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Rationale: Positional cloning identified the A Disintegrin And Metalloproteinase 33 
(ADAM33) gene as an asthma susceptibility gene. It was shown to be associated with 
bronchial hyperresponsiveness rather than atopy, leading to the hypothesis that 
ADAM33 plays a role in airway remodelling. The ADAM33 protein has multiple 
domains, but its exact function is yet to be established. ADAM33 possesses a 
conserved metalloproteinase domain, with an active site that resembles that of the 
matrix metalloproteinases that are involved in the modelling of the extracellular matrix. 
The evolutionary conservation of its proteolytic capability signifies functional importance, 
although the identity of its relevant substrate is unknown. The discovery of a biologically 
important substrate for ADAM33 will advance the understanding of its function. 
Uncovering the function of ADAM33 may clarify why and how it is implicated in airway 
remodelling and asthma susceptibility. 

Aims: The aims of this study were to characterise the proteolytic activity of ADAM33 
and to establish a role for ADAM33 mediated proteolysis that may be relevant to the 
development of asthma. 

Methods: The pro and metalloproteinase domains of ADAM33 and a proteolytically 
inactive mutant form were expressed as secreted recombinant proteins in insect cells. 
A purification strategy using a series of chromatographic steps was devised to recover 
ADAM33 proteins from the culture medium. The activity of purified ADAM33 proteins 
was assessed using the a2-Macroglobulin protease binding assay and a FRET peptide 
cleavage assay. The sensitivity of the ADAM33 activity to various biochemical 
parameters and inhibitors were evaluated. The functional relevance of the proteolytic 
activity of ADAM33 was investigated by treating primary epithelial and endothelial cells 
with ADAM33. To search for a substrate for ADAM33 a novel PNA-FRET peptide library 
was screened for cleaved sequences. These were used to identify potentially relevant 
substrates. 

Results: ADAM33 transfected insect cells secreted high levels of ADAM33 proteins. 
A 5-step purification procedure involving, Con A affinity chromatography followed by 
IMAC, then cation exchange chromatography, then IMAC concentration of the sample, 
and lastly gel filtration produced highly pure ADAM33 protein preparations. The purified 
wild type ADAM33 protein was shown to be catalytically active and as expected the 
mutant exhibited no activity. ADAM33 was sensitive to inhibition by a hydroxamate 
compound (3R)-( + )-[2-( 4-methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-3-
hydroxymate and also to the MMP activity regulator TIMP-3. ADAM33 was found to 
induce endothelial cell differentiation in vitro. The screening of the PNA-FRET peptide 
library highlighted a number of potential substrates for ADAM33. Further validation 
studies are required to establish whether these are genuine substrates for ADAM33. 

Conclusion: Recombinant ADAM33 enzyme produced in insect cells was 
proteolyticallyactive. A new synthetic inhibitor for ADAM33 was identified, and the 
inhibitory effect of TIMP-3 was confirmed. The ability of ADAM33 to induce endothelial 
cell differentiation, suggests that ADAM33 cleaves a substrate that has an important role 
in angiogenesis and airway remodelling. 
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Chapter 1 Introduction 

1.1 The asthma problem 
The United Kingdom has a population of 60 million, of which over 5 million are 

currently receiving treatment for asthma. One tenth of those receiving treatment are 

children. Asthma is a respiratory disease which not only compromises the quality of 

life of the individual sufferers; it also poses a heavy socio-economic burden. Asthma 

costs the UK an estimated £2.3 billion per year, half of which is attributed to costs 

incurred to the NHS for treatment and in security and benefits, the other half is 

accounted for by a loss in productivity. With an average of one asthma related death 

every seven hours in the UK, and epidemiological studies showing rising trends in 

the prevalence of asthma globally, it is a serious problem 1;2. The need to understand 

the mechanisms underlying the development of asthma and its progression is 

therefore both urgent and crucial if advances are to be made in terms of prevention, 

diagnosis, and treatment. 

1.2 What is asthma? 
Asthma manifests itself as recurrent episodes of wheezing, shortness of breath and 

airflow restriction3
. These symptoms result from the narrowing of the lumen of the 

airways by bronchial constriction, and blockage by excessive production and 

secretion of mucus. These changes are marked during exacerbations but are 

reversible. Exacerbations are often temporally linked, with the most severe occurring 

in the early morning and/or at night4 . In the absence of timely treatment, the most 

severe exacerbations can result in the complete occlusion of the bronchial tract and 

can be fatal. The age of onset of the disease is variable, but half the cases manifest 

before the age of 10 years5. 

To diagnose asthma, an individual's lung function, the ability to move air in and out of 

the lungs is assessed using spirometry. The forced vital capacity (FVC) and the 

forced expiratory volume over one second (FEV1)2 are measured. The FVC is the 

maximum volume of air that can be forcibly exhaled. The FVC is similar in asthmatic 

and non-asthmatic individuals, but asthmatics have a marked decrease in their FEV1 

relative to their non asthmatic counterparts. This indicates that the reduction in lung 

function for an asthmatic is a result of airflow restriction rather than altered lung 

capacity. Bronchial hyperresponsiveness is also a feature of asthma. The asthmatic 

1 



airway can be over-reactive to environmental antigens, cold air and exercise, and will 

constrict if stimulated with even low doses of the antigen. In the clinic, BHR can be 

assessed using the PC20 index, which is a measurement of the dose of agonist 

required to induce a drop of 20% in FEV1. Histamine and methacholine are 

commonly used agonists for this test6
. Administration of bronchial dilators such as a 

beta agonist which relaxes the smooth muscle of the airway can restore an asthmatic 

FEV1 to normal. 

1.3. Immunological features of asthma 

Much of the current understanding of asthma has come from studies examining post 

mortem tissue from fatal asthma cases and bronchial biopsies, brushings, bronchial 

lavage or sputum taken from asthmatic subjects. From these tissues, comparisons 

have been made with non-asthmatic individuals and striking differences have been 

observed at both the histological and cellular level. The most heavily studied until 

recently are the immunological differences associated with the diseased airway. 

There are relatively few immunological features in the normal airway. Typically there 

are resident macrophages and a few leukocytes that survey the tissue for the entry of 

foreign antigens. In contrast, a massive infiltration of leukocytes is observed in the 

asthmatic airway. Activated neutrophils, basophils, eosinophils, mast cells, 

macrophages and T cells are represented in a greater number7
-
1o

, indicating the 

presence of persistent inflammation even in the absence of infection. This curious 

observation has encouraged the theory that asthma is a disease that has a chronic 

inflammatory and allergic basis, and that persistence of an inappropriate immune 

response contributes to its progression. The observation that asthma exacerbations 

correlate with exposure to otherwise relatively harmless aero-allergens 11-13 has 

strengthened this hypothesis. 

1.3.1 Allergic asthma 

Typically, when a normal individual is exposed to an environmental antigen, an IgM 

or an IgG response will be mediated against the foreign particle. IgE responses are 

more commonly observed in parasitic worm infections 14. Some individuals differ and 

are prone to eliciting allergic responses to environmental antigens. These individuals 

are described as being atopic. Atopic individuals have an increased propensity 

towards developing IgE mediated responses, and this can be assessed by a skin 
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prick test or measuring serum IgE titre 15. Atopy is not a pre-requisite for asthma, 

indeed there are many asthmatics who are non-atopic, and not all atopic individuals 

are asthmatic. However, atopy has been shown to be a prominent risk factor for 

disease. It is estimated that just under half of all cases of asthma can be attributed to 

atopy16. In these individuals, asthma exacerbations often immediately follow 

exposure to allergen. 

The dynamics of asthma exacerbations can be correlated directly with immunological 

events in vivo. Asthmatic episodes are frequently biphasic. Spirometry data show 

that FEV1 decreases immediately after allergen exposure in the early response, and 

again at 4-6 hours later in the late response. During both phases patients will 

experience difficulty in breathing, and experience symptoms such as chest tightness. 

The Early Response 

Mast cells are the key players in mediating the early response. Derived from bone 

marrow stem cells, they migrate and distribute throughout the airway, in the 

epithelium 17, mucosal glands 18 and smooth muscle bundles of asthmatics. The 

infiltration of activated mast cells into the smooth muscle is a hallmark of asthma 

which is not seen in other related lung diseases such as eosinophilic bronchitis, 

where eosinophilia is not accompanied by BHR. This difference was shown by 

quantifying tryptase positive cells in bronchial biopsies taken from both patient 

groups to identify mast cells 19. Recently electron microscopy has shown that mast 

cells in the bronchial smooth muscle bundles of atopic asthmatics are partially or 

totally degranulated unlike those observed in control subjects2o
. This suggests that 

mast cells have an active role in asthma. 

Individuals are sensitised to an antigen through a primary challenge or encounter, 

after which IgE against the antigen is produced by the humoral arm of the immune 

system. The circulating IgE can be captured by mast cells which express the high 

affinity FCERI receptors on their cell surface. The interaction with the receptor 

stabilises the IgE and allows it to persist in the body. Subsequent exposure to the 

same allergen results in the cross linking of the FCERI receptors and induces rapid 

mast cell degranulation. Potent immuno-regulatory mediators such as histamine, 

leukotrienes21 and prostaglandins are released into the immediate environment22
. 

These mediators initiate a cascade ofevents which lead to the broncho-constriction 

recognised as an asthmatic exacerbation. Allergen induced asthma studies in vivo 

have shown that increased levels of histamine, prostaglandin O2, thromboxane B2, 
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leukotriene C4 can be found in the BAL fluid of asthmatics immediately after allergen 

exposure23
;24. Reduction in airflow through smooth muscle contraction, edema 

resulting from increased vascular permeability, increased mucus secretion and 

plugging contribute to the narrowing of the airway lumen25
. 

The Late Response 

Activated mast cells can also express pro-inflammatory cytokines such as IL-4, IL-5, 

IL-6, IL-8, IL-13 and TNFa26
. These cytokines recruit neutrophils and eosinophils to 

the respiratory tract to drive the late response. An increase in eosinophil and 

neutrophil numbers in BAL fluid has been demonstrated in asthmatic subjects who 

undergo a late response after bronchoprovocation when compared with those who 

do noe7
;28. This suggests that inflammatory cell infiltration is implicated in the late 

response. In addition to neutrophils and eosinophils, macrophages, basophils and 

lymphocytes are also recruited to the airway. Both neutrophils and eosinophils 

express cell surface Fc receptors which enable the cells to capture antibody-allergen 

complexes. Successful capture of these complexes causes these cells to 

degranulate29
;3o. Like in the early response, the release of histamine, leukotrienes, 

and free radicals may serve to increase vascular permeability, mucus secretion and 

promote smooth muscle contraction resulting in bronchoconstriction. 

1.3.2 Ongoing inflammation and tissue damage 

During any inflammatory process, a balance exists between the beneficial and 

adverse outcomes, usually the former outweighs the latter. However, in the absence 

of infection, the release of copious amounts of Major Basic Protein (MBP), Eosinophil 

Cationic Protein (ECP), and Eosinophil Peroxidase (EPO) from eosinophils serves 

minimal purpose. On the contrary these mediators can be highly cytotoxic to host 

cells31
;32. High levels of MBP have been found adjacent to areas of epithelial 

damage in post mortem lung tissue from asthmatics but not non asthmatics33
. The 

continual release of these mediators causes significant damage to the airway tissues 

and promotes airflow restriction. Activated eosinophils can also escalate the allergic 

response by releasing MIP1-a, a chemokine for monocytes and neutrophils, 

recruiting them to the airway. Activated eosinophils also secrete a number of 

cytokines such as IL-3, IL-5 and GM_CSF34
;35 which participate in a positive feedback 

loop, recruiting and activating further eosinophils. In addition, secretion of IL-4 and 

IL-13 by eosinophils stimulates and promotes T cells to develop towards a TH2 like 

phenotype. Thus eosinophil activation promotes the persistent inflammatory 

response that is the feature of chronic asthma36
. 
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Antigen specific T cells and macrophages also playa role in airway inflammation. 

Activation of antigen specific T cells can cause their migration into the airway. These 

T cells can secrete cytokines such as MCF, IFNy and MIF which promote 

macrophage infiltration and activation. Activated macrophages release an array of 

proteases37
;38, which in the absence of pathogens, may cause added insult to airway 

tissue. Macrophages are also capable of secreting multiple pro-inflammatory 

cytokines such as IL-1j3, IL-8, MIP-1a, GMC-SF and IFNy. Primary alveolar 

macrophages activated in vitro from asthmatics produce less anti-inflammatory 

cytokines such as IL-10, but produce elevated levels of IL-8, GM-CSF and TNFa 

relative to those from non asthmatics39
;40. This suggests that they maybe important 

in mediating airway inflammation. 

T lymphocytes found in the airway of asthmatics are predominantly of the T H2 

phenotype. This has been confirmed in characterisation studies of T cells present in 

the bronchial biopsies and BAL fluid from asthmatic subjects using in situ 

hybridisation techniques41
;42. T H2 cells can secrete cytokines such as IL-4, IL-5, IL-6, 

IL-10 and IL-13. TH2 cytokines and most notably IL-4 and IL-13 can promote further 

B cell activation and promote isotype switching of antibodies from IgM to IgE43 which 

is a key event in driving the allergic response. 

