elution profiles (absorbance at 280 nm) for NΔTPOS and NΔTPO-

10. The profile of NΔTPO-10 is representative of the other modified proteins. NΔTPOS 

contained an unusually high proportion of high molecular weight aggregates than the other four 

proteins. 

Prior to SEC purification the NΔTPO (1) and (2) post-IMAC pools were 

combined to produce a single, larger final pool of this protein. The NΔTPO (3) 

SEC run was of a smaller scale and used 160 mL of NΔTPO (3a) IMAC elution 

pool as the starting material. 

NΔTPOS showed the highest recovery following IMAC purification but the SEC 

elution profile of this material shows much of the protein was in an aggregated 
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form (Fig. 27). The SEC elution profile of NΔTPO-10 is more typical, as none of 

the other proteins suffered such extensive levels of aggregation. Analysis of the 

NΔTPOS SEC elution fractions by stained SDS-PAGE also showed many of the 

fractions contained lower molecular weight indicating degraded protein was 

present (Fig. 28). The cause of protein degradation is unknown. Material loaded 

and eluted from this column was handled in the same manner as all other pools, 

none of which showed such substantial protein degradation. It is possible this 

protein was inherently unstable, but the breakdown products could only be 

detected when the protein was pure. The size of the intact (86 kDa) and 

degraded (60 kDa) protein is close enough to make separation by SEC difficult 

so co-purification is a possibility. However, the presence of <45 kDa fragments 

in some fractions indicates some protein degradation probably occurred 

following purification. 

 

Figure 28- Stained 8% acrylamide reduced SDS-PAGE of NΔTPOS SEC fraction samples (2 
gels). The visible bands at 60 kDa and bellow demonstrate that the majority of samples appear 

to be of poor quality when assessed by this method. 

As only seven NΔTPOS post-SEC fractions were deemed suitable for further 

use a final pool of this protein was not prepared. Further expression was not 

attempted due to the questionable stability of this protein. 

Post-IMAC NΔTPO-14 (1) and (2) were SEC purified separately to avoid having 

to over-concentrate the protein to overcome the larger starting volume when 

loading the column. Fractions from each run were combined when producing a 

final pool for this protein. 

A pool of NΔTPO-2 fractions, not selected for further use, was prepared to 

investigate the composition of the unused fractions. The fractions selected for 

60 kDa 

86 kDa 
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this pool (Fractions A1 to C2 inclusive, Fig. 29A) were not suitable for 

crystallography due to a high level of aggregated material present. Analytical 

SEC analysis of this pool showed that a large amount of the material present in 

these fractions was monomeric. This appears to be easily separated from the 

analytical SEC profile but would prove difficult on a larger scale as the 

preparative SEC columns have a lower separation resolution than the smaller, 

analytical columns. Refolding this material was not attempted due to the large 

size of the protein. With the exception of NΔTPOS, sufficient protein was 

recovered from preparative SEC purification to produce a suitable final pool so 

recovering material from unused fractions was not investigated further. 

 

Figure 29- A) Preparative SEC elution profile (absorbance at 280 nm) for NΔTPO-2. Fractions 

selected for unused fraction pool highlighted (red). B) Analytical SEC profile (absorbance at 280 

nm) for NΔTPO-2 unused fraction pool. This shows that the protein in these fractions was 

predominantly of the correct molecular weight but could not be recovered due to limitations of 

the resolution of the column used. While disappointing this loss of material was not significant 

enough to affect the project. 

Final pools were prepared for each protein, with the exception of NΔTPOS, from 

selected SEC fractions and were concentrated to ≥10 mg/mL for 

crystallography. Each pool was aliquoted to prevent freeze-thaw cycles and 

stored at -80 °C. Details of these pools are shown in Table 7. This material was 

used for characterising the modified TPO proteins and crystal screening.  
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Table 7- Final pool weights and volumes 

Modified TPO 
protein 

(run) 
Volume(mL) Weight(mg) 

Concentration 
(mg/mL) 

NΔTPO (1) 4.8 53.52 11.15 

NΔTPO (2) 1.1 11.31 10.28 

NΔTPO-10 5.8 75.86 13.08 

NΔTPO-14 7.8 83.85 10.75 

NΔTPO-2 5.3 63.18 11.92 

 

Characterisation of modified thyroid peroxidase proteins 

 

While some analysis was carried out for quality control purposes during 

expression and purification more extensive analysis was carried out on the final 

pools to characterise each modified form of the TPO protein further.  

Proteins used for crystallography need to be of high purity to produce crystals 

which diffract well311. This was assessed in the final protein pools by three 

methods, analytical SEC, SDS-PAGE and isoelectric focusing (IEF). Analytical 

SEC allowed the amount of higher molecular weight protein aggregates in the 

final pools to be measured. A value for % purity for each pool was produced 

based on the percentage of the main peak as the total peak area (Table 8). 

Table 8- Purity of final pools 

Protein 
(run) 

Purity by SEC  
(%) 

NΔTPO (1) 98.3 

NΔTPO (2) 96.8 

NΔTPO-10 98.1 

NΔTPO-14 98.0 

NΔTPO-2 97.3 

Purity determined from absorbance (280 nm) peak area on analytical SEC profiles. 

Key points 

 The four fully-purified modified TPO proteins were assessed by a 

number of methods to ensure they were homogeneous and still 

shared key features with native TPO. 

 All four proteins were deemed suitable for use in crystallography 

experiments. 
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Figure 30- Analytical SEC elution profiles 

(absorbance at 280 nm) of final pools 

(blue) overlaid with the rhTPO control run 

immediately before the sample under the 

same conditions (red). All final pools 

showed high purity when assessed by this 

method. Shifts in elution volumes are due 

differences in the age and use history of 

the analytical columns used and not 

thought to be significant. 
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Levels of aggregated protein were low in all the final pools and there was no 

protein degradation detectable by this method. The retention time of the 

proteins varied more than would be expected for proteins with such similar 

mass (Fig. 30). Each analytical SEC run was carried out separately and while 

the same make and model column was used in each case, the exact lot number 

and previous use history of the columns did vary. The position of the 

absorbance at 280 nm peaks for each protein relative to the positive control, a 

preparation of rhTPO which was identical for each run, is very similar. This 

suggests the change in retention time is caused by the slight variances in 

chromatography conditions for each run rather than actual unexpected 

differences in mass between the proteins.  

Stained SDS-PAGE gels also gave no evidence of the presence of any 

impurities or degraded protein in any of the final pools produced, in agreement 

with the SEC results. One interesting finding was that the NΔTPO proteins 

appeared as a single band, not the characteristic doublet observed with native 

or recombinant TPO. This single band was also observed by western blotting 

during purification (Fig. 24). Identifying and separating the two TPO isoforms 

visible by SDS-PAGE has previously proven difficult and the reason for their 

appearance has not been proven conclusively319. Expression of alternatively 

spliced mRNA species or variations in post-translational modifications have 

been suggested as reasons for this. Having only a single band visible by SDS-

PAGE is a promising sign which, indicates these protein samples are more 

homogeneous than native or recombinant TPO. 
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Figure 31- Stained 8% acrylamide reduced SDS-PAGE of final pools (results combined from 

separate gels to demonstrate purity, see Table 9 for molecular weights calculated from 

individual gels).  

Table 9- Molecular weight of modified TPO proteins 

Modified TPO 
protein 

(run) 

MW by SDS-PAGE 
kDa 

Predicted MW 
kDa 

NΔTPO (1) 86.0 77.4 

NΔTPO (2) 86.2 77.4 

NΔTPO-10 85.6 76.4 

NΔTPO-14 84.0 76.0 

NΔTPO-2 85.0 77.2 
Calculated from reduced SDS-PAGE. 

Molecular weights of each protein, determined by SDS-PAGE, are shown in 

Table 9. The molecular weights were also predicted from the amino acid 

sequence using Protparam320. The observed molecular weight in each case is 

between 7.8-9.2 kDa (9.2-10.7%) higher than predicted from the protein 

sequence. The predicted mass of insect expressed rhTPO is also inconsistent 
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with that observed by SDS-PAGE (12.9-16.9 kDa, 13.7-17.2% difference for the 

lower and upper doublet bands respectively). This reduction in mobility is likely 

caused by the presence of N-linked glycosylation on the proteins. Partial 

deglycosylation of NΔTPO with endoglycosidase H and F3 (Chapter 3, 

“Deglycosylation experiments”) caused a drop in the observed molecular weight 

by SDS-PAGE of 4.8 kDa to 81.2 kDa. This is a 4.7% difference which is 

reasonable given the limitations of SDS-PAGE for calculating molecular 

weight321. Glycoproteins are known to bind less SDS than non-glycosylated 

protein and this can cause altered mobility during electrophoresis 

experiments322.  

The isoelectric point (pI) of each modified TPO protein was determined by 

isoelectric focusing (IEF) (Fig. 32 and Table 10). The observed pI for all TPO 

proteins was similar or the same as that determined for rhTPO (5.4). This result 

was as expected, as the modifications made to the protein should not have 

caused major changes in the tertiary structure and therefore the surface 

exposed residues should be largely identical between each protein. The slight 

increase in the pI of NΔTPO-10 and -14 may be caused by the loss of an 

aspartic acid residue (amino acid 300) from the truncated loop which was 

predicted to be surface exposed. Each protein produced a slightly smeared 

band when visualising the IEF gels which may indicate some minor 

heterogeneity in the pools. There are a number of potential explanations for this 

such as differences in protein glycosylation and differential deamidation of the 

protein323. Unfortunately it was not possible to compare the deglycosylated 

NΔTPO to the glycosylated form due to the limited availability of the 

deglycosylated material (Chapter 4). While this result was disappointing the 

other analysis carried out of the final pools suggested an otherwise good level 

of purity. For this reason none of the modified TPO proteins were excluded from 

crystal screening on the basis of the IEF results.   
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Figure 32- Stained IEF gel of final pools (results combined from separate gels to demonstrate 

purity, see Table 10 for calculated pI values from individual gels). 

 

Table 10- Isoelectric points of modified TPO proteins 

Modified TPO 
protein 

(run) 
Isoelectric point 

NΔTPO (1) 5.4 

NΔTPO (2) 5.4 

NΔTPO-10 5.5 

NΔTPO-14 5.5 

NΔTPO-2 5.4 
Isoelectric points determined by isoelectric focusing. 

Antibody binding of final pool protein was assessed using a pool of AITD patient 

sera and 2G4, a human monoclonal anti-TPO antibody. 2G4 is a human IgG1 

that originates from thyroid infiltrating lymphocytes isolated from a HT patient109. 
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It has previously been shown to be highly specific to human TPO and its binding 

to TPO is conformation dependent. 

To compare the antibody binding of each protein, binding curves over a range 

of protein concentrations were prepared from RIA data and compared to the 

curve produced by rhTPO. Both the patient sera and 2G4 assays were inhibition 

assays. In this type of assay the test protein (each of the modified TPO 

proteins) inhibits the binding of a fixed amount of either patient antibodies or 

2G4 IgG to radiolabelled TPO. This produces a measurable decrease in signal 

(ionizing events or “counts” per minute, CPM) proportional to the concentration 

of the unlabelled test protein. Results in Figs. 33-36 are displayed as 

percentage of CPM in test sample compared to the total CPM added (% 

bound), by test protein concentration. As the concentration of test protein 

increases, the CPM decreases as there is less antibody available to bind the 

labelled TPO.  

Binding to pooled patient sera antibodies is shown in Figs. 33 and 35 and to 

2G4 IgG in Figs. 34 and 36. Each modified TPO protein was analysed in a 

separate assay but utilising the same rhTPO standards as controls. The 

individual binding curves from each assay generally show a similar trend for the 

rhTPO control and NΔTPO protein. The actual % binding values vary between 

proteins but this is due to inter-assay variation as it was not possible to test 

each protein in a single assay. When plotting the relative % binding values with 

the rhTPO values averaged across all assays (to account for inter-assay 

variation), most points for each protein fall within or close to one standard 

deviation of the control. This data shows that each of the modified TPO proteins 

produced fold in a similar manner to the full-length extra-cellular domain of TPO 

and therefore any structural data generated from these proteins is likely to be a 

good representation of the in vivo occurrence. 
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Figure 33- Pooled patient sera antibody 

inhibition assay results for individual 

modified TPO proteins. Assay specific 

control (rhTPO) shown as dashed line. 

Error bars represent one standard 

deviation. Radiolabelled tracer binding 

decreases with increasing concentration of 

unlabelled (test) proteins, thus decreasing 

the % bound value. These results show 

that the modified proteins bind patient 

antibodies in a similar manner to rhTPO. 
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Figure 34- 2G4 antibody binding for 

individual modified TPO proteins. Assay 

specific control (rhTPO) shown as dashed 

line. Error bars represent one standard 

deviation. Radiolabelled tracer binding 

decreases with increasing concentration of 

unlabelled (test) proteins, thus decreasing 

the % bound value. These results show 

that the modified proteins bind 2G4 IgG in 

a similar manner to rhTPO. 
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Figure 35- Pooled patient sera relative antibody binding for modified TPO proteins. Control 

(rhTPO) averaged across all assays. Error bars represent one standard deviation of control. 

Collated from data in Fig. 33 for comparison.   

 

Figure 36- 2G4 relative antibody binding for modified TPO proteins. Control (rhTPO) averaged 

across all assays. Error bars represent one standard deviation deviation of control. Collated 

from data in Fig. 34 for comparison.   
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.   

Enzymatic activities for the final pools determined by this assay are shown in 

Table 11. NΔTPO was the most active with each of the two pools of this protein 

produced giving a similar result despite being produced separately. 

Table 11- Enzymatic activity of final pools 

Modified TPO 
protein 

(run) 

Enzymatic activity 
(GU/mg) 

NΔTPO (1) 430 

NΔTPO (2) 436 

NΔTPO-10 367 

NΔTPO-14 373 

NΔTPO-2 393 
Determined by guaiacol oxidation assay. 

While each protein produced was active and able to oxidize guaiacol, the levels 

of enzymatic activity were reduced compared to reported values for rhTPO and 

native TPO purified from human tissue obtained by the same method324.The 

reduced enzymatic activity of the proteins produced for this work may be the 

result of poor haem incorporation. For haem peroxidases this is quantified by 

calculating the ratio between the absorbance of the haem group at 412 nm and 

the absorbance at 280 nm used to calculate protein concentration. Ratios for 

412/280 nm absorbance of the protein final pools produced are shown in Table 

12. 

Table 12- Final pool absorbance ratios 

Modified TPO 
protein 

(run) 
412/280 ratio 

NΔTPO (1) 0.252 

NΔTPO (2) 0.246 

NΔTPO-10 0.143 

NΔTPO-14 0.221 

NΔTPO-2 0.126 
412/280 ratio calculated as absorbance (412 nm) divided by absorbance (280 nm). 

Gut et al reported a 412/280 ratio of 0.5 for rhTPO produced in insect cells324. 

This preparation showed a much higher level of enzymatic activity, 1200 

GU/mg, than the proteins produced here. Values reported for native TPO range 
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between 0.38 and 0.54 when purified from a porcine source and 0.27 to 0.4 for 

the human enzyme324–326.The enzymatic activity levels reported for these 

preparations once purified are 900 GU/mg or higher.  

The reason for this reduction in haem incorporation and resulting drop in 

enzymatic function is unknown. Godlewska et al previously examined the effect 

of removing the DNA sequence coding for amino acids 21-108 on the mature 

protein and found no effect on the enzymatic activity261. However, this work was 

based on the membrane bound protein expressed in CHO cells, so may not be 

directly comparable.  

Haem incorporation into TPO is thought to be an autocatalytic process as 

observed with LPO327. Hydrogen peroxide is a required co-factor for this 

process and for catalytic activity of the mature protein. Insufficient levels of 

hydrogen peroxide in insect cells have been suggested to cause reduced 

activity of peroxidases expressed using this system, although rhTPO has been 

previously expressed with haem incorporation and enzymatic activity levels 

similar to the native enzyme284,327. There are also reports of inactive TPO 

expressed in mammalian cells gaining enzymatic function after incubation with 

hemin328. Samples of NΔTPO were incubated with hydrogen peroxide, hemin 

and both hydrogen peroxide and hemin together to try to improve enzymatic 

activity and haem incorporation levels, but no improvement was detected.  

The stability of the proteins produced in this work was investigated as this can 

affect crystallization329. Unstable proteins may degrade in the crystallography 

drop, resulting in heterogeneity and reducing the likelihood of obtaining good 

quality crystals. This is important as crystallization often occurs on the time 

scale of days and weeks or longer. Crystals can be grown at lower 

temperatures to prevent protein degradation but generally the rate of crystal 

growth is also reduced. 

A fluorescence based thermal shift assay was used to compare thermal stability 

between proteins to determine what, if any, effect the modifications had on 

stability. This involved mixing each protein with a dye then subjecting the 

sample to an increasing temperature gradient whilst monitoring the 

fluorescence in a qPCR instrument. For this work a commercially available kit 
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was used (Protein thermal shift dye kit, Applied Biosystems, USA) so the exact 

dye chemistry is unknown. Generally, the dyes used for thermal shift assays are 

quenched in a polar solvent330. As proteins unfold during the temperature 

gradient, the dye molecules enter the inner structure of the protein which is 

usually hydrophobic and buried from the outer aqueous environment. The dye is 

no longer quenched due to the less polar environment and produces a 

measurable fluorescence increase which correlates to the folding state of the 

protein molecules in the sample. The TM value, defined as the peak first 

derivative of the raw fluorescence signal is used for comparison between 

samples331. This represents the point at which half the protein molecules in a 

sample would be in the unfolded state. 

The values for TM obtained for each protein are shown in Table 13. A change in 

TM of 2 °C or greater is considered significant332. For comparison, rhTPO which 

gives a TM around 52 °C, was run in each assay. Standard deviations were 

calculated for four replicates within the same assay (Table 13). Inter-assay 

standard deviation for the rhTPO control over the five assays was 0.17 °C 

indicating a good level of reproducibility. The values obtained for NΔTPO and 

NΔTPO-2 were very similar indicating there were no significant changes in 

stability from removing the EGF domain, modifying the N-terminus or the 

deletion of amino acids 251 and 252. The reduced Tm values indicate that 

NΔTPO-10 and -14 are slightly less stable than rhTPO. While gross misfolding 

of these two modified TPO proteins seems unlikely as they are recognised by 

TPO antibodies, it is possible the loop truncations in these proteins could 

weaken the overall tertiary structure making it more prone to unfolding. While 

significant, the reduction in stability was small so NΔTPO-10 and -14 were not 

excluded from crystal screening. 
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Table 13- Modified TPO protein melting temperatures 

Modified 
TPO 

protein 
(run) 

Apparent 
melting 

point 
(°C) 

Standard 
deviation 

(°C) 

NΔTPO (1) 52.0 0.21 

NΔTPO (2) 51.2 0.15 

NΔTPO-10 49.6 0.09 

NΔTPO-14 49.9 0.13 

NΔTPO-2 52.4 0.13 
TM values determined by thermal shift assay. 

During the analysis of the four proteins purified to the final pool stage no data 

was produced which would exclude any of the proteins from crystal screening. 

While this analysis was not exhaustive it was shown that the proteins appeared 

to share the key features of native TPO. Analysis by techniques such as mass 

spectrometry (MS) and circular dichroism may have produced more interesting 

data on the nature of these proteins. However this would not necessarily 

indicate the likelihood of successful crystallization and at some point crystal 

screening would have to be carried out as the final test of this. For these 

reasons no further analysis was carried out at this point with the view that if a 

structure of any of the proteins was obtained, any further analysis required 

could be carried out at retrospectively. 
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Summary 

A modified form of human TPO, NΔTPO, was designed with the aim of 

producing a protein that would form crystals that diffract to a high resolution 

while retaining key features of native TPO. Four further modifications to NΔTPO 

were also designed to target features of the protein which may have been 

detrimental to diffraction resolution. All proteins were designed using knowledge 

gained from previous work with TPO and data from sequence alignments and 

crystal structures of related peroxidase enzymes. 

DNA coding for each of the five modified TPO proteins were produced and used 

to generate recombinant baculoviruses to express the proteins in an insect cell 

line. All five modified TPO proteins were successfully expressed, producing 

good yields. 

Four of the five modified TPO proteins were purified using a series of ion 

exchange, metal affinity and size exclusion chromatography. Final pools of the 

four proteins were produced and concentrated to 10 mg/mL or higher. These 

pools were shown to be highly pure and homogeneous. 

One protein, NΔTPOS was shown to be both unstable and prone to aggregation 

during the later stages of purification and therefore was not examined further. 

Ample amounts of the four other proteins were produced for characterisation 

and crystallography experiments. 

Analysis of the four proteins showed that each bound TPO antibodies from 

AITD patient sera. This was a key requirement as the overall goal of this work is 

to learn more about the involvement of TPO in AITD on the molecular scale. 

The four proteins were also shown to be enzymatically active. The effect of the 

modifications made to each of the four purified proteins was quantified using a 

thermal shift assay. Modifications had little or no, negative effect on the stability 

of the protein compared to the native TPO extra-cellular domains. Analysis 

carried out on the four purified proteins indicated they should be suitable for 

crystallography experiments. 
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Key observations 

 The TPO protein can be expressed in a soluble form with aa 15-108 and 

797 onwards removed in an insect cell expression system (NΔTPO). 

 This truncated form of TPO binds autoantibodies and shows some 

enzymatic activity. Stability as determined by thermal shift assay is not 

affected relative to the insect expressed TPO extra-cellular domains. 

 Further truncation of aa 250-251 or 298-311 is possible without effecting 

antibody binding in the resulting protein. Enzymatic activity is also still 

present although slightly reduced. 

Problems 

 Mutation of cysteine 146 to serine destabilised the protein. 

 Enzymatic activity was reduced in all modified proteins produced 

compared to the unmodified insect expressed TPO extra-cellular 

domains. The reasons for this are unclear. 

 IEF suggests there may by some slight heterogeneity amongst the final 

pools of modified protein. 
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Primers 

Primers 1&2 

5’ GCG ATG AAA AGA AAA GTC AAC CTG TCG ACT CAA CAA TCA CAG 

CAT CC 3’ 

5’ GGA TGC TGT GAT TGT TGA GTC GAC AGG TTG ACT TTT CTT TTC 

ATC GC 3’ 

Linker oligonucleotides 

5’ATT TCA TGA GAG CGC TCG CTG TGC TGT CTG TCA CGC TGG TTA 

TGG CCG 3’ 

5’TCG ACG GCC ATA ACC AGC GTG ACA GAC AGC ACA GCG AGC GCT 

CTC ATG 3’ 

Primers 3&4 

5’CGC TGG TTA TGG CCA CTC AAC AAT CAC AGC ATC C 3’ 

5’GGA TGC TGT GAT TGT TGA GTG GCC ATA ACC AGC G 3’ 

Primers 5 & 6 

5’CAG CCT CCC CTC TGC AAA GAT CAT CAC CAT CAC CAT CAC TAG 

AAG CTT GGC ACT GGC 3’ 

5’GCC AGT GCC AAG CTT CTA GTG ATG GTG ATG GTG ATG ATC TTT 

GCA GAG GGG AGG CTG 3’ 

Primers 7 & 8 

5’TGC CCA AAC ACT TCC CTG GCG AAC AAA TAC AGG 3’ 

5’CCT GTA TTT GTT CGC CAG GGA AGT GTT TGG GCA 3’ 

Primer 9 & 10 

5’GCC ACC GAG GTA CCC TCC CTG ACG 3’ 

5’CGT CAG GGA GGG TAC CTC GGT GGC 3’ 
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Primer 11 & 12 

5’GCA CCA GCA AAT TCG GGG GAG GGG C 3’ 

5’GCC CCT CCC CCG AAT TTG CTG GTG C 3’ 

Virus titration primers 

5’CCA GTG GGT CAA AGG CAA A3’ 

5’GTG GTG CGC AAA GTG ATT GT 3’ 
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Chapter 3- Crystallography of Modified Thyroid 

Peroxidase Proteins 

 

Introduction 

After designing, producing and analysing four modified proteins based on TPO, 

these proteins were next tested to determine if they could be used to obtain a 

3D structure. To date, efforts to produce a structure for TPO have focused on 

single crystal X-ray diffraction. This is the most widely used technique to obtain 

structures for proteins of this size (105 kDa for the full-length, wild type protein).  