1.4 Structural differences in the asthmatic airway 
In addition to the inflammation seen in the asthmatic airways, structural differences in 

the airway architecture are also apparent. Until recently, it was belieVed that these 

structural changes or remodelling events were a consequence of chronic 

inflammation. The view that remodelling is a relatively passive process has changed 

with the emergence of evidence to suggest that remodelling occurs much earlier than 

previously thought. Furthermore, there is a component of bronchoconstriction which 

does not respond to steroid treatment despite the reduction in the airway 

inflammation 10. 

1.4.1 Normal airway architecture 

Asthma is typically perceived to be a disease of the large and medium airways. On 

the luminal surface of the airway is the epithelial cell barrier. This is comprised of 
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several distinct epithelial cell types with varying functions, including columnar ciliated 

epithelial cells, basal cells, goblet cells and clara cells44
-47. Tight junctions between 

the cells create a physical barrier restricting the access of foreign material, and 

preventing the penetration of antigens further into the tissue48
. Goblet cells are 

specialised in mucus production. The mucus is secreted out into the luminal surface 

and lubricates the epithelium and traps inhaled particulates. The ciliated cells have 

beating cilia on the cell surface which ensure that the mucus is gradually transported 

together with aero-allergens up and out of the airway. The cells of the mucosa are 

anchored to the basement membrane. Electron microscopy used to study the 

ultrastucture of the epithelium has revealed the presence of fibroblasts directly below 

the basement membrane49
. There are few studies to determine the spatial 

organisation of these fibroblasts in human airway epithelium, but in one study of rat 

epithelium, it was shown that cells of the fibroblast sheath of the trachea form a mesh 

and lie flat against the lamina reticularis covering about 70% of the its surface50
. The 

localisation of these fibroblasts in close proximity to the basement membrane has 

fuelled speculation that these cells may be important for cross talk between with the 

epithelial cells and the mesenchymal tissues. The lamina propria below the 

basement membrane consists of connective tissue, elastic fibres, capillaries, nerves 

and fibroblasts. The submucosa under the lamina propria contains cartilage, glands 

supported by connective tissue49 and also smooth muscle bundles. A schematic of 

the airway is shown in Fig. 1.1(a). 

1.4.2 The remodelled airway 

Distinct structural abnormalities are observed in specimens of the asthmatic airway. 

The changes to the airway architecture are thought to be regulated by the cross talk 

between the epithelial and mesenchymal layers of the epithelium, reminiscent of that 

which occurs during embryonic modelling of the airways. During embryonic 

modelling, autocrine and paracrine signals within the Epithelial Mesenchymal Trophic 

Unit (EMTU) control the differentiation of the unit into a specialised bronchial tree 51. 

Thus the processes involved in the development of abnormal structural changes to 

the asthmatic airway are described as remodelling. A schematic and histological 

section of the remodelled airway are shown in Fig.1.1(b)and (c). Descriptions of the 

remodelling processes are detailed in this section, and the mechanisms which drive 

the remodelling processes are discussed in section 1.5. 
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Fig. 1.1 The normal and remodelled airway. A pictorial representation of the normal 
central airway (a) , and the changes observed in the remodelled airway in asthma (b). A 
histological section from the airway of an asthmatic subject showing some aspects of 
remodelling (c) see next page. 
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Epithelium 
Lamina reticularis 

Submucosal gland 

Fig. 1.1 (c). An asthmatic airway showing signs of airway inflammation, epithelial goblet 
cell hyperplasia, th ickening of the lamina reticularis and smooth muscle 
hypertrophy/hyperplasia. Reprinted with permission from Davies DE, Wicks J, Powell RM , 
Puddicombe SM, Holgate ST. Airway remodelling in asthma: new insights. J Allergy Clin 
Immuno/2003 ;111 :215-225 
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1.4.3 Altered epithelial barrier 
The epithelial cell layer from asthmatic airway epithelium is noticeably more fragile 

when compared with normal specimens. The loss of ciliated cells is reported from an 

early age. Ciliated cells can be seen as sloughed clusters known as Creola bodies in 

sputum52. Ciliated epithelial cells also frequently appear in the lumen of specimens 

from cases of fatal asthma. The lack of epithelial detachment in samples from 

normal individuals clearly indicates that the integrity of the epithelium of asthmatic 

airways is altered, although there has been some controversy as to whether the 

epithelium is actually shed, or if it is an artifact of tissue sampling and processing. 

Recent studies have used scanning and transmission electron microscopy to study 

the ultrastructure of the airway epithelium from bronchial biopsies that have been 

taken from allergic, non-allergic asthmatics and non-asthmatic individuals. Whilst the 

epithelial cell layers remained in-tact from the normal individuals, there was a loss of 

ciliated epithelial cells in both the asthmatic groups. This increase in fragility was 

shown to be associated with a change in cell-cell adhesion between epithelial cells. 

The length of the desmosomes, adhesive junctions between epithelial cells (cuboidal

cuboidal, cuboidal-basal, basal-basal) was significantly decreased for the columnar 

and basal cells for both asthmatic groups. Furthermore, desmosome plaques are 

usually seen in both adjacent cells, but in the asthmatic specimens many hemi

desmisomes (plaque in one cell only) were observed, suggesting reduced 

attachment between cells. Since columnar cells rely to a large extent on 

hemidesmosomal interaction with basal cells for indirect attachment to the basal 

lamina, this may explain the increased susceptibility of asthmatic epithelium to 

damage53;54. 

In addition to increased fragility, the epithelial cells themselves exhibit altered 

behaviour, in particular increased susceptibility to oxidative stresses. Bucchierri and 

colleagues showed that cultured human epithelial cells from bronchial brushings 

have a much stronger apoptotic response to exposure to oxidant stress if they were 

from asthmatics, in comparison to those from normal subjects. Here apoptosis was 

detected using an early apoptotic marker p85 PARP by flow cytometry55. In another 

study, confluent epithelial cell cultures derived from bronchial biopsies were exposed 

to ozone or nitrogen dioxide and changes to the permeability of the epithelial 

monolayer were assessed by measuring electrical resistance and passage of 14C_ 

BSA across the cells. The study showed that whilst asthmatic and non asthmatic 

cultures behaved similarly when exposed to air, they showed marked differences in 

sensitivity to the oxidants. Whilst no significant effects were observed at exposure to 
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low concentrations of ozone and nitrogen dioxide on non-asthmatic cultures, the 

permeability of asthmatic cultures were significantly increased56. 

In combination the sloughing off of epithelial cells and the increased sensitivity of the 

cells to environmental insults reduce the efficacy of the epithelial barrier function, and 

prevent normal mucus and inhaled particle clearance. This may facilitate the 

penetration of aero-allergens deeper into the epithelium where it has ample 

opportunity to elicit an immune response. These may in part explain the increased 

airway hyperresponsiveness of the asthmatic airway. 

1.4.4 Increased number of goblet cells and mucus production 
Flakes of mucus coating the luminal surface of the airways is normal and functions to 

facilitate the removal of inhaled particulates. In asthmatics the amounts of mucus 

found in the airways increases and can form plugs which can completely or partially 

block the airways. In a relaxed state, a slight increase in the mucus which reduces 

the lumen of the airway may barely impact airflow, but when coupled with airway 

constriction this increase in mucus can contribute to the occlusion of the airway 

preventing airflow. This exaggerated narrowing of the airway can contribute to 

airway hyperresponsiveness and is frequently associated with cases of fatal 

asthma57. 

Mucus is produced by goblet cells and mucous cells in the submucousal glands. It is 

a mixture of heavily glycosylated proteins called mucins, plasma derived proteins 

such as albumin and inorganic salts. The mucus produced in asthmatics is highly 

viscous and difficult to dislodge. Electron microscopy of mucus plugs from cases of 

fatal asthma highlights differences in the cross-linking and size of the mucus when 

compared with control mucus, and this difference in assembly is speculated be 

implicated in the difference in mucin viscosity58. Quantitative PCR analyses of mucin 

gene expression in homogenised bronchial biopsies show a 60% higher expression 

of MUC5AC in asthmatics when compared with non asthmatics, although the 

increase was not significant it did correlate with increased MUC5AC staining 

observed in biopsies from the same subjects59. 

Goblet cell metaplasia or hyperplasia has been consistently found in cases of fatal 

asthma, and it is thought to contribute to the increased levels of mucus in the 

asthmatic airway. Although the underlying basis of the increase in goblet cells is 
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complex, there is evidence to link its development to the inflammatory processes in 

asthma. 

1.4.5 Basement membrane thickening 

The basement membrane is the structure on which the basal surfaces of airway 

epithelial cells sit. When examined by electron microscopy, the basement membrane 

can be seen as two distinct structures60
. The basal lamina is the layer which 

epithelial cells attach to via hemidesmosomes and immediately below this is the 

lamina reticularis. These extracellular matrix rich structures are thought to originate 

from different cell populations. The basal lamina is thought to be produced 

predominantly by epithelial cells and the lamina reticularis by cells of mesenchymal 

origin. 

The basal lamina is thought to be composed of collagen IV, laminin, entactin, and 

heparin sulfate proteoglycans. The lamina reticularis is composed of fibronectin, 

collagen I, III (predominantly), V, VI, tenascin, elastin, elastin associated fibrils and 

proteoglycans. Collagen VII is thought to loop from the basal lamina, through the 

lamina reticularis and back into the basal lamina 61;62. The thickening of the 

basement membrane has been widely reported to be associated with asthma but is 

not a marked feature in other chronic inflammatory diseases such as COPD63
. 

Thickening of the basement membrane is attributed to the increase in the lamina 

reticularis. Different groups of asthmatics, including children and adults, mild, 

moderate and severe asthmatics have been shown to have basement membrane 

thickening relative to non asthmatic controls63
-
67

. The correlation with disease 

severity or symptoms is more controversial, with some studies showing basement 

membrane thickening to be correlated to decreased airway distensibilitl6 , decreased 

lung function (FEV1)63;67 and increased airway hyperresponsiveness (PC20)68, whilst 

others show no correlation with lung function63
;64. Heterogeneity in the manifestation 

of disease, treatment regimes and sampled populations may account for some of the 

differences observed and highlights difficulty in directly comparing such studies. 

1.4.6 Increase in fibroblasts and smooth muscle 
Fibroblasts are mesenchymal in origin. Typically they are spindle shaped cells which 

reside in most tissues and have a role in maintaining the extracellular matrix. There 

is a degree of plasticity in the phenotype of the fibroblast, ranging from a highly 

synthetic cell to a highly contractile phenotype which is sometimes known as the 

11 



myofibroblast. Myofibroblasts are important in wound closure and healing. The 

plasticity in the fibroblast phenotype and its reversibility has given rise to inconsistent 

and sometimes confusing usage of the terms in the literature, especially in cases 

where the cells have not been well characterised. The expression of a-smooth 

muscle actin (a-SMA) is the most common marker that is used to distinguish between 

fibroblasts and myofibroblasts. However, this can also cause confusion since both 

myofibroblasts and smooth muscle cells express a-SMA. As yet, there is no known 

cytoskeletal protein that conclusively distinguishes myofibroblasts and smooth 

muscle cells apart. For a review on myofibroblasts see Hinz 200769
. 

Increased numbers of fibroblasts or myofibroblasts in the submucosa of the 

asthmatic airway has been a long established feature of airway remodelling. This 

increase in fibroblasts is thought to account to some extent for the increased collagen 

deposition below the basement membrane70
;71. Another hallmark of remodelling is 

the obvious increase in the size and number of smooth muscle cells in the ai rway72. 

This smooth muscle cell hyperplasia and hypertrophy has been associated with 

increased disease severity, and smooth muscle cell thickness can be increased up to 

3 fold when compared to non asthmatic controls71
. A review of numerous studies 

which evaluate smooth muscle mass in the asthmatic airways by James and Carroll 

has shown, that despite the differences in subject selection, sampling techniques and 

quantification (and therefore the inability to make direct comparisons between 

studies), there was consistent reporting of increased smooth muscle in the samples 

from asthmatic airways relative to non asthmatic controls. The greatest differences 

were observed in cases of severe asthma73
. 

It can be speculated that contraction of an increased smooth muscle mass in 

asthmatic may be mechanically associated with increased airway 

hyperresponsiveness and airflow restriction, since airway smooth muscle is largely 

responsible for regulating airway calibre. In one recent study by Masumoto, smooth 

muscle cells from 5 asthmatic and 6 non-asthmatic subjects were cultured in collagen 

gels. These gels were treated with histamine to stimulate contraction. The maximal 

contraction achieved was significantly higher for the asthmatic smooth muscle cells 

when compared with the non asthmatic cells74
. Although the study was limited by its 

size and its choice of non asthmatic subjects which suffered from other diseases, it 

does suggest that the smooth muscle cells of asthmatics could be more contractile. 

This is in agreement with another study in which smooth muscle shortening induced 

by electrical stimulation was assessed in smooth muscle cells derived from bronchial 
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biopsies from asthmatic and non asthmatic individuals75
. Increased muscle mass 

which is more contractile is clearly an attractive explanation for bronchoconstriction 

associated with asthma but its relevance remains to be verified in vivo. 

1.4.7 Increased vascularity 
Capillaries in the submucosa are necessary to ensure adequate nourishment of the 

epithelium and are required for the removal of waste products. Typically, vessels are 

tube like structures, with a single layer of endothelial cells lining the lumen of the 

vessel. These cells sit on a basement membrane made up of collagen type IV, 

laminin, entactin and heparan sulphate proteoglycans. Pericytes are in close 

proximity to the basement membrane and endothelial cells and have a stabilising 

effect on the vessels76
. 