Even if only the extra-cellular domains of TPO are considered, at 94 kDa this is 

well above the size of the proteins which are routinely solved by nuclear 

magnetic resonance spectroscopy333. While some structures for some larger 

proteins have been produced, the majority of NMR structures in the PDB are of 

proteins of 20 kDa or less. Many of the larger protein structures solved by NMR 

are of heteromeric proteins, in which individual subunits have been solved 

separately. Producing isotopically labelled TPO for NMR studies could also 

prove difficult. Expression of full length or the extra-cellular domains of TPO in 

yeast gives very low yields309. Large quantities of immunologically active TPO 

have only been successfully produced in insect or higher eukaryotic cells283,284. 

Isotopic labelling with 13C, 15N and, to some extent,2H of proteins produced in 

insect cells is possible, however it can be difficult and prohibitively expensive334.  

An alternative protein imaging technique which is currently emerging is 

cryogenic electron microscopy (Cryo-EM). Cryo-EM as a technique for imaging 

protein molecules has been in development since the 1970’s, with atomic 

resolution structures first produced in 1990335,336. As for protein crystallography, 

samples need to be highly pure and homogeneous but crystals are not required 

for cryo-EM337. Cryo-EM images are produced by directing a beam of electrons 

through a protein sample in vitrified ice. Data sets, typically containing hundreds 

of thousands of images are classified into different views corresponding to 2D 

projections and a 3D model structure that can give rise these projections is 

generated. The resolution of cryo-EM structures is constantly improving, at the 
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time of writing 23% of the structures deposited in the electron microscopy data 

bank (https://www.ebi.ac.uk/pdbe/emdb/) had an effective  resolution equal to or 

better than 5 Å. However, most cryo-EM structures are of large proteins or 

complexes, with only 2% of the structures deposited being of molecules ≤100 

kDa. Wild-type TPO would be around the lower size limit of what it is possible to 

image by cryo-EM at the moment. Atomic resolution structures of proteins at the 

lower end of the molecular weight limits are rare, so improving on previous 

results generated by X-ray diffraction studies would be difficult. Protein 

heterogeneity, suspected to be contributing to the low diffraction resolution of 

TPO crystals, would also negatively affect the resolution of any cryo-EM data 

obtained337. For these reasons, X-ray crystallography remained the method of 

choice when studying the modified TPO proteins produced in this work. 

 

Results and Discussion 

Crystal screening of modified thyroid peroxidase proteins 

 

Crystallization conditions for each of the modified TPO proteins produced in 

Chapter 2 were screened using a sparse matrix approach. Sparse matrix crystal 

screening involves testing a wide range of salts, buffers and additives to find 

conditions that produce crystals. Large, single crystals suitable for diffraction 

studies are unlikely to be generated in these screens for most proteins. Sparse 

matrix screens are more likely to identify conditions which produce promising 

signs, such as polycrystalline precipitates. These conditions then act as a 

starting point for further screening. Successive rounds of screening around an 

increasingly narrow set of conditions allow crystal growth to be improved to the 

point where single crystals suitable for diffraction experiments are grown. 

Key points 

 Sparse matrix crystal screening was carried out for the four modified 

TPO proteins. 

 NΔTPO and NΔTPO-2 produced promising results. 

 NΔTPO-2 crystals diffracted to 8 Å. 

 NΔTPO crystals diffracted to 5.2 Å. 

https://www.ebi.ac.uk/pdbe/emdb/
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Three commercial sparse matrix screens were selected for the initial screening 

of conditions for crystallization. These were structure screens 1 & 2 (considered 

a single screen), JCSG+ and PACT Premier all produced by Molecular 

Dimensions (UK). Structure screen 1 & 2 was one of the earliest sparse matrix 

screens to be designed338. The conditions included were chosen based on 

successful crystallography experiments from published literature at the time. 

They were then modified to avoid repeating similar conditions in the same 

screen and to cover as wide a range of conditions as possible. This gave 

crystallographers a standard set of conditions with which to test new proteins 

when beginning new experiments.  

JCSG+ and PACT Premier were produced more recently and were designed to 

be used in conjunction. The conditions in the JCSG+ screen were selected by 

examining which precipitants from earlier screens produced the most crystal 

hits when tested against a large number of proteins from a single organism339. 

The PACT screen was designed more systematically, and contains 

polyethylene glycol (PEG) in every condition. A wide range of PEG sizes and 

concentrations are frequently used in crystal screening. PEG is thought to 

promote crystallization by excluding water molecules from the protein 

surface340. Data seems to indicate, in most cases, the presence of PEG has a 

beneficial effect on crystallography outcomes. This screen is essentially made 

up of several sub-screens designed to examine the effects of pH and cation or 

anion presence separately. The use of these three screens together did result in 

some duplicated or very similar conditions being tested, but this was not so 

extensive as to be considered a waste of resources.     

While conditions for the crystallization of insect derived rhTPO have been 

determined previously, the crystals produced diffracted poorly255. The 

modifications made to the proteins produced for this work meant these 

conditions may not have been suitable. A small screen around the conditions 

which produced rhTPO crystals was tested with each modified TPO protein to 

confirm this. This consisted of twelve conditions ranging between 100 mM Tris-

HCl pH 6.5-7.5 containing 12.5-17.5% PEG 4K.  
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Crystal screens were set up in either a sitting or hanging drop format. In each 

case vapour diffusion between a reservoir of precipitant and a drop of protein 

mixed with the same precipitant causes the drop to lose volume, concentrating 

the protein and, if successful, inducing crystal nucleation. Some screening was 

carried out by Charles River Laboratories (UK) as a drop-setting crystallography 

robot was not available during some stages of the project. 

 

Figure 37– Side view diagram of hanging drop (left) and sitting drop (right) crystal screening 

formats showing protein/precipitant mixed drop (light blue), precipitant reservoir (dark blue), 

section through plastic plate (grey). In each format water vapour diffuses from the drop to the 

reservoir causing the protein to concentrate and precipitate. 

Four modified TPO proteins (NΔTPO (1), NΔTPO-10, NΔTPO-14 and NΔTPO-

2, Chapter 2) were tested in each of the three sparse matrix screens and the 

rhTPO based screen detailed above. Proteins were screened at the 

concentration of the final pool (i.e. ≥ 10 mg/mL, Chapter 2, “Protein 

production”). Initial screens were set up by hand with a total drop volume of 2 

µL consisting of protein and precipitant in a 1:1 ratio, suspended over a 100 µL 

reservoir.  

Screens set up by hand were overall less successful for all the modified TPO 

proteins than those set up by robot (discussed later) with NΔTPO-10 and 

NΔTPO-14 producing no hits in any of the three screens. However, NΔTPO did 

produce some potential crystal hits, as shown below (Fig. 38). The full growth 

conditions are listed in Table 14, but all contained PEG suggesting the 

presence of PEG could be important for the crystal growth. 
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Table 14– Summary of results of modified TPO proteins in sparse matrix crystal 

screens with manual drop setting. 

Protein Screen Outcome 

NΔTPO 

11 mg/mL 

Structure screen 

1&2 

Hit in B3: 200 mM magnesium acetate, 100 mM sodium 

cacodylate (pH 6.5), 20% w/v PEG 8000 (Fig. 38A) 

NΔTPO 

11 mg/mL 
JCSG+ 

Hit in A12:200 mM potassium nitrate, 20% w/v PEG 

3350 (Fig. 38B) 

NΔTPO 

11 mg/mL 
PACT Premier 

Hit in D11: 200 mM calcium chloride, 100 mM Tris-HCl 

(pH 8.0), 20% w/v PEG 6000 (Fig. 38C) 

Hit in E4:200 mM potassium thiocyanate, 20% w/v PEG 

3350 (Fig. 38D) 

NΔTPO-2 

12 mg/mL 
PACT Premier 

Hit in D11:200 mM calcium chloride, 100 mM Tris-HCl 

(pH 8.0), 20% w/v PEG 6000 (Fig. 39A) 

Hit in E4:200 mM potassium thiocyanate, 20% w/v PEG 

3350 (Fig. 39B) 

 

 

Figure 38– Micrographs of hits from manual NΔTPO crystal screening grown in A) 200 mM 

magnesium acetate, 100 mM sodium cacodylate (pH 6.5), 20% w/v PEG 8000, B) 200 mM 

potassium nitrate, 20% w/v PEG 3350, C) 200 mM calcium chloride, 100 mM Tris-HCl (pH 8.0), 

20% w/v PEG 6000, D) 200 mM potassium thiocyanate, 20% w/v PEG 3350. Scale bar is 

approximate. These objects are thought to be small crystals not suitable for X-ray diffraction. 
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The NΔTPO crystals (Fig. 38) were not tested for diffraction as they were of 

insufficient size and often grown in drops containing lots of amorphous 

precipitate, making them difficult to harvest. Amorphous precipitate is typically 

disordered, consisting of denatured or aggregated protein341. Depending on the 

kinetics of precipitation, this may redissolve given time. Crystals can still form in 

these drops if the concentration of protein in its native confirmation remains high 

enough, but it is less likely as the aggregate may provide many alternative 

nucleation points and the aggregate may physically interfere during crystal 

harvesting. In extreme cases, the precipitate forms in thick, brown clumps which 

cannot be resolubilised, completely preventing crystal growth.  

It should also be noted that without testing for X-ray diffraction it can be very 

difficult to confirm that crystals are made of protein and are not formed from 

components of the buffer342. For this reason it is not possible to confirm whether 

these crystals consisted of protein or not. However, this was not an issue as no 

further attempts to optimise these hits were made. Screens set up using a 

crystallography robot appeared to produce more promising results and required 

far less protein. As such, further efforts concentrated on this method (Figs. 40, 

42 and 43 and accompanying text). 

NΔTPO-10 and NΔTPO-14 behaved in a similar manner to each other in 

manually set sparse matrix screening. The majority of conditions produced only 

varying degrees of amorphous precipitate. The three sparse matrix screens 

were repeated with NΔTPO-10 diluted to 8 mg/mL to check if the initial protein 

concentration was too high. This did not improve the overall screening 

outcomes, but increased the frequency of clear drops where the protein 

remained in solution. In some conditions, most of which were shared between 

NΔTPO-10 and NΔTPO-14, some phase separation was observed, but no 

crystalline precipitate or potential crystals were observed. Phase separation is a 

common occurrence in crystallography, particularly when high salt 

concentrations or PEG containing precipitants. Under these conditions colloid 

droplets form containing high concentrations of protein343. If crystals are 

nucleated, they may grow along the interface of these droplets but this was not 

observed in these experiments. 
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NΔTPO-2 produced spherulites or possibly small crystals in one well containing 

calcium chloride (200 mM), Tris-HCl (100 mM, pH 8.0) and PEG 6K (20% v/v) 

and one containing potassium thiocyanate (200 mM) and PEG 3350 (20% v/v) 

from the PACT Premier screen (Fig. 39). These were too small for conventional 

X-ray diffraction experiments and the drops which produced them also 

contained some amorphous precipitate, indicating these conditions were not 

optimal.  

 

Figure 39– Micrographs of spherulites or small crystals of NΔTPO-2 grown in A) 200 mM 

calcium chloride, 100 mM Tris-HCl (pH 8.0), 20% w/v PEG 6000 or B) 200 mM potassium 

thiocyanate, 20% w/v PEG 3350. Scale bar is approximate. These were to small for X-ray 

diffraction experiments so further optimisation attempts were made to grown larger crystals (see 

below text). 

Attempts were made to repeat and optimise the NΔTPO-2 hits with a manual 

set up without success. Screens were set calcium chloride or potassium 

thiocyanate (200 mM) adjusted pH values ranging between 7.6 and 10.0 and a 

range of PEG 3350 concentrations between 15 and 25%. These screens 

included direct repeats of the same conditions producing the initial hits. Lithium 

and sodium nitrate salts (200 mM) were also tested with the same pH and PEG 

conditions as those successful when screening NΔTPO and NΔTPO-2 using a 

crystallography robot. Each NΔTPO-2 optimisation screen was also tested at 12 

mg/mL and a reduced protein concentration of 8 mg/mL to determine if this had 

any effect on the outcomes. The initial hits proved difficult to replicate and no 

improvement in growth could be made. 

Crystallography conditions for each modified TPO protein were also screened in 

parallel by Charles River Laboratories using a crystallography robot, as this 



   

93 
 

facility was not available locally at the appropriate stage of this work. Screens 

set up by robot had a total drop volume of 400 nL, consisting of protein and 

precipitant in a 1:1 ratio in a hanging drop with a 60 µL reservoir. This was 

advantageous, as drop size can effect crystallization outcomes and the optimal 

drop size can vary between proteins344. Small local differences during the setup 

of screens can also have unpredictable effects on results. Screening with a 

robot uses small amounts of protein compared to what is possible with a 

manual set up so repeating screens on the robot was an efficient use of the 

available material. 

Table 15– Summary of results of screening modified TPO proteins in sparse matrix 

crystal screens carried out by Charles River Laboratories with a crystallography robot 

Protein Screen Outcome 

NΔTPO 

11 mg/mL 
JCSG+ 

Hit in G6:200 mM sodium malonate,  20% w/v PEG 

3350 (Fig. 40A) 

NΔTPO 

11 mg/mL 
PACT Premier 

Hit in E3: 200 mM sodium iodide,20% w/v PEG 3350 

Hit in E5:200 mM sodium iodide, 100 mM bis-Tris-HCl 

propane (pH 6.5), 20% w/v PEG 3350 (Fig. 40B), 

Hit in E9:200 mM potassium sodium tartrate,20% w/v 

PEG 3350 

Hit in E12:Same precipitant as JCSG+ G6 

Hit in F3:200 mM sodium iodide,100 mM bis-Tris 

propane (pH 6.5), 20% w/v PEG 3350 

Hit in F4:200 mM potassium thiocyanate, 100 mM bis-

Tris propane (pH 8.5), 20% w/v PEG 3350 

Hit in H5:200 mM sodium iodide, 100 mM bis-Tris 

propane (pH 8.5), 20% w/v PEG 3350 (Fig. 40C) 

NΔTPO-2 

12 mg/mL 
PACT Premier 

Hit in E3:200 mM sodium iodide,20% w/v PEG 3350 

Hit in F4: 200 mM potassium thiocyanate, 100 mM bis-

Tris propane (pH 8.5), 20% w/v PEG 3350 

Hit in H5:200 mM sodium iodide, 100 mM bis-Tris 

propane (pH 8.5), 20% w/v PEG 3350 
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Screening by robot produced better results for NΔTPO and NΔTPO-2. Small 

crystals of NΔTPO were grown in several conditions in the PACT Premier 

screen (Fig. 40) that covered a range of sodium and potassium salts. Bis-Tris 

propane was present in some hits as a buffer with a pH of 6.5 or 8.5. This 

indicated a range of pH values were suitable for crystal growth. Again, PEG 

appeared crucial to crystal growth as all conditions which produced hits 

contained 20% PEG 3350. Sparse matrix screening of NΔTPO-2 by robot 

produced three hits in the PACT premier screen in conditions which were also 

successful for NΔTPO. 

 

Figure 40- Micrographs of NΔTPO crystals grown at Charles River Laboratories in initial 

screens under various conditions: A) 200 mM sodium malonate, 20% w/v PEG 3350, B) 200 

mM sodium iodide, 100 mM bis-Tris propane (pH 6.5), 20% w/v PEG 3350, C) 200 mM sodium 

nitrate, 100 mM bis-Tris propane (pH 8.5), 20% w/v PEG 3350. Scale bar is approximate. These 

crystals were too small to be suitable for X-ray diffraction experiments. The growth conditions 

which produced these crystals were used as a starting point for further optimisation. 

Sparse matrix screening of NΔTPO-10 and NΔTPO-14 by a crystallography 

robot produced the same results as from the manual screen, no clear positive 

results were generated. Screens were also attempted with the reducing agent 

tris(hydroxypropyl)phosphine (1 mM) added to NΔTPO-10 and NΔTPO-14 prior 

to screening as they both appeared more prone to aggregation than NΔTPO 

and NΔTPO-2, but this did not improve the results. 

The NΔTPO and NΔTPO-2 hits from the sparse matrix screens were optimised 

to produce larger crystals more suitable for diffraction studies. Optimisation 

screens covered a range of salts, PEG 3350 concentrations between 10 and 

26% and pH values between 6.5 and 9.5, buffered with Tris-HCl or bis-Tris 

propane. Later screens also tested lithium and ammonium salts. Once 

conditions for growing large single crystals were established an additive screen 

(Hampton Research, USA) was carried out. The 96 additives in the screen were 
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tested with 200 mM lithium nitrate, 100 mM Tris-HCl pH 8.5, 15% PEG 3350 as 

the precipitant to determine if there was any improvement in NΔTPO crystal 

growth. 

Screening at Charles River Laboratories was guided by results from an in-

house X-ray source, allowing conditions to be selected based on the diffraction 

resolution of the crystals produced. Large crystals with good morphology were 

produced using 200 mM lithium nitrate, 100 mM Tris-HCl pH 7.0-9.0, 10-15% 

PEG 3350 as a precipitant (Fig. 42). The additive screen produced some hits, 

but these were all smaller and diffracted less well than crystals produced 

without the additive and so were not investigated further. 

Samples of the optimised NΔTPO crystals were screened for diffraction at 

Diamond light source, U.K by Charles River Laboratories. The crystals did 

diffract, albeit to low resolution. The highest resolution data obtained contained 

reflections to 7 Å and was therefore no improvement on previous work255. It was 

possible to determine the probable space group and unit cell dimensions from 

this data to be P3, a = b = 145 Å, c = 283 Å. This is similar to the unit cell 

dimensions reported previously for rhTPO expressed in insect cells which 

crystallized in P321, P3121 or P3221 where a = b = 100 Å, c = 215 Å255.  

All of these space groups belong to the trigonal crystal system, displaying 

threefold (120°) rotational symmetry around the c axis345. P3 is the simplest and 

has no further symmetry (Fig. 41). The other space groups proposed previously 

for rhTPO crystals display additional symmetry elements in addition to the 

rotational symmetry around the c axis. In the case of P3121 and P3221 this is in 

the form of a screw axis where, in addition to a rotation of 120° around the c 

axis, each point is translated one third of the axis length. This produces an 

anticlockwise (P3121) or clockwise (P3221) spiral of identical points along the 

axis throughout neighbouring unit cells. The space groups P321, P3121 and 

P3221 also display additional axes of rotational symmetry along the a and b 

axis. 
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Figure 41– Symmetry elements in space group P3 (A), P321 (B), P3121 (C) and P3221. 

Adapted from International Tables for Crystallography, Vol. A345. 

NΔTPO-2 crystallized in similar conditions to NΔTPO (200 mM lithium nitrate, 

100 mM Tris-HCl pH 7.0-9.0, 10-15% PEG 3350). Crystals of NΔTPO-2 were 

tested for diffraction at Diamond light source in the same manner as the NΔTPO 

crystals. The resolution was slightly lower than that obtained with NΔTPO, with 

the best crystals diffracting to 8 Å. The probable space group of the best 

diffracting NΔTPO-2 crystal was also P3 with unit cell dimensions of a = b = 152 

Å, c = 294 Å. 
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Table 16– Summary of modified TPO optimisation screens set up with a 

crystallography robot by Charles River Laboratories 

Protein Screen Outcome 

NΔTPO 

 11 mg/mL 

200 mM sodium nitrate/sodium 

malonate dibasic monohydrate/sodium 

iodide/potassium thiocyanate 

15-20% w/v PEG 3350 

Hits in multiple conditions 

NΔTPO 

11 mg/mL 

200 mM sodium nitrate 

15-26% w/v PEG 3350 

Hits in multiple conditions. 

200 mM sodium nitrate, 18% w/v 

PEG 3350 produced best 

morphology (Fig. 42A) 

NΔTPO 

11 mg/mL 

200 mM sodium nitrate 

100 mM Tris-HCl pH 7.5-9.0 

10-20% w/v PEG 3350 

Hits in multiple conditions 

NΔTPO 

 11 mg/mL 

200 mM sodium nitrate/lithium 

nitrate/potassium nitrate/ammonium 

nitrate 

100 mM Tris-HCl pH 7.5-9.0 

10-20% w/v PEG 3350 

Hits in multiple conditions, lithium 

nitrate crystals diffracted to 7 Å 

(see Fig. 42B, C) 

NΔTPO 

 11 mg/mL 

200 mM lithium nitrate  

100 mM Tris-HCl pH 8.5  

15% w/v PEG 3350 

+ Hampton Research additive screen 

Hits in multiple conditions 

NΔTPO-2 

12 mg/mL 

200 mM sodium nitrate/sodium 

malonate dibasic monohydrate/sodium 

iodide/potassium thiocyanate 

15-20% w/v PEG 3350 

Hits in multiple conditions 

NΔTPO-2 

12 mg/mL 

200 mM sodium nitrate/lithium 

nitrate/potassium nitrate/ammonium 

nitrate 

100 mM Tris-HCl pH 7.5-9.0 

10-20% w/v PEG 3350 

Hits in multiple conditions, lithium 

nitrate crystals diffracted to 8 Å  

 



98 
 

 

Figure 42- Micrographs of optimised crystals grown at Charles River Laboratories in A) 200 mM 

sodium nitrate, 18% w/v PEG 3350. Further optimisation produced crystals in B) 200 mM 

lithium nitrate, 0.1 M Tris-HCl pH 9.0, 14% w/v PEG 3350 and C) 200 mM lithium nitrate, 0.1 M 

Tris-HCl pH 7.5, 13% w/v PEG 3350. Crystals depicted in B and C diffracted up to 7 Å at 

Diamond light source. Scale bar is approximate. 

There are a number of possible explanations for this disparity of results 

between the two methods of setting up crystal screens. Plates set up by hand 

used 96-well screw top hanging drop plates (Molecular Dimensions, UK). This 

required each drop to be dispensed before the plate is sealed. Dispensing 

drops and reinserting each well cover (the removable top on which the drop 

sits) individually was attempted but it proved difficult to reliably form an air-tight 

seal once the covers had been unscrewed. Dispensing drops to for the whole 

plate takes some time by hand and may have led to less reproducible results. 

Changes in local temperature or humidity can have a large effect on 

evaporation from a very small volume as can the amount of time between the 

drop being dispensed and the plate being sealed. Some drops may dehydrate 

quickly, particularly if the precipitant contains volatile compounds, causing rapid 

concentration and the formation of amorphous precipitate. There are alternative 

formats for screening in which each condition is set up and sealed separately. 

For example, crystallization drops can be set up on glass cover slips and 

mounted on wells individually. The lip of the well containing the reservoir is 

coated with grease before adding the cover slip to form an air-tight seal. This 

prevents individual drops being exposed to the air for extended periods of time. 

The drawback of this method is that it is more time consuming, requiring protein 

stocks to be kept on ice for extended periods or using multiple frozen aliquots if 

a large screen is being set up.  Setting up a plate using a crystallography robot 

is quicker, uses smaller amounts of protein and is more accurate than by hand. 
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For these reasons, when possible, screening was carried out using a robot in 

preference to a manual set up. 

Following the initial screening of the four proteins described above, a 

crystallography robot became available for use in this study at Cardiff 

University. Comparison of manual and robotically set screens showed generally 

favourable results produced with the robot, which also consumed less protein. 

For this reason robotic drop setting was the preferred method whenever 

possible. In some early cases when the use of a robot had to be outsourced, 

manually set screening was also carried out to determine if there was a 

significant difference between the two methods. 

Further work crystallography experiments focused on NΔTPO which appeared 

the most promising modified TPO proteins produced so far. Using the robot the 

conditions for NΔTPO crystal growth identified at Charles River Laboratories 

were re-examined to see if they could be further optimised. The PACT Premier 

and JCSG+ sparse matrix screens were also repeated to search for new hits to 

follow up.  

All hits generated in the repeat NΔTPO sparse matrix screens were in 

conditions similar to those already known to produce NΔTPO crystals (Fig. 43). 

When examining the previously optimised conditions, NΔTPO crystals could be 

grown reproducibly in screens containing 200 mM lithium or sodium nitrate, 100 

mM Tris-HCl (pH 7.5-9.0), 10-20% w/v PEG 3350. The size and morphology of 

these crystals were similar to those previously observed. In many cases crystals 

appeared to nucleate readily, producing large numbers of very small crystals. 

To encourage the growth of large, single crystals experiments were carried out 

using the above conditions with drops set up in 1:2, 1:3, and 2:3 

protein:precipitant ratios. While these screens produced crystals, there was no 

obvious correlation between drop ratio and crystal nucleation rate. 



100 
 

 

Figure 43– Micrographs of NΔTPO crystal grown from experiments set up by robot grown in 

200 mM lithium or sodium nitrate, 100 mM Tris-HCl pH 7.5-9, 15-17.5% w/v PEG 3350. Scale 

bar is approximate. These crystals are examples of those produced at Cardiff University from 

which the highest resolution diffraction data was produced. 

When harvesting NΔTPO crystals from the plates it was observed that the 

addition of 20% ethylene glycol seemed to partially dissolve the crystals. This 

finding was surprising as ethylene glycol is essentially the monomer of PEG 

which was present in the crystallization buffers (Fig. 44). Lowering the ethylene 

glycol concentration appeared to prevent this. This problem was not observed 

when using glycerol as a cryoprotectant up to 25%. As PEG can act as a 

cryoprotectant, some samples were frozen without further additives. 

 

Figure 44– Structure of ethylene glycol (1) and polyethylene glycol (2). 

A total of 32 single NΔTPO crystals, grown at Cardiff University, were screened 

for diffraction on the I04 beamline at Diamond light source. For each crystal, 

three test images were taken, 90° apart to estimate the diffracting quality of the 

crystal. Full data sets of 2000 images over 200° total oscillation were taken from 

three crystals which diffracted to ≥7 Å in the test images. The highest resolution 

dataset obtained diffracted to 5.2 Å, a slight improvement over previous work 

but still not sufficient to produce an accurate structure. This crystal was grown in 

200 mM sodium nitrate, 100 mM Tris-HCl pH 8.6, 17% PEG 3350 in a 2:3 

protein to precipitant ratio drop. 
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Figure 45– NΔTPO crystal mounted on I04 beamline. Red crosshair/circle represents position 

and size of X-ray beam for alignment purposes. Scale bar is approximate. This crystal diffracted 

to 5.2 Å. 

All of the diffracting crystals produced low intensity reflections, as can be seen 

in Fig. 46. Many more reflections are measured in the image by the processing 

software than can be identified visually but a lack of visible reflections illustrates 

the low intensities observed. The distance of the detector from the crystal was 

increased in an attempt to improve reflection intensity. This limited the 

resolution of the data which could be collected to 3 Å but, as the crystals did not 

diffract to such a resolution, no data was lost as a result. 
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Figure 46– Example image of X-ray diffraction data collected from NΔTPO crystal. The scarcity 

of visible spots demonstrates the low intensity of the data gathered. Fortunately more reflections 

can be measured by the detector than it is possible to discern visibly. 

The unit cell dimensions for this crystal were a = b = 144 Å, c = 282 Å. These 

corresponded very closely to those obtained by Charles River Laboratories for 

the same protein. The probable space group for this crystal was P6322. This 

space group has a screw axis along the c axis with sixfold (60°) rotational 

symmetry and a translation of half the unit cell length. In addition there are 

rotational symmetry axis along the a and b axis. The increased symmetry of this 

space group generates several additional rotational and screw axes as can be 

seen in Fig. 47.  

 

Figure 47– Symmetry elements in space group P6322. Adapted from International Tables for 

Crystallography, Vol. A345. 
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The difference in space group between the crystals grown an Cardiff University 

and Charles River Laboratories may be due to the difficulty of correctly 

determining the space group from initial data, particularly if it is of low 

intensity346. Trigonal space groups (P3, P321, P3121, P3221) have three fold 

rotational symmetry along the c axis where hexagonal space groups (P6322) 

have six fold rotational symmetry along the same axis345. Therefore, both 

trigonal and hexagonal space groups share the same unit cell constraints 

(a = b, α = β = 90 ° and γ = 120 °) and systematic absences which can be used 

to determine space groups.  

Many of the reflection conditions used to determine the exact space group are 

also shared across each of the proposed space groups. Even with higher 

intensity and resolution the exact space group can only be determined with 

certainty by at least partially solving the crystal structure346. 

Some of the NΔTPO crystals produced appeared to be made up of two 

separate forms of growth in a single crystal. These crystals had a multifaceted 

central region with, usually much larger, pyramidal sections protruding from one 

or two sides (Fig. 43, particularly C). It was hypothesised this could be caused 

by two different types of packing orders occurring in the same crystal. 

Unfortunately, it was not possible to test this theory by examining the X-ray 

diffraction characteristics of each region. The central square sections often 

broke off and became separated from the more stable, pointed end regions 

during harvesting. These central regions alone were also quite small and 

therefore difficult to align in the X-ray beam. For these reasons it was not 

possible to determine if the space groups of each section were different. 

The Matthews coefficient was estimated for the highest resolution data set to 

determine if a high solvent content in the crystals may have affected diffraction. 

The Matthews coefficient is the volume of the unit cell per unit of protein 

molecular weight347. From this the solvent content of the crystal can be 

calculated. Table 17 shows the Matthews coefficients for the observed unit cell 

size and protein molecular weight calculated from the “Matthews_coef” 

component of the CCP4 software suite348. These results are compared to 

existing data from previously solved crystal structures to give a probability for 
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each number of molecules in the asymmetric unit349. The results indicate there 

are likely to be two molecules in the asymmetric unit and the solvent content of 

the crystal is around 50%, which is a reasonable value. A 2003 survey of the 

PDB calculated the mode average solvent content of all deposited protein 

crystal structures to be 47%349. A lower solvent content in protein crystals has 

been shown to correlate with increased diffraction resolution. In this case the 

solvent content was estimated to be close to the average value for diffracting 

protein crystals.  

Table 17– Results output from “Matthews_coef” component of the CCP4 software suite 

No. of molecules in 
asymmetric unit 

Matthews 
coefficient 

Solvent 
content % 

Probability 

1 4.98 75.3 0.01 

2 2.49 50.6 0.98 

3 1.66 25.9 0.01 

4 1.24 1.2 0.00 

 

A structure was not produced from this data due to the low resolution. A low 

resolution structure of rhTPO expressed in insect cells has been produced 

previously at 6 Å258. The slight increase in diffraction resolution of the data 

produced here would not be sufficient to make a significant improvement to this 

existing structure. Instead efforts were focused on producing higher resolution 

data. 
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Further crystallography experiments 

 

Based on the results of the initial screening, the decision was made to focus on 

the NΔTPO protein for further experiments. This protein appeared the most 

promising during early screening, crystallising the most readily of the four 

proteins tested. NΔTPO-2 behaved similarly to NΔTPO during screening, but 

offered no clear improvements in results from crystal screening or other 

analysis (Chapter 2, “Protein characterization”). While the deletion made to 

NΔTPO-2 was small and unlikely to change the overall protein fold, as it was 

not obviously advantageous the less modified NΔTPO protein was selected, as 

this was more likely to be representative of the wild-type molecule. 

As diffracting crystals of NΔTPO could be obtained fairly reliably using the 

conditions established, attempts were made to improve the diffracting power of 

these crystals. One method tested was dehydration of the crystals. Dehydrating 

crystals can increase the packing order of the molecules inside the crystal and 

therefore diffraction limits350. A notable example of the successful application of 

this technique is BSA. BSA is an extensively studied protein which also 

produced poorly diffracting crystals350. Dehydration of BSA crystals improved 

the diffraction resolution from 8 Å to 3.2 Å allowing the structure to be solved. 

Although calculating the Matthews coefficient of the data obtained indicated the 

solvent content of the NΔTPO crystals was only slightly above average, as the 

diffraction resolution was low, there was a possibility lowering the solvent 

content further could improve the resolution of the data. 

Dehydrating crystals can be problematic as the process is difficult to control and 

can cause fragile crystals to crack. The method which allows the most control 

when dehydrating crystals is using a controlled humidity device351. This 

equipment has been in use at Diamond light source but was unfortunately 

Key points 

 Further work was focused on NΔTPO as this seemed the most 

promising protein. 

 Diffraction resolution of crystals could not be improved by the use of 

additives during growth or by dehydration. 

 Testing microcrystals for diffraction proved unsuccessful. 



106 
 

unavailable during this work. Instead, a selection of NΔTPO crystals were 

tested ~9 months after growth. The extended incubation would cause the 

crystals to dehydrate, reducing the solvent content of the crystal. Fourteen 

crystals grown in the optimised NΔTPO screen (200 mM lithium or sodium 

nitrate, 100 mM Tris-HCl pH 7.5-9.0, 15-17.5% PEG 3350) and were tested for 

diffraction but no improvement in resolution was observed. 

Annealing of the crystals in situ was carried out by briefly diverting the flow of 

cold nitrogen from the mounted crystal when it was positioned in the beamline. 

This has been shown to improve the diffracting power of protein crystals in 

some cases352. No significant improvement was observed when attempting this 

with the NΔTPO crystals. 

Sucrose was tested as an additive during crystal growth as it can act as a 

cryoprotectant, and its presence during growth may alter the characteristics of 

the resulting crystals353. NΔTPO crystals grown in established conditions plus 

5% sucrose showed no significant improvement in terms of size, morphology or 

diffraction resolution.  

 

 



   

107 
 

 

Figure 48– Micrographs of NΔTPO crystals grown in A) 200 mM lithium nitrate, 10 mM Tris-HCl 

(pH 7.8), 16% w/v PEG 3350,5% w/v sucrose, B) as A without sucrose, C) 200 mM lithium 

nitrate, 10 mM Tris-HCl (pH 8.0), 16% w/v PEG 3350,5% w/v sucrose, D) as C without 5% 

sucrose. The addition of sucrose was neither consistently beneficial nor detrimental to crystal 

growth. Scale bar is approximate. 

Further NΔTPO crystals were screened on the I24 beamline, also at Diamond 

light source. This is a microfocus beamline which allows the focusing of the 

beam to 5 x 5 µm compared to 10 x 5 µm on the I04 beamline. The increased 

focus of the I24 beamline speeds up data collection and makes it possible to 

test microcrystals too small for traditional X-ray diffraction experiments. In some 

cases, it is possible to combine several partial datasets obtained from small 

crystals to produce a structure354. Both single crystals (detailed in Chapter 5) 

and showers of microcrystals were tested on the beamline. 

The original intention was to test these crystals using in situ diffraction, where 

the crystals are exposed to X-ray radiation at room temperature whilst still in the 

plate355. This was unfortunately not possible as the plates the crystals were 

grown in were unsuitable for mounting in the beamline. This was due to an 

unforeseen incompatibility between the specific type of crystallization plate used 

and the mounting system for the goniometer used to position the plate in the 

beamline. Once this was determined, crystals were instead harvested from the 



108 
 

plates. While this was not ideal, it was carried out in an attempt to gain some 

data from the samples which could not otherwise be used.  

When possible, in situ diffraction screening has the advantage of requiring less 

manipulation of the crystals. Crystal plates have been designed which produce 

little interference to X-ray diffraction and software tools have been developed to 

recognise and discard this phenomenon if it should occur356. This maintains the 

crystals in the best possible condition and avoids accidental, and often 

unavoidable, damage during the harvesting, cryoprotection and mounting 

steps357. Unfortunately, it was not possible to obtain further time on the I24 

beamline to repeat these experiments using the correct plates.    

NΔTPO microcrystals were harvested from plates using a mesh-filled loop and 

flash frozen in liquid N2. However, harvesting was complicated by the formation 

of a sticky gel-like layer of denatured protein over the surface of the drop. This 

is a common occurrence in crystallography drops and may be due to the age of 

the plates (~3 months)341. No diffraction data could be obtained from these 

samples.  
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Summary 

The four modified TPO proteins described in Chapter 2 were tested in a number 

of sparse matrix screens to determine conditions for crystallization. Of the four, 

two proteins, NΔTPO-10 and NΔTPO-14, failed to crystallize under any of the 

tested conditions. NΔTPO and NΔTPO-2 crystallized under similar conditions 

when using a crystallography robot to set up experiments. Manually set up 

experiments were less successful and, as the robot allows smaller drops to be 

set requiring less material, a crystallography robot was used to set up 

subsequent screens whenever possible. 

Crystals of NΔTPO and NΔTPO-2 were tested for diffraction at the Diamond 

light source synchrotron. The best data set obtained was produced by a NΔTPO 

crystal which diffracted to a resolution of 5.2 Å. While this was a slight 

improvement on previous work, the resolution was not sufficient to generate a 

reliable structure of the protein. 

A number of techniques were tested to increase the diffraction resolution of 

crystals of this protein to generate higher resolution data. Neither annealing nor 

dehydrating crystals gave any improvement. Growing crystals in the presence 

of sucrose produced unpredictable results with no significant net benefit. 

NΔTPO microcrystals were tested for diffraction on a microfocus beamline. No 

diffraction data could be obtained from these samples but this may be due, in 

part, to the less than ideal conditions when harvesting the crystals. It was not 

possible to investigate this further due to a lack of access to this particular 

facility.  

Key observations 

 Conditions were established for the growth of NΔTPO crystals. These 

conditions were sufficiently reproducible to provide ample amounts of 

crystals for experimentation. 

 NΔTPO crystals diffracted to 5.2 Å. This resolution is an improvement on 

any other data published to date. 

 Diffracting crystals of NΔTPO-2 were also produced. 
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Problems 

 NΔTPO-10 and -14 failed to crystallize 

 Some crystal dehydration and microcrystal diffraction experiments could 

not be completed due to equipment availability issues. 

 The best diffraction data produced is not sufficient to produce an atomic 

resolution structure of TPO. 
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Chapter 4- Deglycosylation of Modified Thyroid 

Peroxidase Protein for Crystallography 

 

Introduction 

All the proteins produced in this work were expected to be N-glycosylated at 3 

(NΔTPO-10 and NΔTPO-14) or 4 (NΔTPO and NΔTPO-2) sites in a similar 

manner to insect expressed rhTPO. N-linked glycans are covalently bound to 

the amide nitrogen on surface exposed asparagines in the recognition 

sequence asparagine-X-serine/threonine (where X is any residue except 

proline)358. One of the reasons that insect cells are widely used for producing 

recombinant proteins is the ability to incorporate N-linked glycans onto 

proteins359. However, the types of oligosaccharides produced by insect cells are 

less varied and complex than those produced by mammalian cells.  

The first step of protein N-glycosylation is the transfer of an oligosaccharide 

precursor from a dolichol pyrophosphate carrier molecule to the protein in the 

endoplasmic reticulum (Fig. 49A)360. The four glucose residues present on this 

precursor are then removed by a series of enzymes to produce a high-mannose 

type glycan (Fig. 49B). These first steps are very similar in insect and 

mammalian cells, utilising equivalent enzymes. In some instances no further 

processing takes place and the high-mannose glycan is the end product. High-

mannose glycans have been shown to appear more frequently on proteins 

expressed by High Five insect cells than Chinese hamster ovary cells, a 

mammalian cell line commonly used for recombinant protein expression361. 

However in insect or mammalian cells, the high-mannose structure may be 

further modified in the endoplasmic reticulum and the Golgi apparatus. 
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Figure 49– Diagrams of common insect N-linked glycans: A) Dolichol pyrophosphate linked 

precursor. B) High mannose type glycan. C) Hybrid type glycan, other sugars can occupy the 

terminal position on the 1-3 branch. D) Paucimannosidic type glycan, shown here with α1-6 and 

1-3 fucosylation not found in mammals. Proteins produced in this work would be expected to 

mostly contain glycans resembling B, C and D but other, more complex types are possible286. 

High-mannose glycans can undergo further trimming to remove mannose 

residues from the terminal branches. Other sugars, most commonly N-

acetylglucosamine, galactose, fucose or sialic acid, may be added after the 

removal of some of the mannose residues on the α1-3 branch to produce a 

hybrid type glycan (Fig. 49C)362. The branches of hybrid glycans terminate in a 

mannose residue at the α1-6 branch and another sugar at the α1-3 branch. 

Hybrid glycans can be further modified by fucosylation and even further 

trimming of the terminal branches. The addition of a α1-6 linked fucose to 

asparagine linked N-acetylglucosamines occurs in both mammals and 

insects363. In insect cells a glycan with a α1-6 linked fucose may then also 

undergo an additional α1-3 fucosylation at the same sugar. This does not occur 

in mammals and the resulting glycan has been shown to be allergenic364.   
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The trimming of hybrid-type glycans in insects produces paucimannosidic 

glycans which may or may not be fucosylated (Fig. 49D)365. These consist of 

just the five core glycans common to all N-linked oligosaccharides, plus one or 

two fucoses if present. This type of glycan is not found in veterbrates366. 

Alternatively, hybrid type glycans can be elongated by the addition of a variety 

of sugar types to produce complex-type glycans, often terminating with a sialic 

acid residue367. This is common in mammals but appears infrequently in 

insects368. Research into the production of complex-type glycans in insect cells 

have shown that the ability to produce these glycans varies between species 

and cell lines and can be dependent on culture conditions making 

generalisations difficult. 

The High Five (Trichoplusia ni) insect cell line used to express the modified 

TPO proteins used in this work would be expected to produce mainly high-

mannose and paucimannose glycans with some hybrid types present as a 

minority369. However, there is some evidence that these cells are capable of 

producing complex glycans under certain circumstances. This was illustrated by 

High Five expressed rhTPO being recognised by sialic acid specific lectins from 

Sambucus nigra and Maackia amurensis as well as a lectin from Erythrina 

cristagalli which recognises terminal galactose residues286.  

Due to the complex nature of these pathways, glycosylation of expressed 

proteins may vary; potential glycosylation sites on a protein may not have 

glycans linked in every instance370. N-glycosylation in insect cell culture has 

also been shown to vary according to culture conditions which may vary over 

the course of protein expression371,372. This heterogeneity may be sufficient to 

prevent the formation of well-diffracting crystals as these large, branching 

structures decorating the surface of the protein may inhibit the formation of 

crystal contacts or adopt various different confirmations within a crystal, due to 

their flexible nature. For these reasons it can be desirable to remove glycans 

from proteins for crystallography experiments. 
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Results and Discussion 

Protein deglycosylation method development 

 

NΔTPO was again selected for these studies as it had so far proven the most 

promising of the four modified TPO proteins produced. Previous work has 

shown that insect expressed rhTPO can be partially deglycosylated using a 

combination of endoglycosidase H and F3 (RSR Ltd, unpublished). These are 

both endo-β-N-acetylglucosaminidases which cleave the β(1-4) bond between 

the two proximal N-acetylglucosamine residues. Endoglycosidase H cleaves 

both high-mannose and hybrid type glycans373. It is not inhibited by α(1-6) 

fucosylation commonly produced by insect cells but does not cleave complex 

glycans374. Endoglycosidase F3 will cleave paucimannosidic and both bi- and 

tri-antennary complex glycans375. Fucosylation of the asparagine linked N-

acetylglucosamine residue greatly increases the rate at which the enzyme 

cleaves, but it is inactive against high mannose and hybrid glycans. Together 

this combination of enzymes should cleave any of the glycan types expected to 

be present on NΔTPO.  

While this strategy would not completely deglycosylate the protein, it would 

greatly reduce the amount of carbohydrate on the surface of the protein. 

Leaving a single N-acetylglucosamine residue attached at each site would still 

give a significant improvement in homogeneity. Peptide N-glycosidase enzymes 

can remove the entire glycan structure, but are generally more sensitive to 

protein secondary structure and therefore often require the protein to be 

denatured protein to work effectively376. This is not ideal for crystallography, as 

the protein then needs to be refolded following deglycosylation which can prove 

difficult, particularly for large, multi-domain proteins of the type studied here. 

Key points 

 Insect expressed NΔTPO can be deglycosylated with a combination 

of endoglycosidase H and F3. 

 Results suggest the protein has paucimannosidic or complex bi/tri-

antennary type glycosylation. 
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Small scale NΔTPO deglycosylation reactions were used to determine 

appropriate conditions for a preparative scale reaction. A range of 

concentrations of each endoglycosidase was tested against 50 µg NΔTPO 

(Table 18). Reactions were incubated in buffer (50 mM sodium acetate, pH 

5.3,15 mM sodium chloride) at 20 °C for five days. These conditions were 

based on the manufactures recommendations and previous experience with 

rhTPO (RSR Ltd, unpublished). When determining the amounts of enzyme to 

use, the units/mL value defined by a standard assay by the manufacture was 

used to allow for any variability in the enzymatic activity between separate lots 

of enzyme. 

Table 18- Trial NΔTPO deglycosylation reaction conditions 

Trial reaction 

No. 

Endoglycosidase H 

mUnits/mg protein 

Endoglycosidase F3 

mUnits/mg protein 

1 86.0 57.0 

2 86.0 28.5 

3 86.0 14.25 

4 43.0 57.0 

5 43.0 28.5 

6 43.0 14.25 

7 21.5 57.0 

8 21.5 28.5 

9 21.5 14.25 

Units as defined by manufacture. 

Trial reactions were analysed by lectin blotting using a biotinylated lectin from 

Galathus nivalis. This lectin binds specifically to mannose residues, and allows 

visualisation using a streptavidin-horse radish peroxidase conjugate377. A lack 

of detectable signal on the blot indicates that the mannose residues have been 

effectively removed. 

 

Figure 50- Lectin blot of NΔTPO trial deglycosylation samples. Control 1 (C1) untreated 

NΔTPO, control 2 (C2) NΔTPO incubated as trial digests without endoglycosidases, 1-9 trial 

deglycosylation reactions as described in Table 18. The signal becomes stronger as the amount 

of each enzyme decreases, indicating there are more mannose residues present on the protein. 
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From the lectin blot shown in Fig. 50, it is clear that both endoglycosidase H and 

F3 are required for complete removal of mannose residues from NΔTPO. This 

is demonstrated most clearly by samples 1 and 2. Sample 1 has no signal 

indicating the mannose has been efficiently removed where sample 2, 

incubated with half the amount of endoglycosidase F3, has a visible signal 

indicating mannose is still present. This would suggest that NΔTPO has either 

some paucimannosidic or complex type bi- or tri-antennary glycans present. 

These are likely to be similar to those reported to be found on rhTPO expressed 

in the same cell line, which carries complex glycans terminating in sialic acid or 

galactose residues286. 

 

Preparative scale protein deglycosylation 

 

Conditions for a large scale deglycosylation to prepare sufficient material for 

crystallography were determined from the above results (Protein 

deglycosylation method development). A starting weight of 25 mg protein from 

the NΔTPO (1) final pool (Chapter 2, “Production of recombinant TPO 

constructs”) was deglycosylated using the same conditions as trial reaction 1, 

i.e. 86 mU/mg endoglycosidase H and 57 mU/mg endoglycosidase F3. 

Following deglycosylation, SEC was used to remove the endoglycosidases, 

glycans and any aggregated or degraded TPO protein present. 

The elution profile for the SEC purification of the deglycosylated NΔTPO (Fig. 

51) shows a significant peak of higher molecular weight material, revealed by 

analytical SEC to be aggregated protein (Fig. 52). While some loss of protein 

was to be expected, recovery from purification was much lower than 

anticipated. Aggregation may have occurred during the deglycosylation reaction 

Key points 

 25 mg NΔTPO was deglycosylated and purified by SEC. 

 Removal of the glycans from NΔTPO appears to cause spontaneous 

aggregation of the protein. 

 Enzymatic activity and antibody binding was not affected by 

deglycosylation. 
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as the enzymes used require a pH close to the pI of NΔTPO (5.4) to 

function375,378. 

Individual SEC fractions were analysed by lectin blot, analytical SEC, SDS-

PAGE and guaiacol oxidation assay. A summary of the fractions selected for 

pooling is shown in Table 19. All fractions selected produced no signal when 

analysed by lectin blot. Concentration was determined from absorbance at 280 

nm. The purity of each fraction was determined by analytical SEC.  