Increased vascularisation of the airways was first described in patients with fatal 

asthma. It has since become a recognised and confirmed feature of the remodelled 

airway of living asthmatics. Kuwano and colleagues analysed lung specimens from 

15 asthmatics (8 cases of fatal asthma, 3 asthmatics who did not die from asthma 

and 4 asthmatics who had undergone lung resection for tumours) and 15 non 

asthmatics (also undergoing resection for peripheral tumours) and 15 COPD 

patients. They found that asthmatics had marked increase in the proportion of the 

submucosa which occupied by blood vessels?? In a separate study of fatal asthma, 

an increase in the number of large vessels and vascular area was observed in the 

large cartilaginous airways78. 

Bronchial biopsy studies have consistently shown increased vascularity in asthmatic 

airways when compared with non asthmatic individuals. A study in 2000 by Vrugt 

and colleagues, took bronchial biopsies from 15 atopic severe asthmatics, 15 mild 

atopic asthmatics and 8 non atopic individuals. Bronchial biopsies were sectioned 

and stained with an antibody against the endothelial cell marker CD31, and the 

vessels in two areas of the section were counted. The number of vessels was found 

to be significantly increased per unit area in severe asthmatics in comparison to mild 

asthmatics and control subjects79
. In a study by Hoshino and colleagues bronchial 

biopsies from 16 atopic asthmatics and 9 non asthmatic individuals were taken and 

sections were taken for immunohistochemistry and stained with an antibody again 

collagen IV to identify vessels by the presence of the vessel basement membrane. It 

was found that both the number of vessels per section area and the percentage of 

vessel per section area were significantly increased in the asthmatic subjects, 
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although there was no difference in the actual size of the vessels. The lung function 

of the asthmatics defined by FEV1 was found to negatively correlate with increased 

vascular area80
. 

Although the increase in vascularity may not increase the thickening of the airway 

epithelium, it can be speculated that enhanced blood supply can provide nourishment 

for thickened tissue, and provide increased entry points for inflammatory cells 

migrating into the epithelium. In addition, stimulation by histamine may render the 

vessels leaky and increase the exudate into the airway and also contribute to the 

increase in the viscosity of secreted mucus, which may explain its association with 

more severe disease symptoms. 

1.4.8 Evidence for airway remodelling early in life 
Historically there has been more emphasis on studies focused on the inflammatory 

processes associated with asthma. Remodelling of the airways was perceived to be 

secondary and a result of the damage inflicted by the chronic inflammation. In more 

recent years the importance of airway remodelling in the development of asthma has 

been realised. 

It is evident from bronchial biopsies taken from children with moderate asthma that 

the remodelling events begin early in disease development. In a retrospective study 

Pohunek et al. demonstrated that the airways of children who develop asthma show 

basement membrane thickening and inflammatory cell infiltration of the airway even 

prior to the clinical diagnosis of asthma. Children between the age of 1.3 and 11.7 

years old underwent bronchial biopsies after showing respiratory symptoms such as 

chronic cough and mild wheezing in most cases, but not clinical asthma. These 

children were followed up between 22 to 80 months after the bronchoscopy to assess 

whether they had developed asthma. Comparing the bronchial biopsies taken prior 

to disease development, it was shown that eosinophilic inflammation and increased 

lamina reticularis thickening was increased significantly in the children who 

developed asthma in comparison to those who did not81
. This observation of early 

remodelling events suggested that remodelling may start at the same time as airway 

inflammation or could even precede it and may not necessarily follow chronic 

inflammation. This view was further supported by a subsequent study by Cokugras 

et al., which showed that 9 out of the 10 bronchial biopsy samples from children aged 

between 5-14 years old with moderate asthma showed increased thickening of the 

basement membrane. In a few cases goblet cell hyperplasia and loss of cilia from 

epithelial cells were also seen. In three cases, the fibroblasts appeared to be 
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activated and showed deposition of collagen. However out of these ten samples, 

although infiltrating lymphocytes, and degranulating mast cells were observed, only 

one sample showed the traditional hallmark of asthma, eosinophilia82
. 

1.5. Mechanisms regulating the remodelling processes 
Although the underlying mechanisms that lead to asthma remodelling of the airway is 

still an area of intense research, data is already emerging to suggest that asthmatics 

have an impaired epithelium which makes them more susceptible to damage. Once 

damaged, the repair and inflammatory processes orchestrate the remodelling of the 

airway and result in the progression of disease, Fig. 1.2. 

1.5.1 Defective epithelial cell barrier 

In asthma, the epithelium can be considered as a chronic wound. The damage to the 

epithelium is evident from the sloughing of epithelial cells into the airway lumen, and 

the functionally impaired irregular epithelial cell layer left behind. Bronchial biopsies 

from asthmatic patients have shown that the epithelial cells are actively mediating a 

repair response. In the repair process, epithelial cells are required to migrate to the 

wound sites, proliferate and differentiate to repopulate the damaged areas. Growth 

factors of the epithelial growth factor (EGF) superfamily are able to simulate these 

processes. These growth factors mediate their responses through the family of EGF 

tyrosine kinase receptors. In vitro, damaged (16HBE) epithelial cell monolayers can 

accelerate the rate of wound closure if they are stimulated with exogenous EGF. 

Bronchial biopsies from the asthmatic airway have elevated expression of EGFR in 

the epithelial cell layer. Its expression extends through the epithelial layers right 

through to the apical surface of the cells in both mild and severe asthmatics, unlike 

the limited expression to the basal cell and their connections with cuboidal cells in 

non asthmatic controls83
. New data coming from the studies of bronchial biopsies 

and primary bronchial epithelial cells grown as differentiated cultures in vitro, suggest 

that tight junction formation between epithelial cells is impaired in asthmatics. This 

could therefore increase an individual's susceptibility to insults from the environment 

such as pollutants, biologics and allergens as a result of reduced barrier function 84
. 

This may explain the increased bronchial hyperresponsiveness seen in asthmatics. 

Many allergens such as pollen85
, house dust mite allergen Der p1 86 and cat allergen 

Fel-d1 87 have proteolytic activity which may promote epithelial cell damage and 

allergic sensitisation if allowed to pass through the physical barrier. If this is the 
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Fig. 1.2 Airway remodelling orchestrated by EMTU signalling and its interaction 
with inflammatory cells and mediators. Schematic highlighting the mechanisms 
involved in the airway remodelling in asthma. Mediators that are released by resident 
airway cells can participate in EMTU signalling . Mediators released from inflammatory 
cells (green arrows) are also able to modulate the process are also shown. T H' E, Met>, and 
stars represent T H2 cells , eosinophils and macrophages, and air-bourne 
allergens/pollutants /pathogenic agents respectively. The curved arrows highlight the 
target cell type of the EMTU released (solid) and inflammatory mediators (dotted), and the 
processes in which they are involved in. 
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case, then it is worth speculating whether defective epithelial function could be the 

basis for the initiation of remodelling and asthma. 

1.5.2 Epithelial-Mesenchymal signalling 

Damaged epithelial cells are capable of upregulating several growth factors and 

cytokines such as FGF, IGF, PDGF and EGF , endothelin-1 and TGF13288. As well as 

acting in an autocrine manner, these can function in a paracrine fashion and act on 

the underlying fibroblasts. These factors are potent proliferative factors for 

fibroblasts and may contribute to the subepithelial fibrosis observed in the remodelled 

asthmatic airway. TGF131 can be detected in enhanced quantities in the bronchial 

lavage of asthmatics in comparison to non asthmatics at baseline. In addition, 

allergen provocation of asthmatics causes an upregulation of TGFI31, as evident from 

increased levels in SAL fluid taken at a 24 hour time point. Levels were not 

correlated to leukocyte infiltration and a significant upregulation of TGF131 was not 

apparent in non asthmatic subjects89 . In vitro, cultures of primary fibroblasts derived 

from bronchial biopsies show that exposure to TGF132 can drive the differentiation of 

fibroblasts to become myofibroblasts which express a-smooth muscle actin but not 

typical smooth muscle markers90;91. In addition endothelin-1 in combination with 

TGFI3 and PDGF can caused enhanced stimulation of primary bronchial fibroblasts to 

drive their proliferation and also increase their production of pro-collagen I 

production, but not collagen 11192. There is also some evidence to suggest that 

endothelin can act on human bronchial epithelial cells to increase fibronectin 

production which a chemo-attractant for fibroblasts93. Collectively these studies 

suggest that in vivo the epithelium can play an extensive role in subepithelial fibrosis. 

Subepithelial fibrosis could lead to the thickening of the airway wall, and may reduce 

the airway calibre and reduce the lung function of an asthmatic making it more 

difficult to breathe. 

TGF132 induced secretion of endothelin-1 also has consequences for the airway 

smooth muscle90. Endothelin is an extremely potent smooth muscle contractant and 

has been shown to induce broncho-constriction in several animals. In vitro, its 

potential role in asthma is further highlighted by the ability to induce smooth muscle 

cell hypertrophy and reduce apoptosis in response to stress94. This gives rise to the 

possibility of that damaged epithelial cells can signal to the smooth muscle below and 

be involved in mediating smooth muscle cell hypertrophy and hyperresponsiveness. 
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In addition, TGF~2 also increases the expression of VEGF in primary bronchial 

fibroblasts in vitro. VEGF is a potent pro-angiogenic agent which may be implicated 

in the increased vascularity in the bronchial airway. In addition, VEGF can increase 

the permeability of existing vessels; this may increase vascular leakage and impact 

the viscosity of the secreted mucus. 

1.5.3 Interaction with the immune system 

The impaired barrier function of the epithelium increases the likelihood of bacteria, 

viruses, environmental pollutants and allergens to penetrate further into the 

epithelium than normal. This may increase the ability of noxious agents and 

allergens to damage the epithelium further and/or interact with the immune system 

leading to inflammation. In the majority of cases the inflammation tends towards a 

T H2 mediated response, and eosinophilia representing the allergic element of the 

disease. 

T H2 cells release cytokines capable of interacting with several targets to enhance 

remodelling processes. In guinea pig epithelial cells cultures treated with IL-13 cells 

can be driven to differentiate into goblet cells, but subsequent withdrawal of I L-13 can 

reduce the expression of the mucin gene MUC5AC and goblet cell numbers95
;96. A 

murine model demonstrated that intra-tracheal injection of IL-9 into mice could rapidly 

induce the upregulation of MUC5AC gene expression and the appearance of goblet 

cells in the large airways. These differences were observed as early as 24 hours 

after the initial injection before the development of inflammation, but were not 

observed in mice injected with SSA saline as a control. Repeated exposure to daily 

IL-9 doses led to increased inflammation, the upregulation of IL-13 and also further 

increases in goblet cell number97
. Similarly treatment of differentiated human 

epithelial cells grown as air-liquid interface cultures treated with IL-13 and IL-4 

between 7-14 days increases the goblet cell density in the cultures and drives the 

cells into a hypersecretory phenotype98
. 

In normal and asthmatic individuals IL-9 is found at undetectable or low levels in SAL 

fluid. However, significantly elevated IL-9 levels have been found in the SAL fluid of 

mild atopic asthmatics 24 hours after bronchoprovocation with allergen compared 

with saline controls. This was found to be a result of increased IL-9 gene expression 

in lymphocytes99
. Similarly, IL-13 levels are also increased in SAL fluid of atopic 
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asthmatics at 48 hours post bronchoprovocation 100. The increased levels of these 

cytokines in the airway make it plausible that these may influence airway mucus 

production and obstruction of the airway, leading to coughing and difficulty in 

breathing. Whether the upregulation of these T H2 cytokines is characteristic of 

allergic asthmatics or just allergy remains to be confirmed. 

In vitro, differentiated epithelial cells derived from human trachea that are grown as 

air liquid interface cultures, show that IL-9 treatment does not affect the organisation 

of the differentiated epithelium. However, it could do so if the epithelium was 

damaged. Fluorescence microscopy and scanning and transmission electron 

microscopy showed that exposure of the damaged epithelium to IL-9 increased the 

goblet cell to ciliated cell ratio. IL-9 also increased mucus secretion onto the apical 

surface in comparison with control cultures. The damage was speculated to be a 

secondary signal required by the epithelium before it could gain responsiveness to 

the IL-9 101;102. Similarly, IL-13 has been shown to be able to alter epithelial cell 

differentiation in cultures of primary human nasal epithelial cells in culture. Epithelial 

cells grown in suspension as spheroids typically undergo mucocillary differentiation 

into ciliated cells, however under influence IL-13 cells can be directed to differentiate 

into non ciliated MUC5AC positive cells 103. Although further in vivo evidence in cases 

of asthma is required to confirm that these processes occur in disease, it can be 

conceived how an impaired and damaged epithelium may respond to these cytokines 

which would in turn contribute to remodelling. 

IL-4 and IL-13 produced by TH2 cells and eosinophils can stimulate primary bronchial 

fibroblasts to increase collagen synthesis and also increase fibroblast proliferation 90. 

IL-4 can be upregulated in allergic asthmatics in response to bronchoprovocation, 

and the increased levels can be detected in BAL fluid 104. In mice the overexpression 

of IL-13 can result in elevated TGF131 levels in epithelial cells and macrophages 105. 

As discussed previously, TGFI3 is a potent inducer of myofibroblast differentiation. It 

therefore opens up the possibility that I L -4 and I L -13 may increase the extent of 

subepithelial fibrosis through a TGFI3 mediated mechanism in the asthmatic airway. 