The fractions listed in Table 19 were pooled and concentrated by centrifugal 

concentrator to produce a 260 μL pool of deglycosylated NΔTPO at 13.8 mg/mL 

(3.6 mg). Diluted samples of this pool were analysed to determine the effect of 

removing the glycans on the protein as described in Chapter 6. Where 

appropriate untreated, glycosylated NΔTPO and rhTPO were used for 

comparison. The deglycosylated NΔTPO appeared pure and intact by reduced 

SDS-PAGE. The deglycosylated protein was calculated to have a molecular 

weight of 81.2 kDa, 4.8 kDa less than glycosylated NΔTPO. This is a slightly 

larger decrease in size than previously reported for insect expressed rhTPO 

(2.3 ± 0.9 kDa) but, given the limited accuracy of measuring molecular mass by 

SDS-PAGE, is not thought to be significant284. 
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Figure 51- SEC elution profile (absorbance at 280 nm) for deglycosylated NΔTPO. Analytical 

SEC profiles for the marked fractions are shown in Fig. 52. The first peak (peak approx. 925 

mL) is aggregated protein whereas the second peak (peak approx. 1100mL) is monomeric 

protein based on elution volume. 

 

Figure 52- Analytical SEC elution profiles (absorbance at 280 nm) of deglycosylated NΔTPO 

SEC fractions A11 (blue) and E1 (red). Fraction E1 elutes at the correct volume for monomeric 

deglycosylated NΔTPO. Change in elution volume relative to Fig. 51 due to size differences 

between preparative and analytical columns. 
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Table 19- Fractions selected from SEC purification of deglycosylated NΔTPO for 

analytical SEC 

Fraction 
Concentration  

µg/mL 
Weight 

mg 
Purity by SEC 

% 
Enzymatic 

activity GU/mg 

D9 138.69 0.65 96.2 422 

D10 134.55 0.63 97.9 606 

D11 126.96 0.60 98.0 371 

D12 122.82 0.58 100.0 297 

E1 112.47 0.53 100.0 590 

E2 102.81 0.48 100.0 461 

E3 95.91 0.45 100.0 460 

E4 82.11 0.39 100.0 378 

E5 72.45 0.34 97.1 442 

E6 62.10 0.29 97.7 119 

“100%” purity by indicates there were no measurable peaks of contaminating material. 

 

Figure 53- Stained 8% acrylamide reduced SDS-PAGE of deglycosylated NΔTPO. 

Glycosylated NΔTPO has an apparent mw of 86 kDa which drops to 81.2 kDa following 

treatment with endoglycosidase H and F3. 

When analysed by analytical SEC, the pool of deglycosylated NΔTPO showed a 

peak of aggregated material comprising of 12.7% of the total peak area (Fig. 

54). This is much higher than the level of aggregate found in the fractions, all of 

which had a purity of ≤96.2% (Table 19). It appears the removal of the glycans 

from NΔTPO made the protein prone to aggregation as the deglycosylated 
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protein appeared to spontaneously aggregate during any handling steps. The 

deglycosylated NΔTPO was purified and treated in a similar manner to the 

glycosylated protein which did not have the same stability issues. Aggregation 

may have occurred during concentration, storage at -70 °C or during freeze-

thawing, none of which could be avoided when producing this protein 

preparation.  

 

Figure 54- Analytical SEC elution profile (absorbance at 280 nm) of deglycosylated NΔTPO 

pool. Protein state determined from elution volume. This pool contains a higher concentration 

(12.7%) of aggregated material than expected, based on the analysis of the individual fractions 

which contained ≤3.8%. 

Enzymatic activity by guaiacol oxidation assay of deglycosylated NΔTPO was 

386 GU/mg. This is slightly lower than the 430 GU/mg value originally obtained 

for NΔTPO (1) prior to deglycosylation (Chapter 2, “Characterization of modified 

TPO proteins”). Surface glycans are not thought to play a role in the enzymatic 

activity of TPO so it is more likely this drop in activity per milligram is due to the 

presence of inactive aggregates; indeed, the drop in activity following 

deglycosylation is 10.3% which is similar to the level of aggregated protein 

present as determined by analytical SEC (12.7%, Fig. 54). It is therefore 

thought that the monomeric protein present in the pool has a similar activity 

level to the glycosylated form. 
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Binding of NΔTPO to patient sera autoantibodies or 2G4 was largely unaffected 

by deglycosylation (Figs. 55 to 57). This result was expected as it has been 

previously demonstrated that both native and recombinant TPO retain their 

autoantibody binding characteristics following enzymatic deglycosylation286,379. 

Insect expressed rhTPO has also been shown to bind patient autoantibodies in 

a similar manner to porcine and human native TPO despite differences in 

glycosylation324. Despite the obvious issues with aggregation, the epitopic 

regions of NΔTPO must still be largely intact and correctly folded to give a 

similar result in these assays. It is possible that the epitopes recognised by 

autoantibodies and 2G4 are not obstructed when the protein aggregates, 

allowing the IgG molecules to continue to bind.  

 

 

Figure 55- Pooled patient sera (A) and 2G4 (B) antibody inhibition assay for deglycosylated 

NΔTPO. Assay specific control (rhTPO) shown as dashed line. Error bars represent one 

standard deviation. This data demonstrates that removal of the glycans has not affected the 

antibody binding properties of the protein. 
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Figure 56- Pooled patient sera antibody inhibition assays for deglycosylated NΔTPO. Error bars 

represent one standard deviation.  This shows the comparison between the glycosylated (blue) 

and deglycosylated protein (orange). Both proteins demonstrate inhibition levels within one 

standard deviation of the rhTPO control at most concentrations.  Variation at 1 nM is likely due 

to the low signal (almost complete inhibition) at this level. 

 

 

Figure 57- 2G4 antibody inhibition binding for deglycosylated NΔTPO. Error bars represent one 

standard deviation. This shows the comparison between the glycosylated (blue) and 

deglycosylated protein (orange). Both proteins demonstrate inhibition levels within one standard 

deviation of the rhTPO control at most concentrations.   
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Crystallization of deglycosylated protein 

 

Despite the poor recovery and apparent instability of deglycosylated NΔTPO, 

efforts were made to screen the material for crystallization. Deglycosylated 

NΔTPO was screened by Charles River Laboratories because a crystallization 

robot was not available for use at the time and only very limited screening would 

have been possible with such a small volume of protein when setting up 

experiments manually due to the large minimum drop volumes. The low purity 

of the material (87.3% by analytical SEC) meant crystal screening would have a 

low chance of success. To increase the likelihood of growing crystals, a further 

round of SEC purification was carried out by Charles River Laboratories and 

screens were set up immediately with the purified material to minimise the 

opportunity for further aggregation (during shipping for example). Post-SEC 

fractions were pooled and concentrated to 8 mg/mL.  

The sparse matrix screens Index and PEG/Ion (Hampton Research, UK) were 

set up as described previously (“Crystal screening of modified TPO proteins”). 

These screens are similar to those produced by Molecular Dimensions. Index 

covers a wide range of precipitants selected from literature reports and PEG/ion 

examines a range of salts in the presence of PEG 3350. 

 

 

 

 

 

 

Key points 

 The Final pool of deglycosylated NΔTPO was sent to Charles River 

Laboratories for further SEC purification and crystal screening. 

 Crystals were produced which produced weak reflections to 6 Å. 

 A second batch of deglycosylated NΔTPO failed to crystallize.  
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Table 20– Summary of deglycosylated NΔTPO crystal screens set up with a 

crystallography robot by Charles River Laboratories 

Protein Screen Outcome 

Deglycosylated 

NΔTPO  

8 mg/mL 

Index  
Hit in H8:100 mM magnesium formate, 15% w/v 

PEG 3350 (Fig. 58A) 

Deglycosylated 

NΔTPO  

8 mg/mL 

PEG/Ion 
Hit in B8:200 mM magnesium formate, 20% w/v 

PEG 3350 (Fig. 58B) 

Deglycosylated 

NΔTPO  

8 mg/mL 

100 mM magnesium 

formate  

10.5-18% w/v PEG 3350 

Hits in multiple conditions (Fig 59) 

Deglycosylated 

NΔTPO  

8 mg/mL 

100 mM magnesium 

formate  

100 mM Tris-HCl pH 7.5-

9.0 

10.5-18% w/v PEG 3350 

Hits in multiple conditions (Fig 59) 

 

Crystals grew quickly in these screens, with hits obtained after 24 hours in 

conditions containing magnesium formate and PEG 3350 (Fig. 58). Further 

screens were set up with 100 mM magnesium formate and 10.5-18% w/v PEG 

3350 as the precipitant. Each condition was set up both with and without 100 

mM Tris-HCl pH 7.5-9.0. 
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Figure 58- Micrographs of deglycosylated NΔTPO crystals grown at Charles River Laboratories 

in sparse matrix screens. Crystals grown in A) 100 mM magnesium formate, 15% w/v PEG 

3350, B) 200 mM magnesium formate, 20% w/v PEG 3350. Scale bar is approximate. . These 

crystals were too small to be suitable for X-ray diffraction experiments, however the growth 

conditions were used as a starting point for further optimisation. 

Crystals from the optimisation screens were harvested and frozen in the 

precipitant for in-house diffraction screening by Charles River Laboratories. In 

some cases, 25% v/v glycerol was added to the precipitant as a cryo-protectant. 

Crystals grown in 100 mM magnesium formate, 100 mM Tris-HCl (pH 7.5), 12% 

w/v PEG 3350 produced the best diffraction, giving weak reflections up to 6 Å. 

The presence or absence of a cryo-protectant did not appear to have a 

significant effect on diffraction resolution. 

 

Figure 59– Micrographs of deglycosylated NΔTPO crystals grown at Charles River Laboratories 

in optimisation screens. A) 100 mM magnesium formate, 15% w/v PEG 3350, B) 100 mM 

magnesium formate, 100 mM Tris-HCl (pH 7.5), 13.5% w/v PEG 3350, C) 100 mM magnesium 

formate, 100 mM Tris-HCl (pH 7.5), 12% w/v PEG 3350. Scale bar is approximate. Crystals 

from condition C produced the best diffraction up to a resolution of 6 Å.  
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As NΔTPO appeared to aggregate during handling and purification following 

deglycosylation, a further 10 mg protein was deglycosylated to determine if 

screening with fresher material would yield better results. Deglycosylation 

reactions were set up as previously, but in this instance the material was 

shipped to Charles River Laboratories during the incubation period. On arrival 

the material underwent a single step of SEC purification. Fractions eluting at the 

correct volume to contain monomeric, deglycosylated NΔTPO were pooled and 

concentrated. The same crystal screens as used for the previous batch, 

including the optimised conditions, were set up immediately before the protein 

was frozen for storage. Despite repeating the same conditions which previously 

produced crystals, this batch failed to crystallize.     
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Summary 

Protein deglycosylation has been shown to be a useful technique when applied 

to crystallography380. For this reason enzymatic deglycosylation of NΔTPO was 

performed to make the protein more homogeneous. During the purification of 

deglycosylated NΔTPO it became clear that the removal of the glycans had a 

negative effect on protein stability, causing problems with aggregation not 

previously observed. Deglycosylated NΔTPO bound patient sera autoantibodies 

and the anti-TPO monoclonal antibody 2G4 at similar levels to glycosylated 

rhTPO, confirming previous observations that the glycans do not interact with 

autoantibodies. Some loss of enzymatic activity was observed following 

deglycosylation but this is likely due to the formation of inactive aggregates. 

Despite the difficulties in purifying deglycosylated NΔTPO, some crystal screens 

were set up and crystals were successfully grown. The crystals of 

deglycosylated NΔTPO had a different morphology to those observed with the 

glycosylated protein. Some diffraction was observed from these crystals, but the 

reflections were of very low intensity and only to a resolution of around 6 Å, 

worse than the glycosylated protein. Further screening may have improved 

upon this however, due to the difficulty of preparing the protein and the amount 

of resources required, it was not feasible to explore this technique further.  

Key observations 

 Insect expressed NΔTPO is glycosylated with a mixture of 

paucimannosidic and complex type N-glycans. 

 Diffracting crystals of deglycosylated NΔTPO were produced. 

Problems 

 Removal of the glycans using the current protocol severely destabilises 

the protein. This makes producing sufficient quantities for crystallography 

challenging. 

 Diffraction from the crystals produced was weak and of low resolution (6 

Å). 
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Chapter 5- Co-crystallization of Modified Thyroid 

Peroxidase Protein with Ligands 

Introduction 

Inhibitor screening 

Following the initial crystal screening of the four modified TPO proteins, the 

effects of adding inhibitors to the protein were examined. Binding a ligand, such 

as an inhibitor, to a protein is a common method for improving the chance of 

success in crystallization screening381. NΔTPO was tested with a panel of small 

molecule inhibitors to try to improve diffraction resolution. 

As TPO is required for the production of thyroid hormones it is a drug target for 

the treatment of hyperthyroidism. The two main drugs in current clinical use are 

MMI and PTU (Chapter 1, “Treatment of autoimmune thyroid disease”)187. Both 

drugs inhibit the enzymatic activity of TPO. Of the two, MMI is used more 

frequently as it requires a lower dose, can be administered less frequently and 

has a lower risk of producing side effects. However, PTU is recommended for 

the treatment of women in the early stages of pregnancy and for patients who 

suffer adverse side effects when treated with MMI. 

Structures of LPO bound to several inhibitors have been published, including 

MMI and salicylhydroxamic acid382,383. TPO and LPO are suspected to share 

high structural homogeneity around the active site, so the mode of inhibitor 

binding to either protein is likely to be similar. However existing data does not 

prove this conclusively. Solving the structure of TPO in complex with an inhibitor 

would allow further comparisons between the two enzymes and would be useful 

for determining the exact mechanism of TPO inhibition. This information could 

then guide the development of new inhibitors for clinical use. 

 

Protein:F(ab) complex screening 

The other major reason for scientific interest into TPO is its role as an 

autoantigen. A structure of TPO bound to an autoantibody would be a useful 
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tool in further characterising the role of this autoantigen in AITD. Obtaining such 

a structure was one of the original aims of this work.  

Autoantibodies to TPO are predominantly of the IgG type110. IgG molecules can 

be divided into two main regions (Chapter 1, “The immune system”). These are 

the antibody binding F(ab) regions (two identical fragments per IgG) and the 

F(c) region which mediates interactions with the rest of the immune system22. 

Intact IgG molecules are difficult to crystallize as they possess a flexible hinge 

region, allowing the three main domains of the protein to move independently. 

However, there are numerous structures of F(ab) and F(c) fragments alone, or 

in complex with other molecules deposited in the PDB. F(ab)s are useful ligands 

for crystallography as, when in complex with other proteins, they can have a 

stabilising effect and encourage crystallization of otherwise resistant proteins384. 

Papain, a cysteine protease, can be used to cleave IgG in the hinge region (Fig. 

60) separating both F(ab)regions from the F(c)385. Alternatively, pepsin, an 

aspartic acid protease, can be used to cleave the IgG below the disulphide 

bonds to produce F(ab’)2
386. F(ab’)2 retains the two flexible hinge regions from 

the intact IgG. The presence of two joined F(ab) regions allows for the cross-

linking of protein antigens which may inhibit the formation of crystals. F(ab’)2 

can be reduced to produce two F(ab’) but part of the hinge region is retained 

compared to F(ab). While F(ab’)2 can be useful, generally F(ab) is preferred as 

a ligand for crystallography. 
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Figure 60– Diagram of IgG, F(ab) and F(ab’)2 molecules. Heavy chain-blue, light chain-green. 

Approximate sites of cleavage sites to produce F(ab) and F(ab’)2 indicated with red lines. F(ab) 

produced from 4F5 IgG was used as a ligand for crystal screening. 

The mouse monoclonal IgG 4F5 was chosen to produce a complex with 

NΔTPO for crystallography experiments. 4F5 is a mouse monoclonal type 1 IgG 

specific for TPO produced by RSR Ltd. It was produced by immunizing mice 

with native human TPO387. The crystal structure of the F(ab) region of 4F5 has 

been previously solved to 1.9 Å. This was one reason for selecting this antibody 

over 2G4, a human monoclonal IgG also used in this work, as 2G4 F(ab) has 

previously proven difficult to crystallize258. 4F5 has been shown to inhibit patient 

sera autoantibodies binding to TPO. This indicates a shared epitope, likely 

located in one of the two immunodominant regions which the majority of patient 

autoantibodies recognise (Chapter 1, “Thyroid peroxidase protein structure”). It 

does not inhibit the binding of 2G4, which also inhibits patient autoantibodies 

binding to TPO109,387. This would suggest that these antibodies bind to separate 

immunodominant regions on TPO. The affinity constants of each antibody have 

been determined previously with 4F5 having a lower dissociation constant (Kd) 

than 2G4 (38 vs 400 pM)109,387. 4F5 would therefore be less readily dissociated 

from TPO during complex production and crystallization. 

Attempts have been made previously to a crystallize 4F5 F(ab) in complex with 

insect expressed rhTPO, but no crystals were obtained (RSR Ltd, unpublished). 
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As NΔTPO has produced more promising diffraction data than rhTPO it was 

possible that the additional stabilisation of the protein with a F(ab) fragment may 

increase the diffraction resolution of the crystals produced to permit a 3D 

structure of the complex to be produced. 

 

Results and Discussion 

Initial inhibitor screening 

 

Co-crystallization with MMI (Fig. 62) was attempted first as MMI was readily 

available and in current medical use. Conditions were based on those which 

produced NΔTPO crystals previously (200 mM lithium or sodium nitrate, 100 

mM Tris-HCl pH 7.5-9, 10-20% PEG 3350). The drug was added to the protein 

solution prior to drop setting in a 10-fold molar excess relative to the protein. 

This was to ensure full occupancy of the inhibitor binding site. Otherwise the 

plates were set up using a crystallography robot as previously.  

Adding the drug to the protein prior to setting up the experiments produced a 

few more hits and, in some cases, larger crystals than the same conditions 

without the inhibitor (Fig. 61). In the screen described above, 39 wells (of 96) 

contained some form of crystalline precipitate but this increased to 45 wells with 

MMI present. The PACT premier and JCSG+ sparse matrix screens were also 

repeated with MMI present to search for new crystallization conditions to follow 

up on. Some crystals were obtained in these screens but only in conditions 

similar to those already established. 

Key points 

 Methimazole co-crystallization was tested with NΔTPO. 

 The presence of the inhibitor appeared to have a positive effect 

during crystallization. 
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Figure 61– Micrographs of NΔTPO crystals grown in A) 200 mM sodium nitrate, 100 mM Tris-

HCl (pH 8.53), 12% w/v PEG 3350, B) as A with MMI added. Scale bar is approximate. In many 

cases, such as demonstrated here, outcomes were improved when MMI was added to the 

protein prior to screen set up.  

 

Selection of further inhibitors 

 

Following the results produced with MMI, PTU and a further five TPO inhibitors 

from the literature (Fig. 62) were tested using a similar methodology. Thyroid 

inhibition by chemicals in the environment is a growing concern and a large-

scale screening effort to identify some of these chemicals has been carried out 

by the U.S environmental protection agency388. This study used a combination 

of three high-throughput assays to test a library of over 2000 chemicals for TPO 

inhibition activity against porcine or rat thyroid microsomes. A fluorescence 

based inhibition assay was used to determine TPO activity in the presence of 

each chemical. Non-specific enzyme inhibition activity was assessed by a 

luciferase inhibition assay and cytotoxicity to a human cell line was measured 

using a viability assay. The results of these assays allowed chemicals which 

specifically inhibit TPO enzymatic activity to be identified. 

Key points 

 Further inhibitors were selected from the literature following the 

promising results obtained with methimazole. 

 Six other compounds with TPO inhibiting properties were identified for 

testing. 
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Figure 62– Inhibitors used for crystal screening: Methimazole (MMI) (3), p-toluidine (4), 6-

propyl-2-thiouracil (PTU) (5), salicyhydroxamic acid (6), 4-hexylresorcinol (7), 2-

methylbenzothiazole (8), 4,4’-methylenedianiline (9). These ligands were selected from the work 

of Paul Friedman et al based on their potency and selectivity as TPO inhibitors and used in 

crystal screens with NΔTPO388.  

The inhibitors shown in Fig. 62 (with the exception of MMI and PTU) were 

selected based on the findings of Paul Friedman et al388. As well as the 

positioning of these chemicals near the top of the potency and selectivity ranks, 

availability and chemical structure was also considered. For example, resorcinol 

was the second most potent inhibitor of TPO identified in the study but it was 

not used as its chemical structure is very similar to 4-hexylresorcinol, which was 

the most potent inhibitor identified in the study. 

 

Further inhibitor screening 

 

 

Key points 

 Inhibitors were screened for co-crystallization with NΔTPO using 

previously identified conditions for crystal growth. 

 Crystals were produced in screens containing methimazole and p-

toluidine. 

 NΔTPO crystals grown in the presence of methimazole diffracted to 7 

Å. 

 NΔTPO crystals grown in the presence of p-toluidine diffracted to 10 

Å. 
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Each of the six further inhibitors was tested in a screen based around previously 

successful conditions (200 mM lithium or sodium nitrate, 100 mM Tris-HCl pH 

7.8-9.0, 15-17% w/v PEG 3350). Inhibitors were again added to the 

crystallization drop in a 10-fold molar excess of the protein to ensure full 

occupancy. Of the six other inhibitors tested, only the screens containing p-

toluidine produced crystals (Fig. 63). The others produced mostly clear drops 

with some occasional light, amorphous precipitate. It is thought that in these 

cases, the presence of the inhibitor prevented crystallization as these conditions 

had been shown to reproducibly produce crystals of the protein only. 

Fifteen NΔTPO+MMI crystals were screened on the I04 beamline. These were 

tested for diffraction initially by taking three test images in the same manner as 

the NΔTPO only crystals (“Crystal screening of modified TPO proteins”). No 

data sets were collected for these crystals as none of the test images showed 

diffraction beyond 7 Å. Briefly annealing the mounted crystals did not improve 

the diffraction limits.  

 

Figure 63– Micrographs of NΔTPO crystals grown in A) 200 mM sodium nitrate, 100 mM Tris-

HCl pH 7.8, 17% w/v PEG 3350, 26.4 mM p-toluidine, B) 200 mM lithium nitrate, 100 mM Tris-

HCl pH 7.8, 17% w/v PEG 3350, 26.4 mM p-toluidine. Scale bar is approximate. These crystals, 

particularly in A display a similar morphology to those produced with the protein only. 

Four NΔTPO crystals grown in the presence of p-toluidine were screened on 

the I24 beamline. These crystals were screened at the same time as the 

unliganded NΔTPO microcrystals and were also originally intended for in situ 

diffraction screening (“Crystal screening of modified TPO proteins”). Due to the 

larger size of these crystals, harvesting them from the plate was less 
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problematic than the microcrystals. As with the NΔTPO crystals screened on 

the I04 beamline, three test images were taken, 90° apart, to estimate the 

diffracting quality of the crystal. The diffraction resolution of each crystal was 

very low, around 10 Å and again was not improved by annealing the crystal. 

The addition of p-toluidine reduced the number of hits produced during 

screening, and in wells where crystallisation did occur it was difficult to produce 

single crystals large enough for further diffraction studies. 

 

4F5 F(ab) production 

 

4F5 IgG was provided by RSR Ltd. F(ab) was prepared from 4F5 IgG by papain 

digestion. Initially, small scale digests were set up to determine suitable 

digestion conditions. Samples of 4F5 IgG were incubated at 37 °C with various 

papain concentrations (calculated as a weight to weight ratio) for 3 h. Samples 

were taken every hour for analysis by SDS-PAGE.  

Key points 

 Conditions were established for producing F(ab) from 4F5 IgG by 

papain digestion. 

 F(ab) was purified by protein A affinity chromatography and SEC. 
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Figure 64- Stained 12% acrylamide reduced SDS-PAGE of trial papain digestions. Lane 1) 

undigested IgG, 2) papain, 3) 100:1 IgG:papain after 1 h, 4) 50:1 after 1 h, 5) 34:1 after 1 h,6) 

negative control (no papain) after 1 h, 7) 100:1 after 2 h, 8) 50:1 after 2 h, 9) 34:1 after 2 h 10) 

negative control after 2 h, 11) 100:1 after  3 h, 12) 50:1 after 3 h, 13) 34:1 after 3 h,14) negative 

control after 3 h. The presence of high molecular weight bands (>50 kDa) indicate incomplete 

digestion (see lane 3 for example). 

These results show that the IgG heavy chain is efficiently digested by the 

papain given at least a 50:1 IgG:papain ratio or an incubation time greater than 

1 hour. As there was no evidence of protein degradation during incubation, a 3 

hour incubation was selected for carrying out larger scale digests. A 34:1 

IgG:papain ratio was used to ensure complete digestion. The amount of papain 

used could have been reduced but even at this ratio, only a small amount of the 

relatively inexpensive enzyme was required. 