Both human airway fibroblasts and smooth muscle cells respond to IL-4 and IL-13 by 

producing eotaxin, a potent eosinophil chemo-attractant. There is also some 

evidence to suggest that the induction is increased when IL-13 works synergistically 

19 



with TGF[3106-10B. Eosinophils can be recruited by this surge of eotaxin and 

eosinophilia has been associated with remodelling events in murine models 109. 

Furthermore in a study in which eosinophilia was reduced in atopic asthmatic 

patients by the administration of anti-IL-5 antibody (mepolizumab) a reduction of 

extracellular matrix proteins collagen III, lumican, tenascin was observed in the 

basement membrane relative to the patients treated with the placebo, and this was 

speculated to be a consequence of a reduction of eosinophil derived TGF[31 110. This 

suggests that eosinophilia can also influence the remodelling processes that occur in 

the asthmatic airway. 

1.5.4 Mediating increased blood vessel growth 

The mechanisms which underlie the increased vascularity are believed to arise 

through the process of angiogenesis. Angiogenesis is the process in which new 

blood vessels form from pre-existing ones and it is the predominant method in which 

blood vessels form in post-natal life. This process is tightly regulated by both pro

angiogenic and angiostatic mediators in the tissue. A stimulus such as hypoxia can 

cause perturbation in the balance of these mediators and result in increased vessel 

formation. In support of this imbalance in the setting of asthma, a recent study into 

the angiogenic potential of bronchial lavage fluid taken from asthmatic and non 

asthmatics has shown that asthmatic SAL fluid can promote angiogenesis in vitro. In 

this study co-cultures of endothelial cells (HUVECs) and dermal fibroblasts were 

stimulated with SAL fluid from asthmatic and non asthmatic individuals, the cells' 

ability to organise into tube like structures which bear similarities to vessels was 

assessed. This process is considered to be an important step in angiogenesis. A 

brief schematic of the events that occur during angiogenesis is shown in Fig. 1.3. 

The pro-angiogenic factors VEGF and angiogenin were found to be increased in SAL 

fluid from asthmatics relative to angiostatic mediators endostatin and angiopoietin-2 

which remained similar in asthmatic and control subjects. Depletion of VEGF from 

the asthmatic SAL fluid abrogated its angiogenic effects 111. Increased immuno

reactivity against the angiogenic mediators VEGF, bFGF and angiogenin has been 

observed in asthmatic airway biopsies when compared with those from normal 

individuals. The number of positively stained cells for each of the angiogenic 

mediators also correlates to increased vessel area in the airway. The immuno

reactivity predominantly localised to cells of the immune system, especially 

eosinophils, mast cells, T cells, macrophages, and CD34+ (a haemopoietic stem cell 

marker) celisBo. 
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Fig. 1.3. Schematic of angiogenesis. The perturbation of the pro- and anti-angiogeneic 
mediator in tissues can lead to angiogenesis. New capillaries sprout from existing vessels 
(a) and is regulated by many different types. This schematic (b) shows some of the main 
processes involved in angiogenesis and sprouting. 
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There is further evidence to show that in vitro, pro-inflammatory cytokines such as 

TNFa and IL-113 can stimulate smooth muscle cells to release VEGF by 2-3 fold over 

basallevels112
. TH2 cytokines IL-4 and IL-13 can also stimulate increased VEGF 

release from human tracheal smooth muscle cells, but the magnitude of the effect 

can be affected by the possession of different alleles of the VEGF gene. This 

upregulation appears to result from the stabilisation of VEGF mRNA 113. The ability of 

the immune cells to secrete and influence angiogenic mediators in the airway again 

re-emphasises the importance of the interaction between the resident cells in the 

airway and inflammatory cells in orchestrating aspects of airway remodelling. 

1.6. Treatment for asthma 
There is no known cure for asthma, only treatments to target the symptoms of 

disease. The Global Initiative For Asthma (GINA) program initiated in 1993 

continues to provide recommendations for asthma management. The revised report 

published in 2005 outlines the treatments available for dealing with asthma. 

Glucocorticosteroids and 132 agonists are the most widely used to control asthma2
. 

1.6.1 Glucocorticosteroids 

Inhaled glucocorticosteroids (ICS) (such as Beclomethasone, Budenoside, 

Flunisolide, Fluticasone, Memetasone fluorate and Triamcinoline acetonide) are 

highly effective for controlling asthma. When taken by patients, an improvement in 

symptom scores, exacerbation frequencies and lung function are observed114
;115. 

Glucocorticosteroids are anti-inflammatory and are capable of reducing leukocyte 

infiltration into the airway115;116. To mediate their effect corticosteroids interact with 

cytoplasmic glucocorticoid receptors in target cells. Upon activation these receptors 

can dimerise and are translocated to the nucleus where they directly modulate gene 

transcription by binding to DNA and associating with transcription factors 117-119. The 

anti-inflammatory/immunosuppressive role of corticosteroids can be partly attributed 

to their ability to suppress the activity NFKB. NFKB which is a potent transcriptional 

regulator of cytokines expressed in response to pro-inflammatory stimuli. This effect 

could be mediated by the increased transcription and translation of IKB, an inhibitor of 

NFKB120
;121. However, some effects of ICS can occur immediately upon 

administration and can not be attributed to a change in gene expression patterns 

which takes place over hours. It is now recognised that ICS have non genomic 

effects which may contribute to its efficacy as an asthma treatment. Non genomic 
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effects can result in decreased blood flow to the airway which may reduce airway 

obstruction, and slow down the clearance of other treatments such as 132 agonists 122. 

1.6.2 ~2-agonists 

The dose response to glucocorticosteroids is relatively flat. So for the treatment of 

moderate and severe asthma, add on therapies used in combination to ICS can be a 

more effective treatment than increasing the dose of ICS123;124. Inhaled long acting 

132-agonists (such as Formoterol and Salmeterol) can act over 12 hours, short acting 

132 agonists (such as Salbutamol) provide shorter relief. The primary roles of these 

drugs are to relax the airway smooth muscle to achieve bronchodilation and reduce 

bronchial hyperresponsiveness. These drugs mediate their effects by stimulating the 

132 adrenergic receptor, a G protein coupled receptor which can be found on the 

surface of smooth muscle cells 125. The downstream signalling from this receptor 

results in muscle relaxation and bronchodilation. In addition there are some non 

bronchodilatory effects of 132 agonists that maybe relevant to asthma treatment. 

Bronchoconstriction induced by AMP is significantly reduced after 132 agonist 

treatment in comparison with methacholine induced bronchoconstriction 126. AMP 

causes bronchoconstriction indirectly through mast cell activation, unlike 

methacholine which acts directly on smooth muscle cells. Since antihistamine can 

also reduce AMP induced bronchoconstriction in asthmatics,127 it has been 

postulated that 132 agonists may also target mast cell function. There is also 

evidence to show that the downstream effects of 132 agonists and ICS may interact 

and complement each other, for example ICS may cause the upregulation of the 132 

adrenergic receptor128. 

1.6.3 Add-on treatments 
There are also other several add on treatments that are sometimes used in addition 

to ICS and 132 agonist treatments2. They are usually used if ICS and 132 agonists 

alone provide insufficient control of asthma in a patient. These include leukotriene 

modifiers such as Montelukast, Pranlukast and Zafirlukast. These are antagonists of 

the leukotriene receptor CysL T1, and therefore reduce the effect of the leukotrienes 

released from mast cells and basophils. Chromones (such as sodium 

chromoglycate) are used as non steroid anti-inflammatory drugs. Theophylline is 

used as both an anti-inflammatory and a bronchodilator, but side effects occur more 

commonly2;129. 
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1.6.4 Anti-lgE therapy 

In recent years, there have been several studies looking at the effect of using 

neutralising antibodies in asthma treatment. In particular anti-lgE therapy 

(Omalizumab) has been promising. Anti-lgE therapy is targeted at reducing the 

inflammation in the airway of allergic asthmatics. It removes IgE from the circulation, 

reducing its availability for binding onto mast cells, and it also decreases the 

expression of the high affinity IgE receptor on mast cells, basophils and dendritic 

cells. This results in decreased mast cell activation and airway inflammation, in 

particular a reduction in airway eosinophilia. This leads to a reduction in the 

frequency of exacerbations, hospitalisation and an increased quality of life for 

patients. It has been shown to be an effective add on therapy for treating moderate 

to severe asthmatics with poorly controlled asthma 130-133. However, -35% of allergic 

asthmatics do not respond to anti-lgE therapy, although why this should be so is still 

to be explained134
. 

1.6.5 Anti-TNFo therapy 

It is being increasingly recognised that there are cases of severe difficult to treat 

asthma in which the inflammatory profile of the airway deviates from the typical 

allergic asthma and T H2 response. The inflammation in these cases have 

resemblance to a T H1 response, with neutrophilia 10;135-137 and elevated levels of 

TNFa138 in the airway. Anti-TNFa therapy is already being successfully used to treat 

other chronic inflammatory diseases such as rheumatoid arthritis 139. Recently anti

TNFa therapy in the form of a soluble TNF receptor fusion protein (Etanercept) has 

been trialled as treatment in severe asthma. Initial studies have shown that anti

TNFa therapy improved asthma symptoms, lung function and airway

hyperresponsiveness in patients with severe asthma 138;140. Further clinical trials 

using both Etanercept and blocking antibodies against TNFa are being undertaken. 

1.6.6 Treatment and airway remodelling 

Treatments for asthma are predominantly aimed at reducing the inflammation in the 

airway and are effective for controlling mild and moderate disease. Whether these 

drugs are capable of reversing remodelling is still somewhat controversial. Several 

studies have investigated the effect of ICS treatment on the subepithelial thickening 

in the airways of mild to moderate asthmatics. These subjects were not on ICS 

treatment prior to participation in the study. Treatment with Beclomethasone for 4 or 

6 months significantly reduced the thickness of the lamina reticularis and collagen III 

deposition relative to subjects treated with a placebo 141;141-143. In other studies 
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treatment with ICS have not been reported to reduce these parameters 144;145. These 

differences may reflect differences in the duration and dosing of ICS treatment, with 

the studies using higher doses of ICS and longer treatment periods showing a more 

significant effect. 

In another study, asthmatics on ICS treatment have been reported to have reduced 

airway vascularity relative to those not on ICS treatment146
. These findings are in 

agreement with another study in which treatment with inhaled fluticasone for 3 

months lead to a reduction in airway vascularity in mild to moderate asthmatics (not 

on ICS prior to participation) 147. However, in a study of severe glucocorticoid 

dependent asthmatics (on ICS and oral corticosteroids medication) a marked 

increase in vascularity was still observed in comparison to mild and non-asthmatics 

not on ICS79
. This suggests that while.ICS may be able to reverse some of the 

remodelling processes in mild disease, doing so in severe disease maybe more 

difficult. Whether ICS treatment can influence other aspects of remodelling remains 

to be elucidated. Despite the evidence suggesting that ICS may influence some of 

the remodelling processes, prolonged ICS treatment does not necessarily return 

airway hyperresponsiveness to within the normal range148
. 

1.6.7 Treatment and the natural history of asthma 

Although ICS are effective in controlling asthma, a recent clinical trial has 

demonstrated that ICS treatment does not alter the natural history of the disease. 

The Prevention of Early Asthma in Kids (PEAK) study tested whether giving ICS 

treatment to young children (2-3 years of age) who were in high risk of developing 

asthma could prevent the development of disease. In the PEAK study, 285 children 

were recruited and split into two groups. One group received inhaled Fluticasone 

propionate (441Jg) twice a day, the other received a placebo. ICS and placebo were 

given for 2 years after which they were withdrawn. The children were monitored 

throughout the treatment period and for a year after treatment withdrawal. The study 

showed that ICS treated children had an increased number of episode free days in 

which no asthma-like symptoms were reported, supplementary asthma medications 

were not used and there were no medical visits for respiratory symptoms, relative to 

placebo taking group. However, during the post-treatment observation year the 

clinical improvement in the children treated with ICS disappeared, and the two 

groups of children did not significantly differ in the development of asthma symptoms 

or lung function. Therefore, ICS treatment was shown to have little therapeutic effect 

on the processes that determine the progression of asthma 149. 
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1.6.8 An unmet clinical need 
Corticosteroid resistance in a subgroup of asthmatics has been well 

documented150
;151. Asthmatics and in particular severe asthmatics who are refractory 

to corticosteroid treatment and remain symptomatic with frequent exacerbations 

represent an unmet clinical need. With airway remodelling implicated in the 

underlying basis for asthma, the development of new therapeutics targeted directly at 

the remodelling processes and not at inflammation maybe of clinical benefit. 

Perhaps these could be used as alternatives or add on treatments alongside current 

therapies. In the most optimistic scenario, drugs which prevent or effectively reverse 

airway remodelling may serve to alter the progression of asthma and may be suitable 

for use as a prophylactic .. 

1.7. Genetic predisposition to asthma 
Asthma does not occur randomly within the population. It tends to run in families 

indicating a genetic component to susceptibility. The risk of a child developing 

asthma is increased if one or both of the child's parents are asthmatic. It has been 

estimated that the risk factor is 3 times for a child developing asthma if one parent is 

asthmatic. This figure doubles if both parents are asthmatic. Interesting, maternal 

asthma has been demonstrated in several studies to be a greater risk factor than 

paternal asthma, leading to the speculation that maternal conditioning of the 

developing foetus in utero maybe an attributing factor152
;153. Further support for a 

genetic susceptibility for asthma comes from twin studies, in which the concordance 

for asthma was shown to be greater in genetically identical monozygotic twins 

relative to dizygotic twins 154. 