When carrying out a larger scale digestion to produce F(ab) for crystallography, 

a Protein A chromatography was performed following digestion to separate the 

F(ab) fragments from the F(c). As Protein A binds the F(c) region of IgG, 

undigested IgG is removed along with F(c)389. 
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Using the conditions deduced from the pilot studies described above, two 

separate papain digests were carried out on 50 mg samples of 4F5 IgG to 

produce F(ab) for crystallisation (designated 4F5 F(ab) (1) and (2)). 4F5 F(ab) 

preparations were analysed by SDS-PAGE, direct binding and inhibition RIAs 

and analytical SEC. The purpose of this was to demonstrated that the F(ab) 

was intact and did not contain any residual F(c).  

 

Figure 65- Stained 12% acrylamide reduced SDS-PAGE of 4F5 F(ab) (1) production samples. 

F(ab) and F(c) samples are post Protein A chromatography. This demonstrates the removal of 

F(c) from the F(ab) preparation. 

The reduced SDS-PAGE gel shown in Fig. 65 shows a clear, single band at 

25 kDa, the correct size for reduced 4F5 F(ab) with the second band present in 

the digested IgG and F(c) samples removed. 

In the direct binding RIA, 4F5 F(ab) and IgG were allowed to bind 125I labelled 

TPO, the complex precipitated with Protein A and the counts per minute (CPM) 
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measured. Neither 4F5 F(ab) preparation gave a signal (CPM similar or less 

than negative control) at concentrations up to 1 mg/mL. In contrast, 4F5 IgG 

which produced a positive signal at concentrations of 100 ng/mL and above 

(Fig. 66A). In the inhibition assay, a range of 4F5 F(ab) concentrations were 

allowed to bind 125I labelled TPO before a fixed concentration of 4F5 IgG was 

introduced. The complex was then precipitated with Protein A and the CPM 

measured as for the direct binding assay. The results (Fig. 66B) demonstrate 

that 4F5 F(ab) inhibited the binding of 4F5 IgG to 125I-TPO in a dose dependent 

manner. Taken together, these results indicate that both 4F5 F(ab) preparations 

bind TPO but not Protein A, indicating the F(c) region has been successfully 

removed. 

  

Figure 66- A) Direct binding assay results for 4F5 F(ab) (2) (orange) and 4F5 IgG (blue). 

Results for 4F5 F(ab) (1) not shown but largely similar. This shows that IgG binds protein A, 

F(ab) does not due to the removal of the f(c) region. B) Inhibition assay results for 4F5 F(ab)(1) 

(green) and 4F5 F(ab) (2) (orange). Values for relative % bound are a percentage of the 

negative (no F(ab) present) control. This demonstrates that both 4F5 F(ab) and IgG inhibit 

antibody binding to radiolabelled TPO at similar levels.  

When analysing 4F5 F(ab) (1) by analytical SEC it was noted that the 

preparation contained a second peak eluting before the main F(ab) peak (Fig. 

67). This unidentified impurity was of similar MW to the complex, and would 

therefore be impossible to separate by SEC if it were not removed first. To 

avoid this impurity being included in any preparations of the complex, 4F5 F(ab) 

(1) was purified by SEC before using it for the production of NΔTPO:4F5 F(ab) 
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complex. 4F5 F(ab) (2) contained only a single peak when analysed by 

analytical SEC. A SEC purification step was therefore not necessary for this 

material. 

 

Figure 67- Overlaid analytical SEC elution profiles (absorbance at 280 nm) of unpurified 

NΔTPO:4F5 F(ab) complex (blue) and 4F5 F(ab) (1) (red). Due to its MW, the impurity in 4F5 

F(ab) (1) would elute at the same volume as the complex. 

Post-SEC fractions were analysed by SDS-PAGE and analytical SEC. Fractions 

appearing pure by both analysis methods were pooled and concentrated to 

produce 4F5 F(ab) (1). Analysis of this preparation was repeated and similar 

results obtained with the exception of the analytical SEC elution profile now 

showing only a single peak at the correct elution volume for 4F5 F(ab). 

 

NΔTPO:4F5 F(ab) complex production 
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Key points 

 Pilot studies were carried out to determine the most suitable 

protein:F(ab) ratio for complex production. 

 Two pools of NΔTPO:4F5 F(ab) complex were produced, purified and 

analysed. 
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NΔTPO:4F5 F(ab) complex was produced by mixing post-IMAC NΔTPO and 

4F5 F(ab) and allowing them to bind. Theoretically, a 1:1 molar ratio would give 

complete binding of F(ab) to TPO however in practise, it is desirable to have a 

slight excess of F(ab) to ensure this. As 4F5 F(ab) has a much lower MW than 

NΔTPO (50 vs 86 kDa) unbound F(ab) is easier to separate from the complex 

(136 kDa) by SEC than unbound NΔTPO. To determine a suitable ratio of F(ab) 

to TPO to use, a series of ratios between 1:1 and 1:1.75 (TPO:F(ab) molar 

ratio) were tested on a small scale. After allowing the F(ab) to bind, each 

condition was analysed by analytical SEC. Based on the results of this 

experiment (Fig. 69) it was determined that a 1:1.25 NΔTPO:4F5 F(ab) molar 

ratio produced a slight excess of F(ab) and ensured complete occupancy. 

 

Figure 68- Analytical SEC elution profile (absorbance at 280 nm) of 4F5 F(ab) post preparative 

SEC. All trace of the high molecular weight impurity was removed by SEC. 

To produce the NΔTPO:4F5 F(ab) complex, 13 mg post-IMAC NΔTPO (4) 

(Chapter 2, “Production of modified TPO proteins”) was mixed with 10 mg 4F5 

F(ab) to give a TPO:F(ab) molar ratio of 1:1.25.The mixture was incubated to 

allow the complex to form before SEC purification. Fractions were selected 

immediately based on the absorbance at 280 nm profile. 
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Figure 69- Analytical SEC elution profiles (absorbance at 280 nm) of NΔTPO:4F5 F(ab) (2) 

complex ratio trials (profiles offset for clarity). Ratios in legend are NΔTPO to 4F5 F(ab) molar 

ratios. As the amount of F(ab) present increases, the intensity of the unbound F(ab) peak 

relative to the complex peak increases.  

 

Figure 70– Preparative SEC elution profile (absorbance at 280 nm) for NΔTPO:4F5 F(ab) (1).  
Fractions selected for pooling highlighted (red). Fractions were selected from the trailing edge of 

the peak to avoid contamination with aggregated material which may have not been completely 

separated. 
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Table 21- NΔTPO:4F5 F(ab) complex final pool weights and volumes 

NΔTPO:4F5 
F(ab) 

complex (run) 

Number 
of 

fractions 
pooled 

Volume 
(mL) 

Post-concentration 
volume 

(µL) 

NΔTPO27:4F5 
F(ab) complex 
concentration 

(mg/mL) 

Weight of 
NΔTPO27:4F5 
F(ab) complex  

(mg) 

NΔTPO:4F5 

F(ab) (1) 
15 26 482 10 4.8 

NΔTPO:4F5 

F(ab) (2) 
17 31 548 10 5.5 

 

The NΔTPO:4F5 F(ab) complex preparations were analysed by reduced SDS-

PAGE and analytical SEC. SDS-PAGE analysis of both complex preparations 

showed bands corresponding to NΔTPO and 4F5 F(ab) were present in each 

preparation with no contaminating bands present (Fig. 71). NΔTPO and 4F5 

F(ab) appeared as separate bands due to the denaturing effects of SDS. 

 

Figure 71- Stained 12% acrylamide reduced SDS-PAGE gels of NΔTPO:4F5 F(ab) (1) and (2). 

NΔTPO and 4F5 F(ab) appear as separate bands due to the denaturing conditions used for 

SDS-PAGE.  

Analytical SEC showed both preparations of the NΔTPO:4F5 F(ab) complex to 

be highly pure and therefore suitable for crystallography experiments (Fig. 72). 

NΔTPO:4F5 F(ab) (1) was slightly purer (98.4% by analytical SEC) than 

NΔTPO:4F5 F(ab) (2) (96.1%), which contained more higher molecular weight 
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material, possibly aggregated protein, but further purification was not deemed 

necessary. No unbound F(ab) was detected in either preparation. 

 

Figure 72- Analytical SEC elution profiles (absorbance at 280 nm) of NΔTPO:4F5 F(ab) 

complex final pools. Pool displayed slightly higher purity (98.4% Vs 96.1%) but both were 

acceptable for crystal screening. 

 

NΔTPO:4F5 F(ab) complex crystallography 

 

Both NΔTPO:4F5 F(ab) complex preparations were screened for crystallization 

in a similar manner to the initial sparse matrix screening of the modified TPO 

proteins. Structure screens 1 and 2, JCSG+ and PACT premier were set up by 

hand and with a crystallography robot at Cardiff University. No hits for either 

NΔTPO:4F5 F(ab) preparation were observed in any of the sparse matrix or 

optimisation screens set up with the crystallography robot. Other than a single 

condition, all other experiments were unsuccessful, generating only amorphous 

precipitate or clear drops. Crystals of NΔTPO:4F5 F(ab) (1) formed in a single 
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Key points 

 Sparse matrix screening of NΔTPO:4F5 F(ab) complex produced a 

single hit which could not be replicated. 

 A single crystal of NΔTPO:4F5 F(ab) complex was tested for 

diffraction but did not produce any measurable reflections. 

(1) (2) 
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well of the manually set up JCSG+ screen containing 100 mM bicine (pH 9.0), 

10% w/v PEG 6000 as the precipitating agent (Fig. 73). 

 

Figure 73– A) Micrograph of NΔTPO:4F5 F(ab)(1) crystals grown in 100mM bicine pH 9.0, 10% 

w/v PEG 6K. B) Magnification of boxed area of A. Scale bar is approximate. The crystal in B did 

not diffract. No further crystals of the NΔTPO:4F5 F(ab) could be produced. 

Crystals of NΔTPO complexed with 4F5 F(ab) could not be reproduced despite 

several attempts. Optimisation screens were set up around the conditions which 

produced the initial hit (100 mM bicine pH 7.6-9.0, 10-24% PEG 6000) by hand 

with both NΔTPO:4F5 F(ab) preparations. The optimisation screens were also 

tested with the crystallography robot and at a 2:1 drop ratio. Repeats of identical 

conditions which produced the initial hit were included in these optimisation 

screens in an effort to replicate the hit. This also proved unsuccessful for both 

complex preparations using manual or robotic drop setting. A single crystal of 

NΔTPO:4F5 F(ab) (1) was harvested from the original hit and frozen in liquid N2 

with glycerol added to 25% as a cryoprotectant. This crystal was screened on 

the I04 beamline at Diamond Light Source but did not produce any measurable 

reflections. 
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Summary 

Inhibitor screening 

As NΔTPO crystallized the most readily of the four modified TPO proteins and 

produced the best diffracting crystals, further efforts focused on this protein. 

Both small molecule ligands and larger proteins such as F(ab)s can have a 

stabilising influence during crystallography improving both crystal growth and 

diffraction381. 

Small molecule ligands were selected from a recent publication which examined 

thousands of chemicals for TPO inhibiting properties388. Five inhibitors identified 

in this work were screened along with two compounds used clinically to treat 

hyperthyroidism. Despite one compound, the TPO inhibiting drug MMI showing 

some promise during the screening of crystal growth conditions, no 

improvement in diffraction was produced. Of the seven compounds tested five 

completely prevented crystallization of NΔTPO. While these inhibitors may have 

merely shifted crystallization conditions away from those previously established, 

repeating the screening from the sparse matrix stage while including the 

inhibitors would have been time consuming, costly and not considered a good 

use of resources. While a structure of any of these inhibitors bound to TPO, 

particularly the two in clinical use would be of great interest, this may have to 

wait until high resolution diffracting crystals of TPO or a TPO analogue can be 

produced. 

 

F(ab) complex screening 

Stabilising NΔTPO with a F(ab) fragment from an anti-TPO mouse monoclonal 

IgG was also attempted. This technique has proven successful for other 

proteins and would produce interesting data regarding the nature of 

autoantibody binding to TPO if successful. A NΔTPO:4F5 F(ab) complex was 

produced and purified. This complex was tested in sparse matrix crystal 

screens in a similar manner to the modified TPO proteins. Crystals of the 

NΔTPO:4F5 F(ab) complex were obtained from a single condition, but could not 

be replicated by subsequent experiments. When a crystal from this experiment 
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was tested, it failed to produce any significant diffraction. Overall it was shown 

that the modified TPO proteins produced here, particularly NΔTPO, have some 

potential for crystallography, but further work is required to produce a ≤3 Å 

structure. 

Key observations 

 NΔTPO was co-crystallized with the inhibitors methimazole and p-

toluidine. 

 NΔTPO was crystallized in complex with 4F5 F(ab). 

Problems 

 Despite producing NΔTPO crystals with a number of ligands, no 

improvement in diffraction resolution was observed. 

 A number of the small molecule inhibitors tested for co-crystallization 

with NΔTPO inhibited crystallization. 
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Final Summary- Thyroid Peroxidase Crystallography 

 

The overall goal of this project was to further understand the protein structure of 

human TPO and how that relates to its role in autoimmunity. Many biochemical 

studies of TPO have been carried out since it was conclusively shown to be the 

previously unidentified, “thyroid microsomal antigen” in 1987103. A high 

resolution crystal structure of TPO has been long sought after as part of these 

investigations but, despite diffracting crystals of the protein first being produced 

in 1999, this still remains elusive255.  

For this project the findings of a number of studies on TPO were combined with 

the wealth of knowledge available on crystallizing various reluctant proteins, in 

attempt to produce a modified form of TPO which would produce high resolution 

diffracting crystals. While improved diffraction data was produced, this still did 

not reach the 3 Å resolution required for a reliable structure (Chapter 3). The 

highest resolution data obtained was from the protein designated “NΔTPO”, 

consisting of the TPO amino acids 1-14,109-796 plus a 6-histidine tag. Further 

modifications made to NΔTPO did not result in any significant improvement in 

protein stability or crystal screening outcomes.  

While the main aim of the crystallography experiments was not achieved this is 

not to say that the work itself is not without merit or use. The diffraction data 

produced from crystals of NΔTPO was an improvement on anything previously 

published for TPO. What is also interesting is that this protein could be 

crystallized fairly reliably using the conditions established here. Crystals of 

native or recombinant TPO produced elsewhere have proven difficult to repeat. 

This would indicate that NΔTPO is a good starting point for future 

crystallography based studies as opposed to the full length protein, especially 

given that NΔTPO has been demonstrated to share many key features with 

native TPO.  

The slow progress towards an atomic level structure of TPO is disappointing 

particularly when related peroxidases such as MPO and LPO are readily 

crystallisable. While these proteins are the closest relatives to TPO it is 
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important not to forget about the large differences between these proteins and 

how they may effect crystallography. Although TPO is treated as a soluble 

protein in this work by removing the transmembrane domains, this is an 

inherent difference. The presence of domains such as the CCP and N-terminal 

domains which are required for a fully informative structure further complicate 

the crystallization of TPO. It should also be noted that the most homologous 

regions shared between the peroxidases are around the active site and 

therefore buried within the protein structure. Again this allows for much variation 

at the surface of the protein which effects protein crystallization. This is 

demonstrated by the marked differences in the pI of each protein. MPO, LPO 

and EPO are all cationic at physiological pH where TPO, with a pI of 5.4 would 

be anionic. While this may not affect features such as enzymatic function in 

vivo, it will completely change suitable conditions for the crystallization of each 

protein. This is not to say that the structures of MPO and LPO cannot be related 

to TPO in a meaningful manner, but it is clear that when attempting to crystalize 

TPO, the amount of information which can be gained from these structures is 

limited.  
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Chapter 6- Thyroid Peroxidase Epitope Mapping 

Studies 

 

Introduction 

While TPO plays a key role in the regulation of human growth and metabolism, 

much of the interest in this particular enzyme stems from its role as a key 

autoantigen in AITD. TPO has been shown to be a target for autoantibodies in 

the majority of AITD patients103. Previous work has shown these autoantibodies 

recognise two main IDRs on the surface of TPO (Chapter 1, “Thyroid 

peroxidase protein structure”). 

A number of different methods have been used to determine the nature of these 

IDRs, in some cases identifying individual residues which play a role in 

autoantibody binding. In lieu of a 3D structure of TPO bound to an autoantibody, 

the new data on TPO IDRs obtained by other biochemical methods could 

provide new insights and improve understanding of the nature of autoantibody 

binding to TPO. 

The most successful and widely used techniques for determining the TPO IDRs 

along with a summary of their findings are discussed in Chapter 1. It is generally 

accepted that there are two non-linear IDR’s on the surface of TPO, one at the 

C-terminal end of the peroxidase and another overlapping the peroxidase and 

CCP domains. Many of the key residues or sequences which make up the IDRs 

have been deduced by comparing the results of studies utilising methods such 

as competitive binding assays and site-directed mutagenesis.  

While the current literature on this subject is extensive, there are some 

techniques which have not been applied to TPO. One of these techniques, 

epitope excision, could provide new information regarding the IDRs and further 

corroborate past work390. This technique involves enzymatically digesting an 

antigen in complex with an IgG molecule. The IgG protects the epitope from 

digestion, allowing it to be separated from the rest of the antigen. This isolates 

short peptides representing the epitope, which can then be identified. 
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The advantage of this technique is that it requires little prior knowledge of the 

antigen structure, provided an antibody to it can be obtained391. Monoclonal 

antibodies are preferable for this type of study as they provide clearer results, 

although in some cases polyclonal patient sera has been used successfully392. 

The resolution obtained is dependent on the location of protease sites for the 

enzyme used and may be improved by repeated digestion with different 

enzymes393.  

For TPO there is an added benefit, a short peptide which bound to a 

monoclonal antibody could be useful for crystallographic studies. A small TPO 

peptide in complex with a F(ab) fragment could provide an easier target for 

crystallography than a complex with the entire protein, while still giving insight 

into the mechanism of binding. 

The two TPO monoclonal antibodies, 4F5 and 2G4, used elsewhere in this work 

were used for this study. Previous work has shown that 4F5 and 2G4 both 

inhibit patient sera autoantibody binding to TPO, but not each other387. This 

indicates that each antibody recognises a different one of the two IDRs on TPO. 

While the binding kinetics and genetic structure of these two antibodies have 

been previously studied it is not currently known which IDR either antibody is 

directed against109,258.  

The protease selected for this study was bovine pancreatic trypsin. Trypsin is a 

well characterised, 24 kDa serine protease394. It hydrolyses proteins on the C-

terminal side of accessible lysine and arginine residues395. It cleaves at a slower 

rate if the residue C-terminal to the lysine or arginine is acidic, and is inhibited 

by the presence of proline in this position. Trypsin has a long history of use in 

protein characterization experiments as it is readily available and efficiently 

cleaves proteins in a predictable manner396. It is particularly favourable for mass 

spectrometry (MS) based studies as the peptides produced have a positively 

charged residue at the C-terminus, which aids positive ionization.   
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Figure 74- Trypsin reaction mechanism397. The histidine residue accepts a proton from serine 

which then attacks the carbonyl carbon of the substrate. The peptide bond is broken and water 

enters the active site. The water attacks the acyl-enzyme intermediate releasing the C-terminal 

region of the peptide and regenerating the active site.  

To ensure the enzymatic cleavage sites could be reliably predicted trypsin 

stocks with tosyl phenylalanyl chloromethyl ketone (TPCK) added were used. 

TPCK has no effect on trypsin activity but inhibits chymotrypsin by forming a 

covalent bond with the active site histidine398. Chymotrypsin is a common 

contaminant in trypsin preparations even following repeated purification by 

crystallization. TPCK does not inhibit trypsin as the phenylalanine moiety is not 

accepted into the active site. By inhibiting chymotrypsin activity, the number of 

potential cleavage sites is reduced, simplifying later analysis. 
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Results and Discussion 

Antibody selection 

 

For antibody excision to be successful it is vital that the antibody used is 

resistant to digestion by proteases. The first step of this study was to determine 

if the two TPO antibodies were resistant to digestion and therefore suitable for 

use. To test this a small amount of each IgG was incubated with the enzyme in 

various IgG:trypsin weight ratios. After digestion samples were compared to a 

negative control incubated without trypsin by analytical SEC and reduced SDS-

PAGE. A significant change in the shape of the analytical SEC elution profile or 

the appearance of additional bands by SDS-PAGE was taken as evidence of 

IgG digestion. The trypsin stock was also analysed by analytical SEC to confirm 

that, at the concentration used, the addition of trypsin did not produce any 

significant new absorbance peaks in the analytical SEC elution profile. 

 

Figure 77- SEC elution profiles (absorbance at 280 nm, peaks only for clarity) for 100:1 

protein:trypsin digested 4F5 and 2G4 IgG  (blue), and respective IgG samples incubated under 

same buffer conditions without trypsin (red). 
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Key points 

 The anti-TPO monoclonal antibodies 4F5 and 2G4 were tested for 

resistance to trypsin digestion. 

 4F5 showed a reasonable level of resistance to trypsin. 

 2G4 was readily digested by trypsin and therefore was not suitable for 

epitope excision studies. 

4F5 2G4 
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The analytical SEC elution profiles in Fig. 77 show that 4F5 maintains a largely 

similar elution profile following an overnight trypsin digestion when a 100:1 

IgG:trypsin ratio is used. Beyond this ratio the main peak begins to appear less 

well defined, indicating some digestion of the IgG is occurring. This data 

indicates 4F5 was suitable for epitope excision studies provided a high 

protein:trypsin ratio was not required. 

The 2G4 profiles in Fig. 75 show this IgG was much more readily digested by 

trypsin than 4F5. Even at a 100:1 ratio there are several significant peaks 

present in the profile following digestion and the peak corresponding to intact 

2G4 IgG is much less intense. This suggests the protein is being cleaved into 

several fragments. As they are eluting well before the void volume of the 

column, the molecular weight of these fragments must be large enough for them 

to represent sizable fragments of the molecule.  

 

Figure 76- Stained 8% acrylamide reduced SDS-PAGE of trypsin-digested 4F5 and 2G4. Lane 

1:  undigested 4F5. Lane 2: undigested 2G4. Lanes 3 to 6: 4F5 digested with a 100:1, 50:1, 

40:1, 4:1 trypsin ratios. Lane 7: 4F5 incubated without trypsin. Lanes 8 to 11: 2G4 digested with 

a 100:1, 50:1, 40:1, 4:1 trypsin ratios. Lane 12: 2G4 incubated without trypsin. The presence of 

additional bands relative to the controls (lane 7 and 12) may indicate digestion of the IgG. 
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The SDS-PAGE analysis results (Fig. 76) agree with those produced by 

analytical SEC. 4F5 appears mostly intact, although a band at 50 kDa is visible 

which is absent in the negative control (Fig. 76, lanes 3-5). This indicates limited 

digestion of the heavy chain occurred, but the majority of molecules have 

remained undigested, as evidenced by the intense bands corresponding to the 

heavy and light chains. 2G4 shows more significant signs of digestion. Extra 

bands are visible at 34 and 24 kDa in the test samples and the intensity of the 

heavy chain band at 55 kDa is noticeably decreased. 

The epitope excision method used for in this work (described later) involves the 

digestion of TPO whilst in complex with Sepharose bound IgG. The Sepharose 

may introduce some steric hindrance which would prevent significant digestion 

of the 2G4 IgG however, based on the results of this experiment, the decision 

was made to concentrate on 4F5 as it was clearly more resistant to trypsin 

digestion. Given the existing knowledge of these antibodies, if it can be shown 

that 4F5 binds to a specific TPO IDR, it could be inferred that 2G4 recognises 

the other. 

While 2G4 may have resisted lower trypsin concentrations than those used 

here, overnight trypsin digests of rhTPO showed the protein to be fairly resistant 

to digestion whilst in its native conformation (Fig. 77). Epitope excision only 

works in cases where the IgG is less readily digested than the bound protein.  
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Figure 77- Analytical SEC elution profiles (absorbance at 280 nm) of rhTPO digested with 

trypsin at a 100:1 w/w ratio (blue) and 5:1 w/w (red). Intact rhTPO elutes at ~9 mL, any peaks 

eluting after this will be of lower molecular weight and therefore present due to digestion. 