Genetic studies into asthma susceptibility have demonstrated that simple Mendelian 

genetics are insufficient to explain the complex inheritance patterns seen in asthma. 

It appears that asthma susceptibility is not conferred by one single genetic factor 

alone, but may result from a sum of multiple susceptibility genes which exert a mild to 

moderate influence on lung function and the asthma phenotype. It also appears that 

the combination of the genes which cause asthma is variable with different 

combinations of asthma susceptibility genes able to result in increased disease 

susceptibility. To complicate the genetics further, there is the added concept of 

gene-environment interactions which can influence the development of disease. It is 

accepted that environmental exposure to airbourne antigens can influence lung and 

asthma development, and how an individual responds to the exposure can be 
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dependent on their genetic make up. Therefore a genetically susceptible individual 

may not necessarily develop clinical asthma due to the lack of exposure of a 

potentiating environmental stimulus, and this can add to the difficulty and confusion 

in studying into the genetic component of asthma in different populations. 

1.7.1 Identifying genes and loci associated with increased asthma 

susceptibility 

A combination of positional cloning and candidate gene approaches have been used 

to identify asthma susceptibility genes. In both approaches, it is advantageous to 

choose subjects in which there is a strong hereditary component conferring 

susceptibility as indicated by familial clustering of disease. The candidate gene 

approach involves focusing efforts on genes which can be intuitively linked to asthma 

and the mechanisms underlying the disease process. For example, genes encoding 

cytokines found in elevated levels in the asthmatic airway or genes which could 

modify lung function may be candidates. The polymorph isms in the candidate gene 

and their influence on disease are then subsequently studied by comparison between 

asthmatic and non asthmatics individuals. The positional scanning approach has a 

wider scope and is used to scan initially for broad regions of the genome that are 

associated with disease. The completion of the human genome project in (working 

draft 2001, and complete sequencing in 2003) 155;156 has accelerated the positional 

cloning efforts. It has reduced the need to sequence regions of chromosomes found 

to be linked to asthma, in order to determine which genes are found in the region. 

The DNA markers that are frequently used for positional scanning studies are 

microsatellites and more recently single nucleotide polymorphisms (SNPs). SNPs 

occur at high frequency and are relatively evenly distributed throughout the genome; 

this allows fine mapping of the DNA region associated with disease 157. The 

distribution of SNPs in a linked region are analysed to find those with distinct patterns 

or alterations which are more commonly associated with asthmatic individuals 

relative to non-asthmatic individuals. Once identified, chromosomal regions which 

confer susceptibility are examined more closely to establish which gene(s) is 

responsible for the linkage, and it is at this point where the positional cloning and 

candidate gene approaches come together. Genes in the linked region which have 

roles which are known or suspected to be factors that modulate the development or 

manifestation of asthma are usually the first to be investigated. Using the candidate 

gene strategy, further population genetic studies, in vivo and in vitro studies can be 
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used to establish the risk associated with the specific loci, and explore possible 

mechanisms underlying the susceptibility. 

1.7.2 Susceptibility genes 

To date, numerous loci and genes have been reported to be associated with asthma. 

Since asthma is intricately associated with atopy, many are key players in the 

immune system. Their gene products could potentially have modulatory effects on 

allergic responses, and therefore also on asthma. Others that have been identified 

appear to modulate normal airway function. The sheer number of asthma associated 

genes highlights the genetic complexity of the disease. The discrepancies in the 

associations shown between different studies could be due to differences in the 

ethnic group, environmental exposure and variation in the asthma phenotypes 

studied. Some of the identified loci and the candidate genes in the region are 

outlined below158
. 

Chromosome 5q31-33 

This region on chromosome 5 harbors the T H2 cytokine cluster containing the IL-3, 

IL-4, IL-5, IL-9 and IL-13 genes. These cytokines as discussed before, are important 

in both regulating the chronic inflammation and the remodelling processes involved in 

asthma. Polymorph isms in the IL-4 promoter have been associated with asthma and 

its severity. There have been studies to indicate the polymorph isms in the promoter 

are associated with airway hyperresponsiveness in Taiwanese populations 159 and 

differential serum IgE levels in asthmatics 160, although this does not appear to be 

reflected in all studies161
. The IL-13 gene has been extensively studied. A 

polymorphism in the IL-13 promoter at position -1111 shows linkage with both allergic 

asthma and the BHR phenotype in Dutch populations 162. A coding change at 

position 110 of IL-13, substitutes glutamine for arginine in the protein and has also 

been linked to asthma rather than serum IgE levels in British and Japanese 

populations 163. 

Chromosome 6pq21 

The susceptibility region on chromosome 6 harbours the MHC gene cluster. 

Different MHC haplotypes, will cause changes in the way antigens are presented to T 

cells. T cells playa role in coordinating the innate and adaptive immune responses, 

and therefore can affect disease development and progression. A non classical 

MHC class I molecule found in this region is HLA-G. HLA-G is selectively expressed 
28 



by the foetus in trophoblast tissue at the mother-foetus interface and is thought to 

protect the foetus from maternal rejection by promoting aT H2 milieu. The possession 

of certain HLA-G haplotypes confers susceptibility of the fetus to asthma, and the 

precise haplotype is dependent on whether the mother has bronchial 

hyperresponsiveness. The dependency on maternal phenotype with foetal genotype 

supports the theory that foetal-maternal interaction during gestation is important in 

asthma development164;165. 

Chromosome 7p14 and 7q32-7 

The G protein coupled receptor for asthma susceptibility (GPR 154, also GPRA) gene 

resides on chromosome 7. The receptor has been found to be associated with 

asthma in Finnish, Canadian, German and Italian populations with some of the 

studies also showing association with elevated serum IgE levels and atopy or 

bronchial hyperresponsiveness. Neuropeptide S has been identified as its ligand. 

Both GPR154 and Neuropeptide S are expressed in bronchial epithelial cells and 

smooth muscle of the epithelium, therefore localising them to an area where they 

could potentially modulate the immune response and the airway remodelling 

processes in asthma. However the functional significance of GPR 154 and its ligand 

are yet to be determined166-17o. 

The calcium activated chloride channel gene 1 (CLCA 1) also found here appears to 

have a role in increased mucus secretion. Different haplotypes of this gene are 

associated with low and high risk of asthma in the Japanese population 171. CLCA 1 is 

the human homologue to the mouse Gob-5 gene, which encodes a chloride channel 

involved in regulating mucus secretion and hypersecretion in response to allergen 

challenge. There is some evidence to suggest that CLCA 1 expression is regulated 

by the TH2 cytokines IL-9 and IL-13. CLCA1 may therefore be a target through which 

inflammatory cytokines influence the airway remodelling processes 172;173 

Chromosome 11 q13-21 

Clara Cell Secretory gene (CC16) is found on chromosome 11. Different haplotypes 

of the gene show association with asthma in children 174 and adults 175. The level of 

this protein has also been reported to be lower in asthmatic children 176. Clara cells 

are non ciliated cells that are found among the epithelial layer of the airway and are 

thought to be pluripotent cells which are important in the regeneration of the 

epithelium after injury. Clara cells secrete CC16, an anti-inflammatory mediator that 

has a protective role against oxidative stresses. It can be envisaged that defects in 
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the function or expression of the CC16 protein could have an effect on the restoration 

of the damaged epithelium and therefore affecting its integrity and barrier function. 

Also in this chromosome region is the gene encoding the FCERI 13 chain. This 

receptor as mentioned previously is important for mast cell activation. It plays a 

major role in mast cell degranulation when receptors come in to contact with aero

allergens. Genetic variants of this gene have been associated with asthma and 

atopy177;178. Studies in different populations do not necessarily show the same 

association and again highlight the difficulty in genetic studies in asthma. Linkage to 

this gene may indicate an association with atopy rather than asthma per se. 

Another asthma susceptibility gene on chromosome 11 the Glutathione S transferase 

P1 (GSTP1) gene, encodes an enzyme that is highly expressed in the lung and is 

thought to have a protective role against oxidative stress from aero-pollutants. 

Interestingly the polymorphism giving rise to a codon change at position 105 changes 

the efficiency of this enzyme. Isoleucine at this position decreases enzyme activity 

seven fold compared to the enzyme with valine at this position. Although some 

studies have not shown an association with this polymorphism with asthma or 

bronchial hyperresponsiveness 179, other studies have showed that it poses significant 

increased risk when children living in areas polluted areas are considered. Thus, 

indicating the importance of gene- environment interactions in determining risk and 

manifestation of asthma 180. 

Chromosome 20p13 

In 2002, a collaborative study between the University of Southampton and research 

groups in the United States identified ADAM33 as a novel asthma susceptibility gene. 

In the initial study 460 asthmatic Caucasian Sib-pairs in the UK and the US were 

used to pinpoint a 2.5Mbp region on chromosome 20 that showed linkage with the 

asthmatic phenotype, with a LOD score of 2.94. The LOD score is a mathematical 

calculation of the likelihood of real linkage between a DNA region and a defined 

phenotype. When the studied population was then further analysed with regards to 

atopy and bronchial hyper responsiveness (BHR), the resulting LOD scores were 2.3 

and 3.93 respectively, suggesting that the presence of polymorphism(s) in this region 

of DNA are likely to be more important in the development of asthma associated with 

bronchial hyperresponsiveness rather than the atopic phenotype 181. Genes in the 

highlighted region were characterised. Using case controlled studies, a total of 135 
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SNPs were typed within 23 genes to provide allele and genotype frequencies. A 

significant cluster of these SNPs lay within the ADAM33 gene. SNPs identified in the 

ADAM33 gene from that study are shown in Fig 1.4. This initial finding was exciting 

and identified a gene that was suspected to playa role in airway remodelling rather 

than atopy and inflammation. Subsequent genetic studies have found ADAM33 to be 

associated with asthma in different populations such as the Japanese, Dutch, 

German, Australian, African-American and Hispanic populations 182-184, but not some 

others such as the Puerto-Rican, Mexican and some Chinese populations 184-187. A 

Korean study showed that ADAM33 was associated with BHR but not asthma per 

se188
. The SNPs that have been found to be associated with asthma in the different 

studies have been variable. A meta-analysis study was carried out in 2005, analyses 

of the published ADAM33 association studies in addition to two extra patient cohorts 

from the UK and Iceland confirmed the significant association between ADAM33 and 

asthma 189. However, it is noted that linkage disequilibrium of the SNPs extends 

upstream and downstream of the ADAM33 loci into other genes 190. 

Genetic studies have also extended the ADAM33 association beyond asthma, to 

include association with lung function. In a Dutch cohort of 200 asthma patients, 

significant association was found between the ADAM33 S2 SNP and the accelerated 

decline in FEV1 over a 23 year period 191
. This accelerated decline was found to 

extend to the general population, with the S1, S2 and 0-1 SNPs being attributed to 

the association 192. In addition to accelerated decline in lung function in adulthood, 

specific SNP genotypes in ADAM33 can predict impaired lung function in early life. A 

study carried out in a birth cohort in the UK evaluated the lung function of children at 

3 years of age, and at 5 years of age. It showed that the A allele of the F+1 SNP in 

ADAM33 was significantly associated with poorer lung function at 3 years of age. 

Similarly 4 SNPs in ADAM33 could predict lung function at 5 years of age. 

Furthermore no association was found between ADAM33 and atopy in the study193. 

There is also interest in the role of ADAM33 in COPD. COPD is a disease which is 

characterised by airflow restriction which unlike asthma is not fully reversible. The 

airways of COPD patients also show changes in their airway architecture in the small 

and large airways, such as goblet cell and smooth muscle hyperplasia together with 

inflammation 194;195. In a study of Dutch individuals, the F+1 ,S1, S2 and T2 SNPs 

were found more frequently in individuals with COPD192
. The association between 
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Fig. 1.4 Orignial SNPs that are found in ADAM33 gene. SNPs typed in the ADAM33 gene 
(exons A-V). SNPs found to be associated with asthma in the UK population were F+1 ,Q-
1 ,S1 ,S2,ST +4,V-1 ,V4; in the US population these were 11 ,L-1 ,M+1 ,T1 ,T2, T +1 , in the 
combined UK and US population these were Q-1 ,S1 ,ST +4,ST +7, V-1 ,V4. 

Figure adapted from Van Eerdewegh P,et al. .. Association of the ADAM33 gene with asthma 
and bronch ial hyperresponsiveness. Nature. 2002 Jul 25;418(6896):426-30. 
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Fig. 1.5. Basic Structure of A Disintegrin And Metalloproteinase. Protein is made up of 
8 domains, the signal , pro, metalloproteinase,disintegrin , cysteine rich , EGF like, 
transmembrane domains and cytoplasmic tail. Most ADAMs are expressed on the cell 
surface. ADAMs which contain the conserved zinc binding consensus sequence * are 
predicted or have demonstrated proteolytic activity. 
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ADAM33 and COPD has since been confirmed in a small study of COPD patients. In 

these COPD patients different ADAM33 SNPs also appeared to influence airway 

hyperresponsiveness and inflammatory cells counts 196. The association between 

COPD suggests that ADAM33 maybe important in the maintenance of general airway 

function. 