 

4F5 epitope excision method development 

 

While the general principals remain the same in many studies, there is no single 

common method of epitope excision used throughout the literature390. The exact 

methodology used differs depending on the study requirements and the 

properties of the antibody in question. Therefore, while a general method for 

epitope excision using 4F5 IgG could be developed using ideas from the 

literature, some experimentation was required to fully develop a working 

technique. 

An outline of the procedure used in this work is shown in Fig. 78; 
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Key points 

 A method for epitope excision was developed utilizing sepharose 

bound 4F5 IgG. 

 The final result is obtained by LC-MS/MS analysis of peptides 

produced by the epitope excision process. 
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Figure 78- Overview of epitope excision procedure used. A TPO is bound to 4F5 IgG 

Sepharose. B IgG bound TPO is digested with trypsin, the epitope region is protected from 

digestion by the IgG and remains bound. C Unbound TPO peptides are removed leaving only 

the epitope peptide in complex with the IgG. D The peptide is eluted from the IgG and identified. 

One issue in developing this method was how to efficiently isolate the IgG and 

any bound peptides. Trypsin and unbound protein fragments would need to be 

removed from the samples, prior to analysis, to ensure the correct peptides 

were identified. For this work 4F5 IgG was coupled to cyanogen bromide 

activated Sepharose (G.E, UK). This allowed the IgG, along with any bound 

peptides, to be removed from suspension by centrifugation. While effective, this 

method was not without limitations. IgG bound Sepharose can act as an ion 

exchanger giving some potential for non-specific binding399. It is also difficult to 

completely remove the liquid the matrix is suspended in following centrifugation. 

Complete drying of the matrix is undesirable as it may damage the bound 

molecules and prove difficult to rehydrate. To ensure only the desired peptides 

were isolated, the matrix was washed repeatedly with a high ionic strength 

buffer following the digestion of 4F5 bound TPO. This would remove any 

peptides bound through a non-specific ionic bond to the matrix. Previous 

experiments have shown that this does not remove TPO bound to 4F5 (RSR 

Ltd, unpublished observations).  



   

157 
 

 

Figure 79- Mechanism of IgG coupling to CNBr Sepharose. Cyanogen bromide reacts with the    

oxygen anion groups on the surface of agarose beads to produce either A) a cyanate ether 

which reacts with an amine group to produce an isourea derivative or B) a cyclic 

imidocarbonate which is substituted with an amine group from the ligand. 

Trypsin digestion conditions for the TPO:IgG Sepharose complex were deduced 

from the findings of the antibody selection experiments described previously. A 

protein:trypsin ratio of 100:1 was used as this did not appear to significantly 

digest the 4F5 IgG. When rhTPO was digested alone under these conditions 

digestion appeared to be incomplete (Fig. 77). Denaturing or reducing the 

protein may produce a more complete digestion as many trypsin sites would be 

expected to be buried in the folded protein and inaccessible to the enzyme. This 

was unfortunately not a viable option as previous work with TPO has shown that 

reducing or denaturing the protein has a negative effect on antibody binding293. 

A cautious approach was therefore taken by using a 100:1 trypsin ratio in the 

digestion step as IgG digestion could produce unclear or false results, 

complicating the analysis of the data produced. 

Once the epitope peptide was isolated a method for eluting and identifying the 

peptide was required. Liquid chromatography coupled to MS analysis (LC-MS) 

allowed any eluted peptides to be separated on a reverse phase (RP) column 

prior MS analysis. This gave an insight into the number of peptides and other 

components present in the eluent as well as the mass of each. Electrospray 

ionization was used as this produces unfragmented, multiply charged peptide 

ions400. 
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Individual peptides were identified by MS/MS. This technique uses a 

quadrupole to selects individual mass/charge ratios of ions which are then 

fragmented by acceleration through a gas filled collision chamber401. At low 

kinetic energy levels, peptides fragment along the peptide backbone at the 

amide bond, producing ions of varying length depending on the amino acid 

composition402. This allows the protein sequence to be determined, de novo, 

from the mass intervals between the ions present in the MS/MS spectra403. As 

peptides in the eluent will have originated from one of three known proteins, 

TPO, 4F5 or trypsin any peptide sequences observed by mass spectrometry 

could be checked against the sequences of these proteins to determine if they 

matched a feasible digestion product. 

The Edman degradation is an alternative method of peptide sequencing and 

was commonly used prior to the development of MS based methods404. This 

process involves labelling the amino acid at the N-terminal of a peptide with 

phenyl isothiocyanate. The labelled amino acid can then be cleaved under 

mildly acidic conditions and identified by RP chromatography405. Successive 

rounds of the degradation reaction allow the sequence to be built up. This 

technique had a potential use in this work as having a confirmed N-terminal 

starting point from Edman degradation would be useful when identifying the 

epitope containing peptide.  

Peptide sequencing by Edman degradation for this work was carried out by Alta 

Bioscience (UK). The results produced were unclear as multiple peptides of 

different sequences were present in the sample. Edman degradation requires a 

sample of mostly pure peptide to be successful and in this case, it appears the 

sample purity was not sufficient. This would be less problematic for MS based 

approaches so sequencing by Edman degradation was not explored further.  

Previous studies have shown that protein conformation is important for patient 

sera autoantibody recognition of TPO406. However, the residues assigned to the 

TPO IDR-B consist of some linear sequences of amino acids (Fig. 84). If 4F5 

was directed to this epitope then these peptides, when free of the protein 

structure, may still be able to adopt a conformation which allows them to bind to 

the antibody. To test this, an experiment was carried out using a similar method 
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to the epitope excision process. TPO was digested with trypsin before binding 

to the antibody. Once complete the digestion was stopped and Sepharose 

bound 4F5 was added to the mixture. Following incubation, the Sepharose 

bound 4F5 along with any peptides bound to the antibody, were separated from 

the mixture, washed and eluted. The samples taken throughout the process 

were analysed by analytical SEC with the eluted material also analysed by LC-

MS. Analysis by analytical SEC showed that peptides were still present in the 

supernatant following incubation with the IgG and only a very small amount of 

material was removed by a high ionic strength buffer wash following binding. 

Both the analytical SEC and LC-MS results showed no peptides had been 

eluted at the end of the process. The elution method had previously been 

validated by other experiments so this would suggest that no peptides bound to 

the IgG when TPO was digested prior to binding. This would indicate that the 

4F5 epitope is conformationally dependent. While this result does not provide 

any evidence regarding which TPO IDR 4F5 recognises, it would agree with 

previous data which suggests that the nature of 4F5 binding is similar to that of 

patient sera autoantibodies.  

As the above method produced a negative result with 4F5, it was not tested with 

2G4. While this method would resolve the 2G4 digestion issue, both TPO IDRs 

are thought to be conformationally dependent and therefore similar results 

would be expected293,294. 

 

Epitope excision results and discussion 

 

Key points 

 A peptide (designated “EP1”) covering the 4F5 epitope was isolated 

and identified. 

 EP1 consists of two disulphide bonded, tryptic peptides. 

 EP1 contains most of the amino acids assigned to the TPO IDR-B in 

previous studies, indicating that this is the IDR 4F5 IgG recognises. 

 Based on these results and previous work comparing the binding of 

4F5 and 2G4, 2G4 must therefore recognise the TPO IDR-A.  
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The epitope excision procedure described above allowed a peptide 

representing the 4F5 epitope to be isolated. The large peak eluting at 20.38 min 

in Fig. 80 is a peptide of mass 4690.34 Da (Fig. 81). This peptide, referred to as 

“EP1” was observed as the most abundant peptide peak in nine repeats of the 

process.  

 

Figure 80- Epitope excision elution LC-MS total ion count (TIC) chromatogram. EP1 elutes at 

20.38 minutes when using a 3-60% acetonitrile:water gradient over 31 minutes over an Acquity 

CSH C18 column (Waters, UK). The total ion current was 4.48 x 106. 
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Figure 81- Deconvoluted spectra of peak eluted at 20.38 min in Fig. 77 (EP1). Intact peptide 

mass = 4689.34 ±0.16 Da. The total ion current was 8.27 x 105.  

To aid in identifying EP1, simulated trypsin digests of the rhTPO protein 

sequence were carried out using the PeptideMass program407. This program 

uses the known conditions required for trypsin cleavage to generate all the 

possible peptides produced from a given protein sequence. The EP1 peptide is 

of a greater mass than the largest expected fragment from the simulated digest. 

There are several explanations for this including post-translational modifications 

or missed trypsin cleavage sites within the peptide. The latter would be 

unsurprising when digesting a protein in its native confirmation and may also 

have occurred due to steric hindrance from the 4F5 IgG. However, even when 

allowing for up to five missed cleavage sites, EP1 does not clearly match the 

mass of any predicted peptide from the sequence.  

To further clarify the identity of EP1 MS/MS analysis was carried out. The N and 

C terminal sequences could be identified by manual curation of the CID 

fragmentation data (Fig 82).  
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Figure 82- MS/MS spectra of EP1 peptide fragmented by CID showing b ion series (red) and y 

ion series (blue). Intact mass 4689.34 Da. The total ion current was 3.53x105.  

The MS/MS data indicates EP1 is a tryptic peptide spanning the TPO amino 

acids 585-616. The calculated monoisotopic mass of this peptide (3570.73 Da) 

is far below the observed mass of EP1 obtained from the epitope excision 

experiments. However, there is a cysteine present in the sequence identified 

(amino acid 598). All experiments were carried out under oxidising conditions 

and therefore this residue would be expected to form a disulphide bond with 

another cysteine. Based on sequence alignments with related peroxidases 

(Chapter 1, “Thyroid peroxidase protein structure”) this would be expected to be 

cysteine 655. A tryptic peptide spanning amino acids 649-659 would contain 

this residue and have a calculated monoisotopic mass of 1118.62 Da. These 

two peptides, joined by a disulphide bond, would have an average mass of 

4689.35 which closely matches the value observed here for EP1 (2.13 parts per 

million (ppm) error) and is therefore thought to be the identity of EP1 (Fig. 83).  
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Figure 83- EP1 peptide structure in single letter amino acid code. Residues contributing 

to TPO IDR-B highlighted (blue). 

The sequence between amino acids 585-616 covers most of the residues 

assigned previously to the TPO IDR-B. While this would indicate that 4F5 is 

directed to this IDR, it is assuming that the 585-616 peptide is the site of 

binding. An argument could be made that the 649-659 peptide is bound to the 

antibody and the larger peptide (between amino acids 585-616) is present due 

to the disulphide bond. While this can’t be directly disproved by the data 

presented here, it is unlikely when considering results from the existing 

literature387. 4F5 has been shown to inhibit patient sera autoantibodies and 

would therefore be expected to overlap with some of the known IDR residues.  

109 TQQSQHPTDALSEDLLSIIANMSGCLPYMLPPKCPNTCLANKYRPITGACNNRDHPRWGA 

169 SNTALARWLPPVYEDGFSQPRGWNPGFLYNGFPLPPVREVTRHVIQVSNEVVTDDDRYSD 

229 LLMAWGQYIDHDIAFTPQSTSKAAFGGGADCQMTCENQNPCFPIQLPEEARPAAGTACLP 

289 FYRSSAACGTGDQGALFGNLSTANPRQQMNGLTSFLDASTVYGSSPALERQLRNWTSAEG 

349 LLRVHARLRDSGRAYLPFVPPRAPSACAPEPGIPGETRGPCFLAGDGRATEVPSLTALHT 

409 LWLREHNRLAAALKALNAHWSADAVYQEARKVVGALHQIITLRDYIPRILGPEAFQQYVG 

469 PYEGYDSTANPTVSNVFSTAAFRFGHATIHPLVRRLDASFQEHPDLPGLWLHQAFFSPWT 

529 LLRGGGLDPLIRGLLARPAKLQVQDQLMNEELTERLFVLSNSSTLDLASINLQRGRDHGL 

589 PGYNEWREFCGLPRLETPADLSTAIASRSVADKILDLYKHPDNIDVWLGGLAENFLPRAR 

649 TGPLFACLIGKQMKALRDGDWFWWENSHVFTDAQRRELEKHSLSRVICDNTGLTRVPMDA 

709 FQVGKFPEDFESCDSIPGMNLEAWRETFPQDDKCGFPESVENGDFVHCEESGRRVLVYSC 

769 RHGYELQGREQLTCTQEGWDFQPPLC 

Figure 84- Human TPO amino acids 109-796 (N-terminal, peroxidase and CCP 

domains). _ Immunodominant region A _ Immunodominant region B. Amino acids 585-

616 and 649-659 underlined. 

The amino acid sequences 597-604 and 611-618 were assigned to the TPO 

IDR-B by Bresson et al by probing short TPO peptides with a polyclonal rabbit 

antisera raised against the TPO amino acid sequence 599-617256,300. The 

peptide fragment identified here covers most of the same amino acids but lacks 

amino acids 617 and 618 at the C-terminal. Bresson et al tested the influence of 

each amino acid from 597 to 618 by synthesising peptides with alanine 

substituted for each individual residue. At some positions, including amino acids 

617 and 618, the alanine mutation greatly decreased the level of antibody 

binding suggesting these residues are important for the binding of antibodies 
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from the rabbit sera. Given this information it is surprising the peptide isolated 

by this technique terminated at amino acid 616, particularly as there is another 

potential cleavage site just slightly further along the sequence at lysine 621. 

Cleavage at lysine 621 would also preserve aspartic acid 620 which was 

identified by Dubska et al as another key residue for autoantibody binding304. 

This data was produced by producing single residue TPO mutants and testing 

the binding of these mutants against two human IDR-B specific F(ab)s 

originating from a HT patient. The data presented here shows that this cleavage 

site is not blocked by 4F5 and is still accessible to trypsin. This may suggest 

that there are some slight differences in the exact residues involved in binding 

when comparing 4F5 to these particular F(ab)s. 

Given the major differences in the techniques used to generate and 

characterise TPO antibodies for both works some slight discrepancies are 

unsurprising. The rabbit sera used by Bresson et al bound short (eight amino 

acids in length) TPO peptides where 4F5 would not bind trypsinized TPO. This 

indicates there are some inherent differences between the antibodies which is 

likely reflective of the different methods used to produce them. 4F5 was raised 

in mice against purified TPO from human thyroid tissue and as such recognises 

a conformational epitope, unlike the rabbit sera used by Bresson et al which 

was raised against a short, linear sequence. 

The work of Godlewska et al adds some weight to this theory; they expressed 

human TPO with single amino acid mutations in CHO cells to probe the 

specificity of three IDR-B mouse monoclonal antibodies in a similar manner to 

Dubska et al304,408. The antibodies used in this work were originally produced by 

injecting mice with TPO purified from human thyroid tissue, a similar method to 

that used to produce 4F5292. Godlewska et al observed that a mutation at 

glutamic acid 604 inhibited the binding of all three antibodies. However, 

mutations at aspartic acid 620, aspartic acid 624 and lysine 627 did not 

significantly reduce the binding of all three antibodies tested. This would 

indicate that even antibodies produced in the same manner may show some 

slight variation in the contact forming residues when binding. 
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Overall, this work is in agreement with the existing literature and confirms 4F5 

binds a TPO IDR at the same region as AITD patient sera antibodies. Further 

clarification of the exact residues involved in antibody binding would likely 

require a structure of TPO, preferably in complex with 4F5 or another antibody, 

a project which is receiving on-going attention.     

 

Conclusions 

The epitope of the anti-TPO IgG 4F5 (EP1) has been isolated and identified as 

a pair of disulphide linked, tryptic peptides. The peptide sequence between 

amino acids 585-616 was confirmed to be present from MS/MS data. This 

sequence does not match the observed mass of the intact fragment but this can 

be explained by the presence of a second peptide, representing amino acids 

649-659, disulphide bonded to the confirmed sequence. While this second 

peptide was not observed directly, the predicted average mass of this proposed 

fragment matches the observed mass closely enough to give a reasonable level 

of certainty that it has been correctly identified.  

The 585-616 sequence would overlap with residues previously assigned to the 

TPO IDR-B300. Previous work has shown 4F5 inhibits patient sera binding which 

suggests it binds either at or near, one of the two TPO IDRs387. As the 

observations from this work agree with this data, it can be concluded that 4F5 is 

directed to the TPO IDR-B, although the exact nature of this epitope cannot be 

further defined from these results. Experiments involving binding pre-digested 

TPO to 4F5 provided further confirmation that the 4F5 epitope is 

conformationally dependent. 

While not studied directly here, 2G4, another TPO antibody used in the course 

of this project, has also been shown to inhibit patient sera autoantibodies from 

binding to TPO while not inhibiting 4F5387. This would suggest that each of 

these antibodies are directed to separate TPO IDRs. 2G4 was not suitable for 

epitope excision using the above method so this could not be confirmed directly. 

However having demonstrated that 4F5 binds to TPO IDR-B and considering 

previous work which has shown 2G4 binds to one of the IDRs while not 
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inhibiting 4F5, it can be stated with some confidence that 2G4 binds to, or in 

close proximity to, IDR-A.  

In the case of TPO, where antibodies mostly bind to two fairly well-defined 

areas of the protein, this method could be useful for quickly determining which 

of the two IDRs an antibody binds without the need for a previously defined 

antibody as a reference. This is of course assuming that the antibody to be 

tested is resistant to trypsin digestion, which this work has shown is not always 

the case. While in this instance the IDR was not further defined based on the 

data produced, future work could utilise repeated digestion steps with other 

enzymes to narrow down the critical residues involved in antibody binding. 

Alternatively, applying this method to more TPO antibodies could also produce 

interesting data by comparing the peptides produced and establishing if there 

are any common patterns. 
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Summary 

The data produced here demonstrates for the first time that the TPO 

monoclonal antibody 4F5 is directed to the IDR-B. This information, combined 

with previous work, can be used to conclude that the monoclonal antibody 2G4, 

must therefore be directed to the IDR-A. While no new information regarding the 

key residues of the TPO IDRs was produced here, an extension or further 

application of this technique does have the potential to do so in the future.  

Key observations 

 Epitope excision is a viable technique for the study of some TPO 

antibodies. 

 The monoclonal antibody 4F5 has been shown to recognise the TPO 

IDR-B. This information may prove useful when re-examining the 

previously produced crystal structure of 4F5 F(ab). 

 From this data it can be inferred that the monoclonal antibody 2G4 is 

directed against IDR-A. 

Problems 

 Not all antibodies are trypsin resistant and therefore a different protease 

would be required to study them by this method. 

 While this work has produced some novel data further work would be 

required to extend the observations beyond what has previously been 

shown with other antibodies. 
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Chapter 7- Future work and outlook 

 

While the crystallography experiments carried out in this work were extensive, 

particularly with the promising NΔTPO protein, they were not exhaustive. The 

NΔTPO protein could prove to be a useful starting point for future work. There 

are several techniques which could still be examined with this protein or other 

modified TPO proteins across the whole crystallography process. Many of these 

could be combined and may, in conjunction, produce incremental improvements 

which could finally allow the 3 Å diffraction target to be reached. In the longer 

term, there are emerging techniques which may prove more suited to producing 

a structure of a challenging target such as TPO. 

 

Future crystallography work: short term 

There are several techniques for improving crystallography outcomes which 

could be tested with NΔTPO or the other proteins produced here. Using this 

work as a starting point, future work could explore techniques such as chemical 

or enzymatic modification. Modifying NΔTPO by reductive alkylation is one 

example of this. This process involves modifying primary amines of surface 

exposed lysine residues and at the N-terminus to a tertiary amine. Reductive 

alkylation has been shown to be useful for difficult proteins which resist 

crystallization despite being highly pure and homogeneous409. Modifying the 

protein by this technique could improve the packing order of the crystals 

sufficiently to reach the required resolution for an accurate structure410. A similar 

effect can be achieved by rational mutagenesis of the protein sequence411. 

However, when prior structural knowledge is limited, a rational approach 

requires some trial and error which can be arduous, particularly for a large 

protein such as TPO. The advantages of reductive alkylation are that no prior 

knowledge is required and, assuming the protein of interest has already been 

obtained, the process is much quicker. The exact mechanisms by which this 

improves crystal diffraction quality are not known but it is suspected to be due to 

a reduction in the protein surface entropy, increasing the number of sites where 

crystal contacts could form on the protein surface412. All four of the modified 
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TPO proteins produced in this work could potentially be suitable for this 

technique. 

Another modification which could be tested is enzymatic digestion. Very gentle 

digestion of NΔTPO in its native conformation with a protease such as trypsin 

may trim some of the surface exposed loops while leaving the more densely 

folded core of the protein intact413. This would alter the surface of the protein, 

possibly allowing previously unavailable contacts to form during crystallization 

and also reducing heterogeneity in the positioning of surface loops. This could 

be carried out directly in the crystallization drop and has the benefit of not 

requiring rational design unlike the approach taken here with the NΔTPO-2, -10 

and -14 proteins. While this is the simplest approach it may be difficult to 

reproduce any successful conditions. Alternatively, the stable proteolysis 

product could be identified by mass spectrometry and expressed 

recombinantly414. This would be more time consuming but should improve the 

reproducibility of the process and simplify later crystallization optimisation steps.   

Once crystals are obtained there are several methods which may improve the 

resolution of data obtained from them. Further optimisation of the 

cryoprotectants used when freezing the crystals is one area which could receive 

further attention in future studies.  This was not investigated more extensively in 

the course of this work due to limitations on time and resources. While glycol 

based cryoprotectants, as used in this work, have a long history of successful 

application they can enhance the solubility of proteins which may explain the 

observed melting of some crystals during cryoprotection415. More complex 

cryoprotectant mixtures containing alcohols and dimethyl sulfoxide have been 

developed in recent years which may better preserve NΔTPO crystals416. These 

have shown to be less likely to dissolve or disrupt the packing order of crystals 

of several proteins.  

It is thought that any handling or manipulation of protein crystals will introduce 

slight imperfections which will go on to decrease the overall diffraction 

resolution417. In a case like this, where there is low resolution diffraction, this 

could be enough to prevent the structure being solved. In situ diffraction is an 

emerging technique which is becoming more widely used as its benefits 
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become more widely known418,419. It was not possible to attempt in situ 

diffraction of any of the crystals produced during the course of this work. 

Equipment to carry out these experiments is improving and becoming more 

common making this an interesting avenue for further study. 

 

Longer term studies: crystallography and beyond 

If the techniques discussed above do not successful with the proteins produced 

in this work, then further experiments could look at other modifications of the 

TPO protein. Two of the TPO proteins produced with loop truncations, NΔTPO-

10 and NΔTPO-14, completely failed to crystallize despite appearing very 

similar to NΔTPO by the analysis carried out. NΔTPO-2 fared better, which may 

reflect the less significant change to the protein, but the crystals produced still 

did not diffract as well as those of NΔTPO. It is possible further analysis of the 

structure of these proteins may reveal some clues as to why this occurred, but 

this will not necessarily aid in producing high quality TPO crystals.  

The modifications made to all three of these proteins were based on information 

from the structures of other peroxidase enzymes (Chapter 2). The structural 

significance of these changes is difficult to predict in silico without a reliable 

structure of TPO and therefore needed to be deduced experimentally. In this 

case the effects of the truncations were mostly negative, but this does not mean 

this approach is not worth further consideration. Due to the large amounts of 

protein required and the necessity of using a eukaryotic expression system, it 

was not possible to test more loop truncations in the course of this work. 

However, this could be explored further in the future, using the findings of this 

study as a starting point. If the optimal truncation for each of the two loops 

examined here could be determined then both these modifications could be 

combined in a single protein to further limit heterogeneity at the protein surface. 

A single insect cell line was used for expression of all the modified TPO proteins 

used in this work. This was the well-established, High Five cell line from 

Trichoplusia ni. This represents another opportunity for study as the same 

proteins expressed in another cell line may behave differently. The production 

of correctly folded TPO requires a eukaryotic expression system but previous 
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work has shown it is difficult to obtain good yields from yeast cells, which are 

faster growing and cheaper to maintain309. This is unlikely to be different for the 

truncated forms produced here but mammalian cells such as CHO cells or 

insect cells from an alternative species may prove successful. TPO has been 

previously expressed in mammalian and alternative insect cell lines but, judging 

from the published literature, not with an intent to use the expressed protein for 

crystallography289,328,420. The glycosylation pathways differ even between insect 

cell lines from different species and in many cases are poorly understood359. As 

variation in N-glycosylation would alter the surface of the protein produced this 

could have a large effect on crystal packing. 