1.8 A Closer look at ADAM proteins and ADAM33 
ADAM33 is a novel member of the "A Disintegrin And Metalloproteinase" (ADAM) 

proteins. Over 30 ADAMs have been identified in various species 197. They are a part 

of a super-family of zinc dependent proteinases, the metzincins, which also include 

the ADAM with thrombospondin repeats (ADAM-TS), snake venom 

metalloproteinases (SVMP), and matrix metalloproteinases (MMP) families 198. Most 

ADAMs are Type I transmembrane proteins, though truncated forms can be secreted 

for example ADAM12-S199. ADAMs possess a N terminal signal sequence, a pro, 

metalloprotease, disintegrin, cysteine rich and EGF like domain followed by a 

transmembrane tail. The signal sequence targets the protein to the cell surface. 

The N terminal pro-domain has multiple functions in ADAMs. It can regulate the 

proteolytic activity of the metalloproteinase domain. After an ADAM is synthesised, 

the pro-domain acts as an inhibitor of the protease through a cysteine switch 

mechanism20o. It occupies the active site of the metalloproteinase domain, 

preferentially coordinating the zinc ion in the active site. The proteinase remains 

latent until the enzymatic removal or displacement of the pro-domain. The pro

domain also acts as a tag to direct the protein into the secretory pathway in a cell and 

ensures its proper folding201 ;202. To remove the pro-domain an ADAM is processed 

by furin or furin like enzymes203;204 to activate protease activity. It is possible that the 

pro-domain serves another function that is not yet understood, since even after 

processing the pro-domains of ADAMs can remain associated with the catalytic 

domain205;206. A pictorial representation of a typical ADAM protein is shown in 

Fig.1.5. 

1.8.1 Cell-ECM interaction 

ADAMs are proteins which potentially have multiple functions. They are known to 

play roles in cell-cell and cell-extracellular matrix adhesion and migration. The 

disintegrin and cysteine rich domains are of particular interest when considering 

these functions. The disintegrin domain has the ability to bind integrins 198, which are 
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important adhesion molecules found on the surface of cells. The disintegrin domain 

of different ADAMs can have selective but sometimes overlapping integrin binding 

profiles. ADAM33 has been shown to bind to integrin a9131, but not leukocyte integrins 

a4131 or a4137, whereas ADAM7 and ADAM28 could bind all three integrins207. Despite 

this, the transfection of ADAM33, has been reported to disrupt the migration of CHO 

cells expressing integrins a4131 and a5131, which suggests that other domains besides 

the disintegrin domain influences ADAM33 adhesion2oB. Cell surface integrins 

usually bind extracellular matrix components such as fibronectin which have the RGD 

consensus sequence required for integrin recognition. Disruption of integrin-ECM 

binding by the disintegrin domain of an ADAM protein has the potential to change cell 

adhesion and migratory behaviour which is dependent on interactions with the ECM. 

This concept is clearly demonstrated by the SVMP jararhagin. Its disintegrin domain 

interacts with the platelet integrin a2131 preventing collagen induced platelet activation, 

which results in the failure of the normal blood clotting response209. However most 

ADAMs unlike SVMPs lack the RGD sequence, ADAM15 (Metargidin) being an 

exception, and are capable of binding to integrins using other sites on the disintegrin 

domain207. 

The protease domain of ADAMs has also been shown to have an effect on cell 

attachment and migration on extracellular matrix. Over-expression (by transfection) 

of proteolytically inactive Xenopus ADAM-13, (the most similar ADAM to ADAM33) 

acts as a dominant negative mutant which disrupts the normal migration patterns of 

neural crest cells during development. The ability of the ADAM 13 to cleave 

extracellular components such as fibronectin has led Alfandari et al. to speculate that 

ADAM13 loosens neural crest cells by remodelling the extracellular matrix around 

them, in doing so loosening their attachment and allowing them to migrate21o. This is 

similarly reported for ADAM-9, in which its proteolytic activity is thought to aid the 

migration of tumour cells into the live~11. 

1.8.2 Cell-cell adhesion 

ADAMs can mediate cell-cell adhesion through both the disintegrin and cysteine rich 

domains. The cysteine rich domain of an ADAM mediates interactions with 

syndecans expressed on the surface of cells. Syndecans are heparin sulphate 

proteoglycans expressed on the cell membrane of most cells, although members of 

this family may show tissue specific expression. They mediate a diverse range of 

functions from ECM interaction, growth factor signaling, cell migration to cell 

spreading212. Synthetic peptides of the ADAM 12 cysteine rich domain can mediate 
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tumour cell adhesion through interaction with heparin sulphate proteoglycans213
. 

Furthermore, mesenchymal cells including lung fibroblast cell lines (MRC-5, WI-38) 

can also adhere to recombinant ADAM12 in a dose dependent manner, and go on to 

undergo integrin dependent cell spreading214
. In humans, ADAM2 also mediates 

sperm and cell attachment before fusion. ADAM2 lacks a functional proteinase 

domain and it is its domain which has been implicated in the adhesion and fusion 

process between egg and sperm cells during fertilisation215
. 

1.8.3 Sheddase Activity - Immune response modulation 

Despite their name, not all ADAMs are proteinases. Those that are proteolytically 

active possess the conserved HEXGHXXGXXHD sequence in the active site of the 

metalloprotease domain, allowing them to coordinate zinc ions. The best 

characterised sheddase to date is ADAM17 (TACE). ADAM17 was shown to be 

responsible for cleaving pro TNFa from the cell membrane, enabling its mobilisation 

to become an active soluble form. In 1997, Black et a/. showed thatADAM17 was 

localised on the cell surface of neutrophils, monocytes, PBMCs, T cells, endothelial 

cells and smooth muscle cells using cell surface biotinylation experiments. In the 

same study ADAMi7 knock out mice were shown to have an 80-90% reduction in 

TNFa release in comparison to wild type mice. Cleavage of recombinant TNFa was 

also confirmed using recombinant ADAM17216
. TNFa is an important inflammatory 

cytokine with multiple functions and has been implicated in many diseases including 

asthma. Marked increase in the level of TNFa has been observed in the BAL fluid of 

severe asthmatics in comparison with mild asthmatics and healthy subjects 138. This 

may be correlated with the increased cell surface levels of ADAMi7 seen in the 

peripheral blood monocytes of severe asthmatics 140. 

1.8.4 Sheddase Activity - Growth factor signalling 

Members of the Epidermal Growth Factor (EGF) superfamily are important signalling 

molecules which are involved in regulating the growth, differentiation and survival 

processes. EGF ligands are cell surface proteins which need to be released or shed 

from the membrane before they are capable of interacting with their receptor, the 

EGFR. The importance of EGFR ligand shedding is demonstrated in vivo where 

changes to EGFR signalling between cells are implicated in normal development and 

disease. For example increased growth factor release and the upregulation of EGFR 

are implicated in cancers, for a review see Salomon et al. 217
. 
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Analyses of EGF ligand shedding in embryonic mouse fibroblasts lacking 

endogenous ADAM17 showed a major reduction in the shedding of epiregulin, TGFa, 

amphiregulin and HB-EGF when stimulated with PMA relative to wild type fibroblasts. 

Thus demonstrating that ADAM17 is also the major sheddase for these proteins21B. 

In vivo data also supports this, with Adam17 knock-out mice showing some similar 

heart and skin developmental defects as Egfr-I- , Hb-egfl-, and Tgfa-I- mice219-221. 

Furthermore, mouse embryonic lung explants treated with an ADAM17 inhibitor 

(TAPI) or anti-sense oligonucleotides to ADAM17 show decreased branching 

morphogenesis of the lungs. This phenotypic could be rescued by the administration 

of exogenous TGFa222. Unlike ADAM17, mouse cells which are deficient in ADAM10 

do not show a reduction in PMA induced shedding of epiregulin, TGFa, amphiregulin 

and HB-EGF, but instead show a reduction in the constitutive shedding of EGF and 

betaceliulin21B. Interestingly, in another model of murine cardiac hypertrophy, 

administration of inhibitor of ADAM12 (KB-R7785) could attenuate signs of 

hypertrophj23. Together this demonstrates the importance of ADAMs and EGF 

superfamily shedding in regulating development and tissue modelling. 

The shedding of EGF superfamily ligands has also been implicated in G protein 

coupled receptor (GPCR) transactivation of the EGFR. Typically, stimulation of cells 

using GPCR ligands such as lysophosphatidic acid and angiotensin II leads to 

transactivated EGFR signalling which can promote cell proliferation and survival. 

However, treatment of human bladder and kidney cancer cell lines with 

metalloproteinase inhibitors prior to stimulation abolishes this effect, without affecting 

direct EGFR stimulation. The transfection of the dominant negative mutant of 

ADAM10, ADAM15 or ADAM17 could abolish the transactivation effect in a cell line 

specific manner. The shedding of HB-EGF, amphiregulin and TGFa were also 

shown to be implicated, showing that ADAMs could be important mediators in GPCR 

signalling in cancer24;225. 

1.9 A role for ADAM33 in the development of asthma 
In addition to the human genetics studies, Adam33 in mice has been shown to be 

implicated in the development of respiratory symptoms. The F1 progeny of AlJ mice 

crossed with C57BU6J mice develop a bronchial hyperresponsiveness. A genetic 

study of these mice identified a locus on chromosome 2 that shows linkage to the 

BHR like phenotype with a LOD score of 3.0 226. This region spans the region in 

which the mouse Adam33 gene is located. Mouse Adam33 shares -70% homology 
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with human ADAM33. Therefore, this further supports the importance of ADAM33 in 

the development of an abnormal airway that results in the twitchy airways seen in 

asthmatic patients. 

Several studies have investigated the expression of ADAM33 in cells and tissues. A 

northern blotting study showed that ADAM33 is expressed in a diverse range of 

tissues such as the urethra, bladder, vasculature, and bronchus. In particular, 

organs containing a large smooth muscle component expressed ADAM33 but not 

haemopoietic cells or epithelial cells227
. A study by Powell et al. showed that many 

splice variants are expressed in primary human airway fibroblasts228
. This is in 

agreement with multiple ADAM33 protein isoforms that can be detected in airway 

fibroblasts and bronchial biopsies228
;229. Quantification of ADAM33 gene expression 

in bronchial biopsies from asthmatics and healthy subjects have showed contrasting 

results. One study showed no significant differences between asthmatics and 

healthy subjects229
, and two studies showed that moderate and severe asthmatics 

express higher levels of ADAM33 relative to mild asthmatics or healthy subjects230
;231. 

An in situ hybridisation study also showed that asthmatics had an increased number 

of ADAM33 positive smooth muscle cells in bronchial biopsies231
. These differences 

may have been attributed to differences in subject selection criteria and is an area 

which is currently undergoing further research. 

Four studies into the relationship between the levels of ADAM33 protein expression 

in bronchial biopsies have reported contrasting results. These differences again 

highlight the difficulty in direct comparisons between asthma studies which sample 

different ethnic populations (British, Canadian and Korean) exposed to different 

environmental stimuli, the inclusion of varying asthma phenotypes, and contrasting 

experimental protocols. In one study, using a commercial antibody against the 

cytoplasmic tail of ADAM33, no reported differences were observed in staining 

patterns between asthmatic and normal biopsies, and this was verified by qPCR229
. 

In two similar studies increased ADAM33 expression was reported in 

asthmatics230
;231; in one of those the ADAM33 level correlated to disease severity and 

the differences were supported by matching qPCR data23o
. In the third study the 

staining of bronchial biopsies using the anti-ADAM33 metalloproteinase antibody a 

difference between asthmatic and normal biopsies was again observed, with slightly 

different staining patterns and the data was not further confirmed using a second 

technique232
. However using the same anti-metalloproteinase antibody, Lee and 

colleagues reported a correlation between the protein levels of ADAM33 in BAL fluid 
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with asthma severity. The ADAM33 in SAL fluid was identified as a soluble form of 

ADAM33 which lacked the cytoplasmic tail. It could be detected in bronchial lavage 

fluid of both asthmatic and non asthmatic individuals but ADAM33 was found at 

consistently higher levels in the asthmatic subjects, and the level found was 

negatively correlated with the lung function (FEV1)232. 

An Adam33 knockout mouse model has been established, but it has not yielded 

many clues regarding the function of ADAM33. These mice are developmentally 

normal and exhibit no obvious abnormal phenotypes. The histology of the mice 

tissues, inflammatory response to antigen challenge, IgE levels and mucus 

production and fertility resemble that of wild type mice233. However, this study is a 

loss of function study, and it is unclear whether ADAM33 is implicated in asthma as a 

result of 'loss of function' or a 'gain of function'. Furthermore, murine asthma models 

are predominantly models of allergic asthma and not intrinsic remodelling. It has 

already been shown that ADAM33 is associated with bronchial hyperresponsiveness 

rather than the allergic phenotype 181. 

1.10 A functional role for the metalloproteinase domain of 
ADAM33 
ADAM33 has retained the conserved zinc binding motif HEXGHXXGXXHD in its 

metalloproteinase domain which is necessary to maintain the proteolytic function. In 

2004 the crystal structure of the catalytic domain was solved by Orth et al. and 

confirmed that the catalytic domain does bind zinc234. In ADAMs which function 

predominantly through a domain other than the metalloproteinase domain, this 

conserved sequence has been lost. This strongly suggests that evolutionary 

constraints have preserved the proteolytic activity of ADAM33 and that it has 

functional significance. In recent years, the demonstration of ADAM33 mediated 

proteolysis of peptide substrates in vitro205
;235 has been confirmation of its potential to 

act as a sheddase, or perhaps like its close relations Xenopus ADAM13 and ADAM9 

it may playa role in cell migration by proteolysis of extracellular matrix 

components210;211. 