Unfortunately, despite an increasing interest in X-ray crystallography for 

determining protein structures, predicting crystallization outcomes is still difficult. 

The “scatter gun” approach of sparse matrix screening is still widely used to 

determine conditions for crystal growth and the only real test of crystal 

diffracting power comes when exposing the crystal to X-rays. More targeted 

approaches have been suggested but have yet to be widely implemented due to 

technical complexity421. Presently, the sparse matrix screening approach used 

here would be difficult to improve upon.  

Another potential avenue for exploration is serial crystallography. Serial 

crystallography involves collecting data from many individual microcrystals to 

produce a full data set422. This type of experiment is difficult to carry out using 

traditional synchrotron beamlines because radiation damage occurs quickly in 

small crystals, particularly at room temperature423. This can be avoided by using 

recently developed, X-ray free electron lasers (XFELs)424. XFEL beamlines 

produce high intensity X-ray pulses on a femtosecond timescale. The intensity 

and speed at which X-ray pulses are produced allows diffraction data to be 

collected from a crystal before radiation damage occurs and limits the effects of 

atomic vibrations due to temperature. One issue with this approach is that, due 

to the intensity of the beam, microcrystals are destroyed almost instantly so that 

only a single frame of data can be obtained each individual crystal. This 

problem is solved by delivering a constant supply of new crystals into the beam 

while the detector captures diffraction images as quickly as is possible425. While 

many of the images captured will be blank, each time a crystal passes through 
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the beam, a frame of diffraction data in a random orientation will be captured426. 

Given enough time and an ample supply of microcrystals, a sufficient number of 

images can be captured to produce a full data set. Software has been 

developed to identify images containing diffraction data and then scale and 

index the data so that it can be used to solve the protein structure in a similar 

manner to data from a single crystal426.  

Showers of microcrystals were commonly produced in the NΔTPO crystal 

screens. These were too small for single crystal diffraction experiments and 

therefore not used in this work. These crystals could provide a good starting 

material for serial crystallography experiments. It would also be possible to re-

examine the screening results generated here and optimise conditions towards 

producing more microcrystals, rather than large, single crystals. These smaller 

crystals may have different growth habits than the larger crystals and therefore 

produce better diffraction data. XFEL facilities require major investment and 

there are currently only five operating worldwide427. However, it has been 

recognised that XFELs allow unique experiments to be performed in several 

fields besides structural biology and as such there are plans for the expansion 

of some existing facilities, along with plans to commission new XFELs in the 

future.  

While X-ray crystallography was judged to currently be the technique most likely 

to succeed, this may change with future technological developments. The 

reasons justifying the use of X-ray crystallography are discussed in Chapter 3 

with the conclusion that, at the present, this was the most viable method. Cryo-

EM was one of the alternative techniques discussed. This method of protein 

imaging is developing rapidly and producing a structure of TPO by this 

technique in the near future could be feasible, if further crystallography 

continues to prove unsuccessful.  

Currently, cryo-EM is only applicable to molecules larger than 100 kDa, 

although the lower size limit of what can be resolved to atomic resolution is 

decreasing428. It has been theorised that it could be possible to image 

molecules as small as 38 kDa at a resolution of 3 Å using this technique429. An 

exciting recent example is the 3.2 Å structure of haemoglobin, a 64 kDa protein, 



   

173 
 

published in 2017430. In this case the inherent symmetry of haemoglobin was 

utilised when refining the structure, although a 3.4 Å structure could be 

produced by treating the same data as asymmetric.   

The binding of a F(ab) molecule to TPO could be helpful for cryo-EM studies as 

the complex produced would be larger than the protein alone. This would 

increase the likelihood of obtaining atomic resolution data431. This approach 

would also help further characterise the nature of autoantibody binding to TPO. 

However, during cryo-EM, as with X-ray crystallography, the final image is 

produced from an average of thousands of images of many individual 

molecules432. Therefore, some of the features of TPO which are suspected of 

limiting the diffraction resolution (variable glycosylation and loops or domains in 

multiple conformations) could also have a detrimental effect on the resolution of 

a cryo-EM structure. This also means an anti-TPO IgG, which would produce a 

larger complex than a F(ab), is unlikely to be a suitable ligand due to the 

inherent flexibility of these molecules. As is the case with X-ray crystallography, 

it is not currently possible to predict the success of cryo-EM so experimentation 

would be needed to determine the suitability of this technique for use. 

 

Outlook 

While a high-resolution structure of human TPO was not generated during the 

course of this work, progress was made towards obtaining one. Using this work 

as a starting point and applying the techniques discussed above, could allow 

higher resolution data to be generated and the structure of the protein to be 

solved. While there are still many promising methods left to explore, it cannot be 

said with any certainty that a structure of TPO can or will be generated using X-

ray crystallography. If this proves to be the case then encouraging results such 

as the previously mentioned cryo-EM structure of haemoglobin, may indicate 

that the structure of TPO could be solved in the near future using this alternative 

technique430. 

Despite the difficulty in obtaining a structure of the TPO protein this is still a 

subject worthy of further attention. An accurate structure of the TPO domains 

involved in autoimmunity could be used to gain a greater understanding of this 
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aspect of AITD at a molecular level. This could also act as a starting point for 

developing a structure of the intact protein and answer questions such as those 

raised by Le et al who produced two models of TPO, each with an alternative 

arrangement of the domains257. Both of these models were plausible and there 

is currently insufficient structural or biochemical knowledge of TPO to disprove 

either possibility. A TPO protein structure also has potential to improve the 

treatment of AITD. Current AITD drug treatments focus on easing the disease 

symptoms (Chapter 1, “Treatment of autoimmune disease”). An accurate 

structure of the protein would further the current knowledge of both the 

enzymatic mechanism and the nature of antibody binding, information which 

could be useful when developing improved treatments for both GD and HT 

which do not require surgical intervention. 

Drug based therapies for GD involve inhibiting TPO activity with thiourea 

compounds. These treatments can cause a range of side-effects, many of 

which are serious84. While the TPO inhibiting effect of these drugs can be easily 

demonstrated in vitro, the exact mechanism of inhibition and wider effects of 

these drugs are not fully understood433. A readily crystallisable form of the TPO 

protein would be a useful tool for further characterising existing drugs. A crystal 

structure of caprine LPO in complex with MMI, one of the commonly used TPO 

inhibiting drugs, has been produced but without a structure of TPO for 

comparison, conclusions must be drawn with care382. Once current treatments 

are better understood this information could then be used when designing new 

compounds, which may be more effective or carry less adverse side effects.    

As well as being markers for AITD, TPO autoantibodies have been shown to 

play a role in thyroid destruction by antibody dependent cell cytotoxicity and 

complement fixation111,434. While this is not the only mechanism of thyroid 

damage observed in HT it is one potential route by which disease symptoms 

could be alleviated. Recently, work into several separate diseases have 

examined the use of small molecules such as peptides to block protein-protein 

interactions in vivo, and the possible use of these as therapeutics435–438. A 

similar approach may yield new treatments for HT. The EP1 peptide identified 

here (Chapter 4) could be a good starting point for studies into this. Further 

work would focus on more closely determining the key amino acids required to 
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bind patient sera antibodies effectively and the reasons behind the small 

discrepancies observed between studies. Once a better understanding was 

gained then the use of small sections of the TPO protein sequence as 

autoantibody inhibitors could be investigated. 

This is another area of research where a TPO protein structure would hasten 

progress. Despite the multitude of investigations into TPO autoantibody binding 

the pertinent amino acids are still not clearly established. A crystal structure of 

TPO in complex with an autoantibody would help clarify this issue particularly if 

multiple structures with different antibodies could be generated.  
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Chapter 8 - Materials and Methods 

DNA cloning 

The cDNA for TPO amino acids 1-833 in pUC18 was obtained from RSR Ltd, 

U.K. Further modifications were introduced by site directed mutagenesis using a 

Quikchange II site-directed mutagenesis kit (Agilent Technologies, U.K) 

following the manufacturer’s instructions. All primers were obtained from Sigma-

Aldrich, U.K. Briefly, a PCR reaction was run containing 10× reaction buffer (5 

µl), template DNA (the gene of interest in a suitable vector plasmid, 50 ng), 

forward and reverse primer (125 ng each), deoxyribose nucleoside triphosphate 

(dNTP) mix (1 µl) and sterile H2O (to 50 µl). PfuUltra HF DNA polymerase (2.5 

U) was added last prior to thermocycling. Reactions were heated to 95 °C for 1 

min followed by 18 cycles of 95 °C for 30 seconds, 55 °C for 1 minute and 68 

°C for 1 min/kbp plasmid length. Following PCR cycling, reactions were 

digested with DpnI (10 U) at 37 °C for 1 hour.  

XL 1-Blue E. coli supercompetent cells were incubated with digested PCR 

product (1 µL) on ice for 30 minutes. Cells were transformed by heat shocking 

in a water filled heating block at 42 °C for 45 seconds. Cells were removed and 

incubated on wet ice at 0 ˚C for 2 minutes. Room temperature (18-25 °C) LB 

media (10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium chloride) was added 

to the transformed cells to a final volume of 0.5 mL and the suspension was 

incubated at 37 °C for 4 hours with shaking at 220 rpm. Transformed cells were 

plated out on LB agar (LB media + 20 g/L agar) containing ampicillin (100 

µg/mL) and incubated 37 °C, overnight.  
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Figure 85- Map of pUC18 plasmid. TPO aa 1-833 sequence positioned between EcoRI and 

HindIII RE recognition sequences. 

Other cloning work was carried out in E. coli strains NM522 or JM110. 

Chemically competent cells from these strains were freshly prepared for each 

use. A 100 mL culture of the required strain in LB media was grown until 

absorbance at 600 nm was ~0.35 (all absorbance measurements were made in 

a UV-1280 spectrophotometer (Shimadzu, Japan) with a 1 cm path length 

unless stated). Cells were pelleted by centrifugation at 2000 x g for 30 minutes 

at 4 °C and washed with 60 mL cold magnesium chloride (80 mM) and calcium 

chloride (20 mM) solution. Cells were resuspended in cold calcium chloride 

solution (4 mL, 20 mM) and incubated on ice for 3 hours. Heat shock 

transformations were carried out as above (200 µL competent cell suspension 

with 1-5 ng DNA). 

Single, well defined colonies of transformed cells were picked from selective 

agar plates and used to seed LB media (3 mL) containing the appropriate 

selective antibiotics. These starter cultures were grown 37 °C for ~7 hours with 

shaking at 220 rpm and were then used to seed midi cultures (100 mL) which 

were grown overnight under the same conditions.  

DNA was purified from E. coli cells using a plasmid midi kit (Qiagen, UK) 

following the manufacturer’s instructions. Briefly, cells were harvested from 

overnight midi cultures by centrifugation at 2000 x g for 30 minutes at 4 °C. 
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Pellets were resuspended in buffer P1 (4 mL) and lysed with buffer P2 (4 mL) 

for 5 min. Genomic DNA and other cellular material was precipitated by adding 

buffer P3 (4 mL) and incubating on ice for 15 minutes. Samples were 

centrifuged at 20217 x g for 45 minutes at 4 °C and the supernatant applied to a 

gravity fed Qiagen-tip 100 column. Columns were washed with buffer QC (2 x 

10 mL) and eluted with buffer QF (5 mL) into glass centrifuge tubes. 

Isopropanol (3.5 mL) was added to the eluate and the resulting mixture was 

centrifuged 9690 x g for 30 minutes at 4 °C. The supernatant was removed and 

pelleted DNA was washed with ethanol (70% v/v, 2mL). DNA was centrifuged at 

9690 x g for 10 minutes at 4 °C and supernatant removed. DNA pellet was air 

dried and resuspended in sterile H2O (500 µL). DNA concentrations were 

determined from absorbance at 260 nm of a 1 in 20 dilution in HPLC grade H2O 

(water purified by a Labstar Hypol system, Wychwood water systems, UK) 

using the equation; 

Concentration (µg/mL) = absorbance at 260 nm (1/20 dilution) x 1000 

Purity was determined by the ratio absorbance at 260 and 280 nm ratio with 

1.7-2 deemed acceptable.   

RE enzymes were obtained from Roche, UK or New England Biolabs, UK. All 

RE digests were carried out in 20 µL volumes for analytical digests or 40 µL for 

preparative digests using supplied buffers. RE digests were incubated at 37 °C 

for 3 hours. Agarose gels were prepared by adding agarose (3 g) to TAE buffer 

(40 mM Tris-HCl, 20 mM acetic acid, 1 mM ethylenediaminetetraacetic acid, 

300 mL) and heating in a microwave oven to dissolve the solids. Once cooled to 

below ~50 °C, GelRed nucleic acid stain (30 µL, Cambridge Bioscience, UK) 

was added and the solution was poured into a suitable mould. RE digests were 

mixed with 1/6 total volume of 6x DNA loading buffer (10 mM Tris-HCl pH 7.6, 

60% (v/v) glycerol, 0.5% (w/v) Orange G) and loaded into gel. Gels were run at 

a constant 150 V for 1 hour at RT and visualised on a ChemiDoc XRS+ imaging 

system (Bio-Rad, USA).  

DNA bands from preparative gels were excised with a sterile scalpel and DNA 

was recovered from the gel using a Qiaquick gel extraction kit (Qiagen, UK) 

following the manufacturer’s instructions. Briefly, the gel slice was dissolved in 
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buffer QG (3x w/v) at 50 °C. Isopropanol (equal w/v) was added and mixed 

before applying to a QIAquick spin column. Columns were centrifuged at 

12470x g for 1 minute to load sample and for each wash. Column were then 

washed with buffer QG (500 µL) followed by buffer PE (750 µL). DNA was 

eluted with sterile H2O (50 µL).      

DNA ligations were carried out by incubating equimolar concentrations of insert 

and vector DNA with T4 DNA ligase (1 µL, Roche, UK), 10 x ligation buffer (2 

µL, supplied with enzyme) in sterile H2O (to 20 µL). Ligation reactions were 

incubated in the dark at 16 °C overnight.  

PCR was used to amplify some sequences for further cloning. Reactions 

contained template DNA (656 ng), Pfx DNA polymerase (2 U, Invitrogen, UK), 

10 x reaction buffer (10 µL), 10 x enhancer solution (10 µL, reaction buffer and 

enhancer solution supplied with enzyme), forward and reverse primers (0.3 µM 

each), dNTP mixture (0.3 mM), magnesium sulfate (1.25 mM) and sterile H2O 

(to 100 µL). Reactions were incubated for 5 minutes at 94 °C followed by 30 

cycles of 94 °C for 15 seconds, 55 °C for 30 seconds and 68 °C for 2.5 minutes 

in a Geneamp PCR system 2700 (Applied Biosystems, UK). 

DNA linker sequences were formed by annealing equimolar concentrations of 

appropriate oligonucleotides. Oligonucleotides were mixed and heated to 95 °C 

for 5 minutes. The mixture was then allowed to cool for 1 hour then stored on 

ice before use the same day. 

Synthetic genes were obtained from Life Technologies, UK. All DNA constructs 

were sequenced by automated Sanger sequencing carried out by Source 

Bioscience, UK439. 

 

Recombinant baculovirus production 

The Bac-to-Bac system (Invitrogen, UK) was used to produce recombinant 

baculoviruses for the expression of each protein. Bacmid DNA was produced by 

transforming DH10Bac E. coli with a pFastBac1 vector containing the gene of 

interest. Chemically competent DH10Bac were incubated with pFastBac DNA (1 

ng) and transformed by heat shock as above. LB media was added to 1 mL 
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after heat shocking and the cells incubated at 37 °C for 4 hours with shaking at 

220 rpm. Transformed cells were serially diluted to 10-3 in LB media and plated 

out on LB agar containing kanamycin (50 µg/mL), gentamicin (7 µg/mL), 

tetracycline (10 µg/mL), isopropyl-β-D-thiogalactoside (40 µg/mL) and X-gal 

(100 µg/mL). Blue-white selection was used to determine colonies in which the 

gene of interest has been successfully transposed into the bacmid using the 

mini-Tn7 transposon. After 48 hours single, well defined, white colonies were 

amplified and bacmid DNA purified using the protocols described previously.   

Recombinant baculoviruses carrying the gene of interest under the polyhedrin 

promoter were produced and amplified in SF9 (Spodoptera frugiperda) cells. 

Logarithmic phase cells in TC100 media (Gibco, UK) supplemented with foetal 

bovine serum (10% v/v), gentamicin (7 µg/mL), potassium iodide (0.1 mM) were 

used to seed 6-well culture plates. Plates were incubated for 1 hour at 27 °C to 

allow cells to attach. Cellfectin (Invitrogen, UK) was mixed with bacmid DNA (1 

µg) in unsupplemented TC100 media (200 µL). A separate mixture was 

prepared for each well transfected. Cells were washed twice with 

unsupplemented TC100, then overlayed with the transfection mix plus 

unsupplemented TC100 media (800 µL) and incubated at 27 °C for 5 hours at 

which point the transfection mix was removed and replaced with supplemented 

TC100 (2 mL). Cells were incubated at 27 °C for 72 hours. P1 viruses were 

harvested by removing the media from the plates with a sterile pipette. Each 

well was considered a separate P1 virus. 

P1 viruses were amplified in SF9 cells to produce P2 and, if required, P3 

viruses. P2 viruses were generated in spinner flask cultures (50 mL). Cultures 

were set up at 2x106 cells/mL in supplemented TC100 and seeded with an 

entire P1 (2 mL) virus sample. P2 cultures were incubated at 27 °C for 14 days 

with stirring at 60 rpm. Amplified virus was harvested by centrifugation 491 x g 

at R.T for 5 min. The supernatant was removed and used for protein expression 

and P3 virus production. All virus preparations were stored 4 °C, protected from 

light.  

If further amplification was required, P3 virus cultures were set up and grown as 

P2 cultures on a 500 mL scale. Cultures were inoculated with P2 viruses to give 
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a multiplicity of infectivity (MOI) of 0.1 and grown for 14 days as above. P3 

viruses were harvested in the same manner as P2 virus. 

 

Figure 86- Map of pFastBac1 plasmid. Genes for expression were positioned between EcoRI 

and HindIII RE recognition sequences. 

 

 

Figure 87- Diagram of bacmid DNA production process.440 A) DH10Bac E. coli are transformed 

with a pFastBac vector containing the gene of interest (red). B) The helper plasmid expresses 

recombinases (green) which transpose gene of interest into the bacmid DNA. D) Transformed 

DH10Bac cells are grown up in selective media and bacmid DNA containing the gene of interest 

purified.  

Virus titration was carried out by a quantitative PCR (qPCR) based assay 

developed for in-house use by RSR Ltd, UK. DNA was extracted from a virus 

sample (200 µL) using a QIAamp MinElute virus spin kit (Qiagen, UK) following 
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the manufacturer’s instructions. Briefly, the virus was mixed with an equal 

volume buffer AL and protease (25 µL) and mixed by vortexing for 15 seconds. 

Samples were incubated at 56 °C for 30 min before the addition of ethanol (250 

µL) and further incubation for 5 min at R.T. Samples were applied to a QIAamp 

MinElute column by centrifugation (6000 x g for 1 minute at RT. The column 

was washed with buffer AW1, buffer AW2 and finally ethanol (each 500 µL) 

before drying at 56 °C for 3 minutes with the lid open. DNA was eluted from 

column with sterile H2O (50 µL). 

Extracted DNA was diluted in a 4-fold series to 1 in 256 in sterile H2O. Dilutions 

were mixed with primer stock (5 µL, 800 nM, containing forward and reverse 

virus titration primers) and power SYBR green mastermix (10 µL, Applied 

Biosystems, UK) in a 96-well V-bottomed q-PCR plate. Each dilution was tested 

in duplicate. PCR was carried out in a StepOnePlus qPCR machine (Applied 

biosystems, UK). PCR reactions were incubated for 95 °C 10 minutes followed 

by 40 cycles of 95 °C 15 seconds, 60 °C 1 minute with fluorescence measured 

after each cycle. Virus titres were determined using a standard curve produced 

with DNA from a virus of known titre (determined previously by plaque assay, 

supplied by RSR Ltd) extracted and amplified alongside test samples. 

 

Protein expression 

All protein expression was carried out using High Five (Trichoplusia ni) cells. 

Stock cultures for maintaining the cell line were grown in Insect Express media 

(400 mL, Lonza, UK) supplemented with gentamicin (7 µg/mL), potassium 

iodide (0.1 mM) in Erlenmeyer flasks (1 L capacity). Cultures were seeded with 

2 x 108 cells and incubated at 27 °C with shaking at 110 rpm. Cultures were 

passaged every 3/4 days to maintain logarithmically growing stocks.  

Expression cultures were seeded as above and grown for 3 days before being 

resuspended in fresh media (2 L) in Fernbach flasks (3 L capacity). The 

following day, the media was replaced with fresh media and the cell density was 

measured by counting cells manually using a haemocytometer. Cultures were 

infected with a MOI of 0.096 and incubated at 23 °C for 137 hours with shaking 

at 90 rpm. Cultures for protein expression were supplemented with δ-
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aminolevulinic acid (50 μg/mL) prior to infection, and again 70 hours post 

infection to facilitate haem production.  

Expressed recombinant protein was harvested from culture supernatant by 

centrifugation at 558 x g for 10 min at RT. Protease inhibitor cocktail tablets 

(Roche, UK) were dissolved in H2O (50 mL per tablet) and added (10 mL/L 

culture) prior to storage at -80 °C. 

 

Protein purification 

Proteins harvested from culture supernatants were purified by three rounds of 

chromatography. Initial capture was by fluidized bed ion exchange 

chromatography carried out in a Streamline 100 column packed with streamline 

DEAE matrix (GE healthcare, UK). Culture supernatant was diluted in reverse 

osmosis water (1 in 3,  purified by a Labstar 90 reverse osmosis system, 

Wychwood water systems, UK) and the pH adjusted to 7.5 with Tris base (2 M). 

Diluted supernatant was loaded onto the column at 400 mL/min. During loading 

the flow rate was adjusted to maintain a matrix expansion level between 2 and 3 

x the settled matrix height. Unbound material was washed off with streamline 

buffer (50 mM sodium chloride, 5 mM Tris-HCl pH 7.5, 0.1 mM potassium 

iodide) until absorbance at 280 nm was negligible. The matrix was then 

collapsed for further washing and elution as a packed bed. Protein was eluted in 

a single step with streamline elution buffer (400 mM sodium chloride, 20 mM 

Tris-HCl pH 7.6, 0.1 mM potassium iodide). Up to 24 400 mL fractions were 

collected by hand. A guaiacol oxidation assay was preformed to identify 

fractions containing the protein of interest (“Protein analysis”). All fractions with 

enzymatic activity were pooled for further purification.  

IMAC purification was carried out on an Äkta chromatography system (GE 

Healthcare, UK). Chelating Sepharose Fast Flow (58 ml, GE Healthcare, UK) 

was packed in an adjustable length column adapter (26 mm diameter) and 

charged with nickel sulfate (200 mM, 1.5 column volumes (CV)). Excess nickel 

sulfate was washed off with HPLC grade water and IMAC running buffers (IMAC 

buffer A- 500 mM sodium chloride, 20 mM Tris-HCl pH 7.6, IMAC buffer B- 500 

mM sodium chloride, 20 mM Tris-HCl pH 7.6, 500 mM imidazole).  
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Streamline elution pools were adjusted with imidazole (to 20 mM) and sodium 

chloride (to approximately 500 mM) and passed through a 0.2 μm filter. The 

column was loaded at a suitable flow rate for overnight loading at R.T. Once 

loaded, the column was washed with 4% IMAC buffer B (20 mM imidazole) at 

15 ml/min until absorbance at 280 nm was negligible. Proteins were eluted by 

applying a gradient of increasing IMAC buffer B concentration. The first step 

increased buffer B concentration to 10% (50mM imidazole) over 3CV. This 

concentration was held until absorbance at 280 nm was negligible at which point 

buffer B concentration was increased to 30% (150 mM imidazole) over 3 CV. 