In vitro, when cells transfected with ADAM33 were biotinylated and subsequently 

immunoprecipitated, about 10% of ADAM33 was shown to be expressed on the cell 

surface236. Its localisation suggests that ADAM33 has the potential to act as an 

extracellular proteinase, shedding potent growth factors, cytokines or extracellular 
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matrix proteins which may modulate inflammation and airway remodelling in asthma. 

AOAM33 is expressed in the trachea and the bronchus227, and is detectable in lung 

fibroblasts236. Several immunohistochemical studies have showed that ADAM33 

protein co-localises with smooth muscle bundles in adult bronchial biopsies229;230;232. 

In the developing human lung, abundant ADAM33 is expressed in bronchial tubes 

and some of the mesenchymal tissue229. However its absence from immune 

tissues227 suggest a role for ADAM33 in airway remodelling as opposed to direct 

immune response modulation. 

AOAM33 mRNA expression studies show that transcripts containing the MP domain 

is low, at around 5% of the total AOAM33 transcripts in human airway fibroblasts. 

However, the selective transport of the transcripts encoding the MP domain from the 

nucleus to the cytoplasm suggests that it is translated into protein228. It can be 

envisaged that this low expression reflects a need for its proteolytic activity to be 

tightly regulated and therefore it may be biologically potent and important. The low 

expression of the MP domain is not a reason to doubt the role of the MP domain in 

asthma development, since enzymes are catalysts, and even small amounts of 

enzyme can have a profound effect on substrate turnover, and lead to relevant 

downstream effects. 

In vitro, ADAM33 is able to cleave purified a2-Macroglobulin (a2-Ml36. a2-M is an 

abundant proteinase inhibitor found in serum. Cleavage of a2-M results in the 

covalent linkage between a2-M and ADAM33 which inactivates ADAM33. Therefore 

a2-M may have a role in regulating ADAM33 activity in vivo. Recently ADAM33 has 

been reported to cleave CD23, the low affinity IgE receptor. When ADAM33 is 

transfected into immortalised mouse fibroblasts or human epithelial cell lines 

expressing CD23, the level of CD23 on the cell surface is decreased and the level in 

the medium is increased237. However, the same study confirmed that ADAM33 is not 

expressed in B cells and that constitutive shedding of CD23 from primary cells could 

be blocked by inhibiting ADAM1 0 without inhibiting ADAM33. This strongly suggests 

that CD23 is not shed by ADAM33 in vivo. Since the association between ADAM33 

and the asthma phenotype decreases if atopic phenotype is considered181 , it is 

unlikely that the shedding of CD23 by ADAM33 is responsible for the association. 
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The substrates that have been identified to date in cell free systems are peptides 

derived from proteins that are candidate substrates for sheddases. These were Kit 

Ligand-1 (KL-1), f3-ameyloid protein (APP), Tumour necrosis factor activation induced 

cytokine (TRANCE), and Insulin B chain. Kinetic data has been obtained for KL-1 

and APP. The kinetic constant kcatlkm for KL-1 was found to be (2.6 ± 0.5) x 102 M-

1S-1, and for APP (1.6.±0.3) x 102 M-1s-1 205. Compared to the calculated kinetics for 

ADAMs with well defined biological substrates such as ADAM17 and pro-TNFa, 

these values are approximately 3 orders of magnitude smaller. This suggests that 

these are not optimal substrate for ADAM33 and therefore may not be biologically 

relevant. Therefore the identity of the physiological substrate for ADAM33 is still to 

be discovered. 

1.11 Hypothesis 
There is strong evidence to suggest that ADAM33 is implicated in asthma 

pathogenesis. It is hypothesised that the proteolytic activity of ADAM33 plays a 

central role in disease development. The potential for ADAM33 to shed cytokines, 

inflammatory mediators and growth factors or to cleave extracellular matrix proteins, 

puts it in a position to mediate the underlying airway remodelling associated with 

asthma. Identification of the relevant substrate for ADAM33, and insight into how 

and why it is implicated in asthma susceptibility will lead to a greater understanding 

of the disease process. It may also identify an alternative avenue for therapeutic 

intervention in the future, which will be of particular importance in cases of asthma 

refractory to currently available treatments. 

1.12 Aims 
The aim of this project is to establish a biologically relevant function for ADAM33. 

The core focus will be directed towards its proteolytic activity, since the MP domain of 

ADAM33 is believed to be central to its activity. Purified recombinant ADAM33 will 

be generated and characterised. Then it will be used in vitro to answer the following 

questions: What is the target cell for ADAM33? What effect does its proteolytic 

activity mediate? What are its substrates? How can the findings help to explain the 

involvement of ADAM33 in asthma? 
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Chapter 2 Materials And Methods 

2.1. Materials and suppliers 

The Tissue Inhibitor of Metalloproteases (TIMPs) and the DNA vectors pcPPP and 

pcEcto were gifts from my collaborator Prof. G Murphy at the University of 

Cambridge. The PNA-FRET peptide library and DNA microarrays were supplied by 

my collaborator Dr J. Diaz-Mochon at the University of Edinburgh. All other reagents 

were purchased from suppliers as detailed below. 

Cell culture 

BD Biosciences, Oxford, UK Growth factor reduced matrigel 

Fisher Scientific Leicester, UK Nunc tissue culture plastics 

Invitrogen, Paisley UK Bovine serum albumin (BSA) fraction V, Drosophila Serum 

Free medium, Dulbecco's Modified Eagle's Medium (DMEM), Foetal bovine serum, 

Hank's buffered saline solution (HBSS), Hygromycin B, L-glutamine, M199 medium, 

Non-essential amino acids, Penicillin, RPMI-1640, Schneider's medium, Sodium 

heparin, Sodium pyruvate, Streptomycin, Trypsin-EDTA 

Lonza, Wokingham, UK UltraCulture medium 

Merck Chemicals Ltd. Nottingham, UK G418 antibiotic 

R&D Systems, Abingdon, UK Basic fibroblast growth factor 2 (bFGF2) 

Sigma, Dorset, UK Collagenase, Gelatin, Endothelial cell growth supplement, 

Newborn calf serum, Trypan blue, Copper sulphate 

Plasmid DNA preparation and mutagenesis 

Qiagen, West Sussex, UK Effectene transfection kit, Endo-Free plasmid maxi kit 

Invitrogen, Paisley UK DHSa-T1 E. coli. competent cells, Drosophila expression 

system (DES) with vectors: pMT/Bip-VS-His, pMT/Bip-VS-His-GFP, pCoHygro, SOC 

medium 
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Sigma, Dorset, UK Ampicillin, Isopropyl f3-D-galactoside (IPTG), Luria Bertani (lB) 

broth, lB agar, X-Gal 

Stratagene Europe, Amsterdam, The Netherlands Quick change multi-site directed 

mutagenesis kit 

Immunoglobulin reagents 

Bethyl laboratories, Texas, USA Human IgG-Fc 

Dako, Cambridgeshire, UK Sheep anti-rabbit-HRP antibody 

Jackson ImmunoResearch Europe Ltd, Suffolk, UK Goat anti-rabbit-HRP antibody 

Sigma, Dorset, UK Mouse IgG, Protein A, Sheep anti-human IgG Fc, 

Triplepoint Biologics, Oregon, USA Rabbit anti-ADAM33 Pro domain antibody (RP1), 

Rabbit anti-ADAM33 MP domain antibody (RP2) 

Protein analysis and purification 

Autogen Bioclear, Caine, UK Protein A-agarose 

Amersham Biosciences - GE Healthcare, Buckinghamshire, UK 2D-SDS-PAGE 

standards, CHAPS, Dithiothreitol (OTT), Cobalt chloride, ECl plus, Glycine, HisTrap 

column (1ml) (IMAC), Hyper ECl film, Imidazole, IPG buffer 3-10, IPG strips, Nickel 

sulphate, Pre-cast SDS PAGE gels (Criterion), Wide range rainbow protein markers, 

SP Sepharose fast flow column (1 ml), Superose 12 column (24cm), SyproRuby blot 

stain, Urea 

Bio-Rad, Hertfordshire, UK 30% Acrylamide/ Bis Acrylamide (37:1), Filter paper, 

lodoacetamide, Kaleidoscope precision plus protein markers, Polyvinylidine fluoride 

(PVDF) membrane 

Ciphergen Biosystems Ltd, Surrey, UK IMAC 30 SElDI chip, Sinapinic acid 

Fotospeed, Corsham, UK Photographic fixative and developer solutions 
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Genetix, Hampshire, UK GenHyb buffer 

Invitrogen, Paisley UK DQ Collagen type IV 

Merck Chemicals Ltd. Nottingham, UK Active human MMP-2 

New England Biolabs, Hertfordshire, UK N-glycosidase F (PNGase F) 

Promega, Southampton, UK Low melting point agarose 

Roche Applied Science, Burgess Hill, UK Complete protease inhibitor cocktail 

tablets 

Sigma, Dorset, UK 1,10 Phenanthroline monohydrate, Ammonium persulphate, 

Ammonium sulphate, Blue dextran, Bovine Serum albumin fraction V, /3-
mercaptoethanol, Bromophenol blue, Carbonic anhydrase, Casein, Concanavalin A 

sepharose-4B, Coomassie blue stain, Cytochrome C, Dialysis tubing, 

Ethylenediaminetetraacetic acid (EDTA), Ethylene glycol-(aminoethyl ether) tetra

acetic acid (EGTA), EZ blue staining reagent, Gelatin, Glacial acetic acid, 

Hydrochloric acid, Glycine, Isopropanol, Magnesium chloride, Manganese chloride, 

Methanol, Methyl a-D mannopyranoside, N,N,N',N'-tetramethylethylenediamine 

(TEMED), Phenylmethanesulphonyl fluoride (PMSF), Protein A, Proteosilver plus gel 

staining kit, Sodium fluoride, Sodium orthovandate, Sulphuric acid, 

Tetramethylbenzidine, Triton-X100, Tween-20, Vitamin B12 

VWR International Ltd, Leicestershire, UK BDH Analar glycerol 

In vitro ADAM33 activity and inhibition assays 

Merck Chemicals Ltd. Nottingham, UK Calbiochem Inhibitor set I ( (2R)-2-[4(

Biphenylylsulfonyl)amino]-3-phenyl propionic acid, N-lsobutyl-N-(4-

methoxyphenylsulfonyl)-glycylhydroxamic acid, (3R)-( + )-[2-(4-

methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-3-hydroxymate 

and GM6001) 

Severn Biotech Ltd, Worcestershire, UK FRET peptides (collagen type IV and 

ADAM15) 
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Sigma, Dorset. UK Brij-35, Human a2-Macroglobulin, Dimethyl sulphoxide (DMSO) 

General Buffer reagents 

Sigma, Dorset. UK Calcium chloride, Disodium hygrogen phosphate, HEPES, MES, 

Potassium chloride, Potassium dihydrogen phosphate, Sodium acetate, Sodium 

azide, Sodium carbonate, Sodium chloride, Sodium dodecyl sulphate (SDS),Sodium 

hydrogen carbonate, Tris-HCI, Zinc chloride, 

2.2 Routine cell culture 

2.2.1 Materials and growth conditions 

Mammalian cells were cultured on Nunc tissue culture plastic, and were kept in 

Heraeus humidified incubators set at 37°C, 5% CO2. Cells were taken to class II 

biological safety laminar flow cabinets for passaging and treatments. COS-7 cells 

were maintained in RPMI-1640, supplemented with 10% FBS, 2mM L- glutamine, 1x 

non- essential amino acids, 10U/ml Penicillin, 10l-lg/ml Streptomycin and 1 mM 

sodium pyruvate. CHO cells were grown in DMEM, 10% FBS, 2mM L- glutamine, 1x 

non- essential amino acids, 10U/ml Penicillin, 10l-lg/ml Streptomycin and 1 mM 

sodium pyruvate. A549 human lung carcinoma cells were typically grown on in 

DMEM supplemented with 10% FBS, 2mM L- glutamine, 1x non- essential amino 

acids, 10U/ml Penicillin, 10l-lg/ml Streptomycin and 1 mM sodium pyruvate. 

Orosophila S2 cells (Invitrogen, Paisley, UK) were maintained in Schneider's medium 

supplemented with 10% FBS, 10U/ml penicillin and 10l-lg/ml streptomycin, or 

Orosophila Serum Free medium supplemented with 10U/ml penicillin and 10l-lg/ml 

streptomycin. Cells were cultured at 2rC. 

Human vascular endothelial cells (HUVECs) were isolated from human umbilical cord 

soon after birth. Umbilical cord was collected after ethical approval from the 

Southampton and South West Hampshire Research Ethics Committee and informed 

consent from the donor. To isolate HUVEC cells, the umbilical vein was cannulated 

at both ends with syringe fittings and secured with surgical thread. The vein was 

flushed with PBS to remove residual blood and then the PBS was discarded. 

Collagenase in M199 medium was pre-warmed to 3rC and infused into the vein. 

This was left in the vein for 10 minutes, after which it was used to flush out detached 

HUVECs. The cell suspension was collected in a sterile 30ml polystyrene container. 