Fractions (10 mL) were collected automatically when absorbance at 280 nm 

reached ≤20 mAU (over a 0.2 cm path length).  Peak fractions were 

immediately pooled and dialysed into TPO buffer (50 mM sodium chloride, 20 

mM Tris-HCl pH 7.6, 0.1 mM potassium iodide).       

SEC was carried out on an Äkta chromatography system using Superdex 200 

prep grade matrix (GE Healthcare, UK) packed in an adjustable length column 

adaptor (50 mm diameter). Total column volume was 1870 mL. Post-IMAC 

pools were concentrated to ≤2% of a column volume in a nitrogen pressurised 

ultrafiltration cell at 4 °C and allowed to de-gas at RT prior to loading. Material 

was loaded onto the column at 5 mL/min in TPO buffer. Fractions (5 mL) were 

collected automatically when absorbance at 280 nm reached ≤10 mAU (over a 

0.2 cm path length). Each individual fraction was sampled for analysis using 

techniques described in “Protein analysis”. 

Final protein preparations were produced by pooling and concentrating selected 

SEC fractions. Selected fractions contained ≤2.5% aggregate by analytical 

SEC, were enzymatically active by guaiacol assay and appeared intact by SDS-

PAGE. Pooled fractions were concentrated in a nitrogen pressurised 

ultrafiltration cell at 4 °C until the concentration of protein was ≥10 mg/mL.  

Post-IMAC NΔTPO was used to test the effect of incubating the protein with 

hydrogen peroxide and hemin (both Sigma-Aldrich, UK). Hydrogen peroxide (to 

10 µM), hemin (to 600 µM) or both were added to NΔTPO (200 µg) in TPO 

buffer and incubated at 37 °C for 3 hours with shaking. After incubation samples 

were dialyzed back into TPO buffer in a Vivaspin 6 centrifugal concentrator 
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(Sigma-Aldrich, UK). Analysis was carried out as detailed bellow for final pool 

samples by guaiacol oxidation assay and measurement of the optical 

absorbance at 412/280nm. 

 

Protein analysis 

Peroxidase activity was assessed using a guaiacol oxidation assay. A protein 

sample (100 µL) and guaiacol solution, (2 mL, 40 mM guaiacol, 10mM Tris-HCl 

pH 8.0) were added to a 1 cm path length plastic cuvette and incubated at 37 

°C for 20 minutes.  The cuvette was placed in a spectrophotometer, blanked at 

470 nm and hydrogen peroxide (10 µL, 60 mM) added. The test sample was 

mixed and a 1 minute timer started immediately. The absorbance was recorded 

at 15, 30 and 60 seconds. Samples were diluted in guaiacol solution or TPO 

buffer to give an absorbance at 470 nm of between 0.3-0.8 at 30 seconds. 

Absorbance values were converted to guaiacol units (GU) for comparison. The 

absorbance at 470 nm after 15 seconds was multiplied by 4, to give a 60 

seconds value free from any reaction quenching effects. This value was then 

multiplied by 10 to give the value for 1 mL and finally multiplied by the dilution 

factor, if applicable, to convert to guaiacol units/mL (GU/mL). This was divided 

by sample concentration to give the specific enzymatic activity (GU/mg).  

Protein concentration for impure (pre-IMAC) samples was assessed by 

inhibition RIA utilizing [125I]-labelled TPO (RSR Ltd, UK). Samples were diluted 

to a suitable level in RIA buffer (150 mM sodium chloride, 10 mM Tris-HCl pH 

7.5, 5 mg/mL BSA, 7.7 mM sodium azide, 0.1% (v/v) Tween 20). Test samples 

(100 µL) along with standards consisting of known concentrations of rhTPO (3, 

10, 30, 100, 300, 1000 ng/mL) were incubated with a rabbit polyclonal anti-TPO 

sera (100 µL) at 37 °C for 15 minutes. [125I]-TPO (100 µL) was added and 

incubated for 30 minutes at R.T followed by Protein A suspension (50 µL) and 

further incubation for 1 hour at R.T. An excess of cold RIA buffer (1 mL) was 

added to each sample followed by centrifugation at 2000 x g for 30 minutes at 4 

°C. Supernatant was aspirated from each sample and total counts over 1 

minute measured in a LB2111 γ-counter (Berthold Technologies, UK). CPM 

were converted to % bound using the equation: 
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% bound = (CPM test sample/CPM [125I]-tracer only +ve control) x 100 

Results for standards in % bound were plotted on a linear-logarithmic scale 

from which the concentration of test samples was determined. Concentrations 

were multiplied by the dilution factor to give the concentration of the neat 

samples. At least two different dilutions of each sample were tested in the same 

assay. If more than one was within the assay effective range (30-130 ng/mL) 

then an average was taken across each sample.        

Protein concentration for semi-pure (post-IMAC) material was calculated from 

absorbance at 280 nm using the equation: 

Concentration = absorption at 280 nm x extinction coefficient x path length 

Extinction coefficients were estimated from the amino acid sequence using 

ProtParam320. A value for haem incorporation was determined by dividing 

absorbance at 412 nm by absorbance at 280 nm. This 412/280 ratio was used 

to compare haem incorporation between proteins. 

Western blotting followed probing with a rabbit polyclonal anti-TPO sera (RSR 

Ltd, UK) was used to assess protein integrity/degradation in impure (pre-IMAC) 

samples. Samples were run overnight at a constant 45 V at R.T on an 8% 

acrylamide SDS-PAGE gel. SDS-PAGE gels were cast in 18 x 16.5 x 0.75 cm 

moulds as follows: 

Resolving gel- 6.9 mL HPLC grade H2O, 4 mL 30% (w/v) acrylamide (37.5:1 

acrylamide:bis-acrylamide), 3.8 mL 1.5 M Tris-HCl pH 8.8, 150 µL 10% (w/v) 

sodium dodecyl sulfate, 150 µL 10% (w/v) ammonium persulfate, 9 µL 

tetramethylethylenediamine. 

Stacking gel- 3.4 mL HPLC grade H2O, 1.66 mL 30% (w/v) acrylamide (37.5:1 

acrylamide:bis-acrylamide), 1.26 mL 1 M Tris-HCl pH 6.8, 50 µL 10% (w/v) 

sodium dodecyl sulfate, 50 µL 10% (w/v) ammonium persulfate, 5 µL 

tetramethylethylenediamine. 

Up to 1 µg protein was loaded per well. Prior to loading SDS-PAGE loading 

buffer (1/3 sample volume, 17.4 % (v/v) glycerol, 4% (w/v) sodium dodecyl 

sulfate, 10 mM Tris-HCl pH 6.8, bromophenol blue added to achieve suitable 
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colour) and dithiothreitol (100 mM in 2 M Tris-HCL pH 8.3 added to 11.1 mM) 

were added and the sample was incubated at 100 °C for 4 minutes. After 

separation, proteins were transferred to a nitrocellulose membrane by blotting 

for 3 hours at a constant 55 V at 4 °C in blotting buffer (192 mM glycine, 25 mM 

Tris-HCl pH 8.3). The membrane was washed with phosphate buffered saline 

plus 0.5% tween 20 (PBS+T) and blocked with polyvinyl alcohol (100 μg/mL). 

The membrane was then incubated with polyclonal anti-TPO rabbit sera for 1 

hour at 37 °C, followed by another washing step. A horseradish peroxidase 

conjugated goat anti-rabbit IgG (Thermo, UK) was used as the secondary 

antibody. Incubation was for 1 hour at RT and was followed by a final wash 

step. The blot was visualised using a chemiluminescent substrate for 

horseradish peroxidase on a ChemiDoc XRS+ imagining system. 

Post-IMAC samples were visualised using the same SDS-PAGE protocol 

followed by staining with SimplyBlue SafeStain (Invitrogen, UK). For stained 

gels, 5 µg protein was loaded per well, prepared in the same manner as 

samples for Western blotting. Gels were washed with water for 3x 5 minutes. 

Gels were stained for 1 hour and destained for 2x 1 hour with water at RT with 

gentle shaking. Gel images were captured on a ChemiDoc XRS+ imaging 

system. 

Isoelectric focusing (IEF) was carried out on pre-cast Novex IEF gels (Gels and 

all buffers supplied by Invitrogen, UK) with an effective pH range of 3-10. Final 

pool samples were diluted in HPLC water (to 2 mg/mL, 10 µg protein total) and 

loaded onto the gel in an equal volume of sample buffer. Gels were run for 1 

hour at a constant 100 V, 1 hour at a constant 200 V then for 30 minutes at a 

constant 500 V. Gels were stained for 30 min with IEF stain (27% (v/v) 

isopropanol, 10% (v/v) acetic acid, 0.4 g/L Coomassie brilliant blue R, 0.5 g/L 

crocein scarlet 7B) and destained with IEF destaining solution (40% (v/v) 

ethanol, 10% (v/v) acetic acid) until sufficiently clear. Gel images were captured 

on a ChemiDoc XRS+ imaging system. 

Thermal shift assays were carried out in a StepOnePlus qPCR machine using a 

protein thermal shift dye kit (both Applied Biosystems, UK). All proteins tested 

including controls were from final pools prepared from post-SEC fractions. 
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Samples were diluted to 0.6 mg/mL in TPO buffer and mixed with thermal shift 

dye in a 96-well V-bottomed q-PCR plate. Each well contained the test sample 

(12.5 µL), and thermal shift dye (7.5 µL). A melt curve program was run from 25 

˚C to 95 ˚C with a ramp rate of 1.2 ˚C/min. The first derivative of the raw 

fluorescence data was calculated using the supplied StepOne software with the 

temperature of the first derivative peak taken as the melting temperature for 

comparisons between proteins.  

Patient sera and monoclonal antibody binding was assessed by RIA. For each 

assay a dilution series of the test protein was prepared from 160 ng/mL to 1.25 

ng/mL in RIA buffer. 2G4 IgG (50 µL, 21 ng/mL) or a pool of TPO Ab positive 

patient sera (50 µL) was added to each sample or standard (50 µL) and 

incubated for 1 hour at R.T. [125I]-labelled TPO (50 µL) was added and 

incubated for 1 hour at R.T. The assay was then completed as the inhibition RIA 

described previously. CPM data was converted to % bound as described 

previously and plotted on a linear-logarithmic scale to assess binding activity. 

Relative % binding was calculated by setting the % bound value of the assay 

negative control (buffer only) as 100% and calculating the percentage of this 

value each sample represents. 

 

Crystallization screening 

The sparse matrix crystal screens Structure Screens 1&2, JCSG+ and PACT 

Premier were purchased from Molecular Dimensions, U.K. Optimisation screens 

were prepared from concentrated stock solutions. Concentrated (10x) stock 

solutions of pH adjusted buffers or salts were prepared in HPLC grade water 

(water purified by a Labstar Hypol system, Wychwood Water Systems, UK). Tris 

buffers were made by adjusting Tris base to the appropriate pH with 

hydrochloric acid. PEG stock solutions were prepared at 30% w/v in HPLC 

grade water and diluted to give the required concentrations. All stock solutions 

were 0.2 µM filtered prior to use.  

Crystal screens were set up by hand or using a Crystal Phoenix robot (Art 

Robbins Instruments, USA). Some screening (as specified in Chapter 3 
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“Results and discussion”), was carried out by Charles River Laboratories, UK 

using a Mosquito crystallography robot (Art Robbins Instruments, USA).  

Crystal screens set up by hand were in the hanging drop format in 96-well 

screw top crystallization plates (Molecular Dimensions, UK). Plates were 

incubated in a temperature-controlled room at 22 °C. Hanging drops were 

generally set at 2 µL sizes, but in some cases up to 4 µL was used. Drops 

consisted of 1:1 protein to precipitant unless otherwise stated, and were 

suspended over 100 μL precipitant.  

Crystal screens set up by a robot used 96-well sitting drop or hanging drop 

format. Drops were 400 nL with a 60 μL reservoir of precipitant. The protein to 

precipitant ratio was 1:1 unless stated. Plates set up by robot were incubated at 

19 °C in a dedicated incubator. 

Crystal plates were monitored by microscope regularly for at least 3 months 

after set up. Plates were still checked after this time, albeit less frequently. No 

crystal plates were discarded until all conditions on the plate were completely 

desiccated. 

Inhibitors used for co-crystallization experiments were obtained from Sigma-

Aldrich, UK. With the exception of methimazole (which was soluble in water), all 

inhibitors were dissolved in ethanol to produce a concentrated stock solution. 

This was added to the precipitant to give a final concentration of 20 molar 

equivalents of quantity of protein used. When a 1:1 ratio crystallography drop 

was set up this gave a 10x molar excess of inhibitor relative to the protein in the 

drop.  

 

X-ray diffraction experiments 

Crystals for X-ray diffraction studies were harvested from plates in SPINE 

standard pins and flash frozen in liquid nitrogen. Prior to harvesting, ethylene 

glycol or glycerol was added as a cryoprotectant if required. When used, the 

cryoprotectant was added to the precipitant reservoir, then the drop, to give a 

final concentration in the drop of 25-13%.   
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X-ray diffraction data collection was carried out on the I04 and I24 beamlines at 

Diamond light source, UK. When screening crystals, three test images were 

taken 90° apart to estimate the diffracting potential of each crystal. Full data 

sets of 2000 images over 200° total oscillation were taken from diffracting 

crystals selected based on results of the initial screening images. Exposure time 

was 0.2 seconds per image at a wavelength 0.9795 Å. 

All processing of X-ray diffraction data was carried out using programs 

contained within the Collaborative Computational Project Number 4 (CCP4) 

software suite348. 

 

Deglycosylation 

Trial protein deglycosylation reactions were carried out using endoglycosidase 

H (21.5-86.0 mU/mg, Roche, Germany) and endoglycosidase F3 (14.25-57.00 

mU/mg, Calbiochem, USA). Units were as defined by the manufacturers and 

each endoglycosidase was obtained from a single source throughout this work. 

Reactions were incubated at 20 °C for 120 hours in deglycosylation buffer (15 

mM sodium chloride, 50 mM sodium acetate pH 5.3). Preparative protein 

deglycosylation reactions were carried out using endoglycosidase H (86 

mU/mg) and endoglycosidase F3 (57 mU/mg). Reactions were incubated at 20 

°C for 120 hours in deglycosylation buffer.  

Post-deglycosylation samples were analysed by SDS-PAGE and lectin blotting. 

SDS-PAGE protocol and transfer to a nitrocellulose membrane was as 

described previously. Following transfer, the membrane was washed with Tris 

buffered saline plus tween 20 (0.5% v/v, TBS+T) and blocked with gelatine (30 

mg/mL) in TBS+T. The membrane was then incubated with biotinylated 

Galathus nivalis lectin (80 g) (Vector laboratories, U.K) with gelatine (10 

mg/mL), and calcium chloride (1 mM) in TBS+T for 1 hour at 37 °C, followed by 

another washing step. A streptavidin-horseradish peroxidase conjugate (RSR 

Ltd, U.K) was used to facilitate visualisation. Incubation was 1 hour at R.T and 

was followed by a final wash step. The blot was visualised using a 

chemiluminescent substrate on a ChemiDoc XRS+ imaging system. 
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Deglycosylated material was purified by SEC as described previously (“Protein 

purification”). Protocols for determining protein concentration by optical 

absorbance, analytical SEC, guaiacol oxidation assay, pooled patient sera 

binding assay and 2G4 binding assay of deglycosylated proteins were also as 

described above (“Protein analysis”). 

 

F(ab) complex production 

4F5 IgG was obtained from RSR ltd, U.K. IgG and F(ab) concentrations were 

determined from absorbance at 280 nm using the same method as for protein 

quantification (“Protein analysis”). 4F5 F(ab) was produced from 4F5 IgG by 

papain digestion. Trial digests were set up with IgG (850 µg per test condition) 

to determine suitable conditions for digestion. Papain (Sigma-Aldrich, UK) from 

Papaya latex was added to 4F5 IgG in a 100:1, 50:1 and 34:1 w/w IgG:papain 

ratio in a total volume of 130 µL. Digestion reactions were incubated at 37 °C in 

PBS plus L-cysteine (7.7 mM) and ethylenediaminetetraacetic acid (1.5 mM) 

with occasional mixing by inversion.  Samples for analysis were taken every 1 

hour for 3 hours. The reactions were stopped by the addition of iodoacetamide 

(to 45.5 mM) and incubation at R.T for 30 minutes. Trial digests were analysed 

by reduced and non-reduced SDS-PAGE on a 12% (v/v) gel as described 

previously (“Protein analysis”). 

Preparative digests of 4F5 IgG (50 mg) were digested with papain (1.47 mg, 

34:1 w/w ratio) for 3 hours as the trial reactions. Reactions were stopped by the 

addition of iodoacetamide as with the trial reactions.  

4F5 F(ab) was purified by affinity chromatography using MabSelect matrix (GE, 

UK). Digested IgG was loaded onto a 2.2 mL volume column equilibrated with a 

sodium chloride (150 mM), glycine (1 M, pH 8.6) buffer. The flow-through 

containing the F(ab) was collected at the outlet. To ensure maximum recovery, 

1 CV of buffer was run through the column following sample loading. During this 

phase the outlet flow through was also collected and pooled with the F(ab) 

fraction.  
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Preparative scale digests were also analysed by reduced and non-reduced 

SDS-PAGE as described previously (“Protein analysis”). Direct binding and 

inhibition assays were carried out using [125I]-TPO, Protein A and RIA buffer as 

described previously (“Protein analysis”). For the direct binding assay, 4F5 

F(ab) and IgG were diluted to a suitable level in RIA buffer. Diluted sample (50 

µL) was added to 5 mL tubes containing a fixed amount of [125I]-TPO and 

incubated for 1 hour at room temperature.  The assay was then completed as 

the inhibition RIA and CPM data converted to % bound as described previously 

(“Protein analysis”). The % bound values were corrected for background signal 

by subtracting the % bound value of a buffer only negative control from the % 

bound value for each sample. 

For the inhibition assay 4F5 F(ab) was diluted as above. Diluted samples (25 

µL) were added to tubes (5 mL) with a fixed amount of [125I]-TPO and incubated 

for 1 hour at room temperature. 4F5 F(ab) (25 µL, 263 ng/mL) was added and 

incubated for 1 hour at room temperature. The assay was then completed as 

the inhibition RIA and CPM data converted to % bound as described previously 

(“Protein analysis”). Relative % bound was calculated by assigning a buffer only 

negative control (no F(ab) present) as 100% binding and calculating all other 

samples as a percentage of this value. 

When required, 4F5 F(ab) was purified by SEC using a scaled down version of 

the protocol described previously (“Protein purification”). Superdex 200 

preparative grade matrix (GE Healthcare, UK) was packed in a 26 mm diameter 

column adaptor to give a column volume of 472 mL. Material was loaded onto 

the column at 2 mL/min in TPO buffer. Fractions were collected automatically as 

described previously (“Protein purification”).  

The optimal TPO:F(ab) ratio for producing a complex was determined by setting 

up a series of mixtures at various ratios and incubating at 21 °C for 1 hour in 

TPO buffer with occasional mixing by inversion. IMAC purified NΔTPO was 

added to 4F5 F(ab) in a 1:1, 1:1.25, 1:1.5 and 1:1.75 TPO:F(ab) molar ratio to 

give a total volume of 250 µL. Following incubation, samples were analysed 

immediately by analytical SEC as described previously (“Protein analysis”). 
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NΔTPO:4F5 F(ab) complex was formed on a preparative scale by mixing post-

IMAC NΔTPO and 4F5 F(ab) in a 1:1.25 molar ratio and incubating at 21 °C for 

1 hour with occasional mixing by inversion. NΔTPO:4F5 F(ab) complex was 

purified by SEC using the same protocol as 4F5 F(ab). Fractions were selected 

based on the elution profile (absorbance at 280 nm), pooled immediately, and 

concentrated in a 10 kDa molecular weight cut-off centrifugal concentrator. 

Analysis of NΔTPO:4F5 F(ab) complex by analytical SEC and SDS-PAGE was 

as described previously (“Protein analysis”). NΔTPO:4F5 F(ab) complex crystal 

screening was carried out using the same protocols as for the modified TPO 

proteins described previously. 

 

Antibody selection 

TPCK treated trypsin from bovine pancreas was purchased from Sigma-Aldrich, 

U.K. Trypsin (500 μg/mL) was resuspended in calcium chloride (20 mM), Tris-

HCl (50 mM, pH 8). 4F5 and 2G4 IgG were incubated with trypsin in 100:1, 50:1 

40:1 and 4:1 protein:trypsin weight ratios at 37 °C, overnight with end over end 

mixing. Samples of each test condition were analysed by analytical SEC and 

reduced SDS-PAGE as described previously (“Protein analysis”).  

 

Antibody coupling to Sepharose 

4F5 IgG (RSR Ltd, UK) was coupled to cyanogen bromide (CNBr) activated 

Sepharose matrix (G.E, UK) following the manufactures instructions. Briefly, 

matrix was prepared by washing the matrix (2 g) with hydrochloric acid (2 L, 1 

mM). Washed matrix was incubated with 4F5 IgG (48.6 mg) for 1 hour in 

sodium chloride (500 mM), sodium carbonate/sodium hydrogen carbonate (100 

mM, pH 8.3) buffer with end over end mixing. IgG coupled matrix was packed 

into an 16 mm diameter column adapter and washed with alternating acid (5 

CV, 500 mM sodium chloride, 100 mM sodium acetate, pH 4) and alkali (5 CV, 

500 mM sodium chloride, 100 mM Tris-HCl pH 8) buffers, three times each. 

Matrix was then washed with guanidium HCl (1 CV, 6 M) before being washed 
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back into alkali buffer plus sodium azide (0.2 g/L) for storage and unpacking 

from the column.  

 

Epitope excision 

4F5 Sepharose slurry was resuspended by gentle, end over end mixing. Once 

homogeneous, matrix slurry (1 mL) was removed from the main stock and 

washed into high ionic strength buffer (500 mM sodium chloride, 20 mM Tris-

HCl pH 7.6) by diluting with buffer (to 5 mL), settling by centrifugation at 340 x g 

for 6 minutes at R.T and removing the supernatant with a pipette. This was 

repeated three times before adding rhTPO (800 µg) plus high ionic strength 

buffer (to 1 mL) and incubating at 37 °C for 2 hour with end over end mixing. 

The matrix was then washed three times, as above, with TPO buffer. Trypsin 

(80 µg) prepared as previously (“Antibody selection”) and TPO buffer (to 1 mL) 

were added and the matrix was incubated at 37 °C overnight (~16 hours) with 

end over end mixing. Following digestion, the matrix was washed three times as 

above with high ionic strength buffer to stop the trypsin digestion and remove 

any unbound peptides. Peptides were eluted with guanidinium HCl (3.5 M) or 

sodium citrate (100 mM, pH 3) by adding elution buffer to the matrix (to 1 mL) 

and incubating at 37 °C for 1 hour with end over end mixing before settling the 

matrix and removing the supernatant as previously. If sodium citrate was used 

for elution the supernatant was adjusted to approximately pH 7.5 with Tris-HCl 

(2 M, pH 8.3). Elution supernatants were concentrated by freeze drying and 

resuspension in HPLC grade water. 

 

Liquid chromatography-mass spectrometry analysis 

LC-MS was carried out on an Acquity H class ultra-performance liquid 

chromatography (UPLC) system coupled to a Synapt G2-Si mass spectrometer 

(both Waters, UK). An Acquity UPLC CSH C18 RP column (2.1 x 100 mm, 

1.7 µm pore size, Waters, UK) was used for peptide separation in an oven 

maintained at 40 °C. Peptides were eluted with an increasing gradient of 

acetonitrile in water containing formic acid (0.1%). The gradient consisted of 1 
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minute held at 3% acetonitrile followed by a linear increase to 60% acetonitrile 

over 30 minutes. Eluting molecules were ionised by electrospray ionisation and 

analysed by tandem time-of-flight mass analysers. Data was collected in data 

independent acquisition mode with a scan range of 100-2500 m/z. Collison 

induced dissociation energy was ramped from 25 to 55 V. Analysis of data was 

carried out using the MassLynx and BioLynx software (Waters, UK). 

Monoisotopic masses were calculated using PeptideMass407. PPM error was 

calculated using the equation; 

Error (ppm) = ((Observed mass - calculated monoisotopic mass) / observed 

mass) x 106    
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