Cells were collected by centrifugation at 150g for 5 minutes. HUVECs were grown 

on tissue culture plastic coated in 1 % gelatin and maintained in M199 medium 

supplemented with 10%FBS, 10% new born calf serum, 1 mM L-glutamine, 10U/ml 
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Penicillin, 10IJg/mi Streptomycin, 100IJg/mi sodium heparin and 30IJg/mi endothelial 

cell growth supplement. 

2.2.2 Passaging cells 
Cells were grown on tissue culture plastic. Adherent cells were grown until they 

reached 90-100% confluence and subsequently passaged. To passage cells, the 

culture medium was removed without disturbing the cell monolayer. The monolayer 

was gently washed with calcium and magnesium free Hank's Buffered Saline 

Solution (HBSS) to remove residual medium. 1x trypsin-EDTA solution (1.5ml per 

75cm2 flask) was added to the culture vessel and the vessel tilted to evenly distribute 

the trypsin-EDT A solution over the monolayer. The cells were incubated at 37°C until 

they had detached from the culture vessel, detachment was verified by observing the 

cells under a phase contrast microscope. Trypsin activity was neutralised by the 

addition of growth medium containing 10% FBS. A viable cell count (see below) was 

taken and cells were resuspended into fresh medium, before being seeded into new 

culture vessel at the appropriate density. 

Semi adherent Drosophila S2 cells were passaged when they reached a density of 6-

1 Ox1 06 cells per ml. To passage cells, the culture vessel was tapped to dislodge the 

loosely attached cells. The cell suspension was centrifuged at 100g for 10 minutes 

to pellet cells. The pellet was resuspended into fresh medium, and a viable cell 

count performed. Cells were seeded at 5x1 05 cells per ml into fresh medium, and 

seeded into new flasks. 

2.2.3 Cell counting 

Viable cell counts were carried out in 0.2% trypan blue solution (final concentration). 

Trypan blue is impermeable to the intact cell membrane of live cells. However, dead 

or dying cells with a damaged membrane take up the dye. Therefore blue stained 

cells were excluded from the counting in order to produce a viable cell count. Cell 

suspension was mixed with an equal volume of 0.4% trypan blue solution. This was 

drawn into the space between a hemocytometer slide and its coverslip by capillary 

action. Under the light microscope the number of viable cells was counted in the 

main 5x5 squares grid (1 mm2
). The number counted was multiplied by two to take 

into account of the dilution factor, and then multiplied by 104 to give cells per ml 

(since the depth of the chamber is 0.1 mm, and 1000mm3 is equivalent to 1 ml). 
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2.3 Preparation of DNA for transfections 

2.3.1 Details of plasm ids 

The plasm ids used for mammalian cell transfections were pcPPP and pcEcto, see 

Fig. 2.1. These plasmids consist of a pCDNA3.1 vector backbone with inserts 

encoding ADAM33-Fc fusion proteins. The pcPPP insert encodes the ADAM33 

signal, Pro, and MP domains fused to a C-terminal Fc tag. The pcEcto insert 

encodes the full extracellular domain of ADAM33 fused to a C-terminal Fc tag. Both 

constructs were kind gifts from Prof. G. Murphy, University of Cambridge. 

The plasm ids used for 82 insect cell transfections were: 

(i) pMT-Bip-V5-His 

(ii) pMT-Bip-V5-His-GFP 

(iii) pCoHygro 

(iv) pMT-Bip-V5-His ADAM33 Pro-MP-Fc 

(v) pMT-Bip-V5-His ADAM33 ECD-Fc, 

(vi) pMT-Bip-V5-His ADAM33 Pro-MP-His 

(vii) pMT-Bip-V5-His ADAM33 Pro-MP(E346A)-His 

Plasmids (i),(ii) and (iii) were commercial vectors from Invitrogen (Paisley, UK). 

Plasmids (i) and (ii) were used for mock and control transfections. Plasmid (iii) was 

co-transfected into 82 cells simultaneously with another vector to generate stable cell 

lines. The plasm ids (iv) to (vii) consist of a pMT-Bip-V5-His vector backbone, with 

AOAM33 domains inserted into the cloning site. Plasmid (iv) encodes the ADAM33 

Pro and MP domains fused to a C-terminal Fc tag. Plasmid (v) encodes the full 

extracellular domains of ADAM33 fused to a C-terminal Fc tag. Plasmid (vi) encodes 

the ADAM33 Pro and MP domains fused to a C-terminal V5 and 6x histidine tag. 

Plasmid (vii) is the same as plasmid (vi) except that adenine has been substituted for 

cytosine at position 1124 of the AOAM33 gene. This results in a glutamic acid to 

alanine substitution in ADAM33 at position 346. The AOAM33 inserts for (i) to (iv) 

were cloned into the pMT-Bip-V5-His vector by Dr. H. Yoshisue. For more details 

about the vectors see Fig. 2.2-2.4, and for cloning see section 2.4. To obtain 

sufficient quantities of plasmid DNA to use in cell transfections, the plasm ids were 
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(a) pcPPP ADAM33-Pro-MP Fc in mammalian expression vector 

ADAM33 Signal Pro 

Ampicillin 
Resistance 

Signal peptide Pro & MP 

and MP 

SV40 pA 

BGH pA 

f1 origin 

SV40 origin 

Fc 

(b) pCEcto ADAM33-ECD Fc in mammalian expression vector 

Ampicillin 
Resistance 

Signal peptide 

ADAM33 ECD 

pcDNA3.1+ BGH pA 

f1 origin 

SV40 origin 

SV40 pA 

Full length ADAM33 extracellular domain Fc 

Fig. 2.1. Mammalian expression vectors encoding ADAM33-Fc fusion proteins. The 
two plasm ids used to transfect COS-7 and CHO cells were gifts from Prof. G Murphy at the 
University of Cambridge. (a) The pcPPP construct consists of the mammalian vector 
pCDNA3.1 with the sequences encoding the ADAM33 Signal, Pro and MP (amino acid 
residues 1-419) fused to a Fc tag inserted into its cloning site . (b) The pcEcto construct 
consists of the mammalian vector pCDNA3.1 with the sequences encoding the ADAM33 
extracellular domain (amino acid residues 1-701) fused to a Fc tag. BGH pA and SV40 pA 
are polyadenylation signals which ensures the addition of a polyadenine tail to the mRNA 
transcript of the adjacent genes and thereby improving stability. 
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(a) Primer sequences used for cloning ADAM33-Fc 

Forward Primer 43bases (sense) 
S' Junk kpn1 Extra AOAM33 3' 
TTA GAT TCA TAG GGT AC!C G CTT CM GGA CAT ATC CCT GGG CAG 

Reverse Primer 3Sbases (anti-sense) 
S' Junk Xhol Stop Fc 3' 
ATC TGA TAT CFC GAG TT A ACCCAGGGMGCCCTCC 

(b) ADAM33-Pro-MP-MP Fc in insect cell expression vector 

Promoter 

Ampicillin 
Resistance 

AOAM33 Pro and 
MP 

pMT/BipN5-His A 
vector +ADAM33 

Fc 

pUC origin 

Stop codon 

Xhol site 

VS and 6xHis tag 

SV40 pA 

(c) ADAM33-Pro-MP-ECD Fc in insect cell expression vector 

AOAM33 ECO 

Bip secretio 
signal 

Metallothionein 
Promoter 

Ampicillin 
Resistance 

pUC origin 

Fc tag 
Stop codon 

SV40 pA 

Fig. 2.2 Cloning ADAM33-Fc into an insect cell expression vector. (a) The pcPPP and 
pcEcto constructs were used as templates from which AOAM33-Pro-MP-Fc and AOAM33 
ECO-Fc sequences were amplified by PCR using primers engineered to contain restriction 
sites for kpn I and xho I which facilitated the cloning process. A stop codon was engineered 
after the Fc tag to prevent the expression of the VS and 6xHis tag . (b)(c) Pictorials of the 
insect expression construct with AOAM33 Pro-MP-Fc or AOAM33 ECO-Fc sequence cloned 
in. PCR products were digested with kpn I and xho I to produce overhangs, and ligated into 
pMT/Bip.vS-His A vector (Invitrogen) that had been digested using the same enzymes. The 
AOAM33 sequence was ligated in frame with the S' Bip secretion signal. The cloning was 
carried out by Or H. Yoshisue. 48 



(a) Primer sequences used for cloning ADAM33 Pro-MP 

Forward Primer 43bases (sense) 
5' Junk kpnl Extra ADAM33 3' 
TTA GAT TCA TAG GGT AC! C G CTT CM GGA CAT ATC CCT GGG CAG 

Reverse Primer 38bases (anti sense strand) 
5' Junk Xhol ADAM33 3' 
ATC TGA TAT C! TC GAG CGG GGC ATT GGA GAG GCA AGC GC 

(b) ADAM33-Pro-MP-His construct 

Bip secretio 
signal 

Metalloth ionein 
Promoter 

ADAM33 Pro and 
MP 

pMT/BipN5-His A 
vector +ADAM33 

Pro-MP 

pUC origin 

V5 and 6xHis tag 

SV40 pA 

(c) Amino acid sequence of the recombinant ADAM33 Pro-MP-His 

RSPW PGVPLQG H I PGQPVTPHWVLDGQPWRTVSLEEPVSKPDMG L VALEAEGQEL 
LLELEKNHRLLAPGYIETHYGPDGQPVVLAPNHTDHCHYQGRVRGFPDSWVVLCTC 
SGMSGLlTLSRNASYYLRPWPPRGSKDFSTHEIFRMEQLLTWKGTCGHRDPGNKAG 
MTSLPGGPQSRGRREARRTRKYLEL YIVADHTLFLTRHRNLNHTKQRLLEVANYVDQ 
LLRTLDIQVAL TGLEVWTERDRSRVTQDANATLWAFLQWRRGLWAQRPHDSAQLL T 
GRAFQGATVGLAPVEGMCRAESSGGVSTDHSELPIGAAATMAHEIGHSLGLSHDPD 
GCCVEAAAESGGCVMAAATGHPFPRVFSACSRRQLRAFFRKGGGACLSNAPLESR 
GPFE GKPIPN PLLGLDSTRTGHHHHHH 

Bip ss Pro & MP V5 & 6xHis 

Fig. 2.3. Cloning ADAM33 Pro and MP domains into an insect cell expression vector. 
(a) From a DNA construct containing full length ADAM33, the Pro and MP domains were 
amplified by PCR using primers engineered to contain restriction sites for kpn I and xho I 
wh ich facilitated the cloning process. The junk sequence overhang improved restriction 
digestion of the amplified product. (b) Pictorial of the insect expression construct with 
ADAM33 sequence cloned in. PCR products were digested with kpnl and xhol to produce 
overhangs, and ligated into pMT/Bip.V5-His A vector (Invitrogen) that had been digested 
using the same enzymes. The ADAM33 sequence was ligated in frame with the 5' Bip 
secretion signal and 3' V5 and 6xHis tag in the vector. (c) The amino acid sequence of the 
ADAM33 recombinant protein after Bip signal sequence cleavage. ADAM33 Pro domain 
amino acid residues 31-203, and MP domain res idues 204-409 (residue 204 underlined) 
sequence in blue, and V5 and 6XHis tag in red , spacer sequences in grey. The cloning was 
carried out by Dr. H. Yoshisue. 
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(a) (bl

o 
Methylated pMT/BipN5-
His A + ADAM33 Pro-MP 
construct used as the 
mutagenesis template. 

+ 
Thermal cycl ing with 
primer containing a 
single base substitution 
that encoded the E346A 

mutation. + 
Digested wild type 
template using Dpn I. 
This selectively digested 
methylated DNA, and not 
the newly synthesised 
unmethylated strand . 

+ 

0 
Transform E. coli with 
ssDNA that had the base 
change. Amplified colonies 
and identified clones 
containing the successfully 
mutated construct by 
sequencing. 

(c) Protein Sequence Data: ADAM33 Pro-MP (E346A)-His 

RSPW PGVPLQG H I PGQPVTPHWVLDGQPWRTVSLEEPVSKPDMGL V ALEAEGQELLLE 
LEKN H RLLAPGYI ETHYG PDGQPVVLAPN HTDHCHYQG RVRGFPDSWVVLCTCSG MSG 
LlTLSRNASYYLRPWPPRGSKDFSTHEIFRMEQLL TWKGTCGHRDPGNKAGMTSLPGGP 
QSRGRREARRTRKYLEL YIVADHTLFL TRHRNLNHTKQRLLEVANYVDQLLRTLDIQVALT 
GLEVWTERDRSRVTQDANATLWAFLQWRRGLWAQRPHDSAQLL TGRAFQGATVGLAP 
VEGMCRAESSGGVSTDHSELPIGAAATMAHAIGHSLGLSHDPDGCCVEAAAESGGCVM 
AAATGHP FPRVFSACSRRQLRAFFRKGGGACLSNAPLESRGPFE GKPIPN 
PLLGLDSTRTGHHHHHH 

Sip ss Pro & MP 
E346->A 

T V5 & 6xHis 

Fig. 2.4. Mutagenesis of ADAM33 Pro-MP-His to produce the inactive mutant. (a) 
The glutamic residue at position 346, is situated in the catalytic site, near to the zinc 
binding site as shown in this space f illed model. The charged residue is critica l for 
catalysing the proteolytic cleavage of substrates . A substitution for alanine at this position 
abolishes proteolytic activity. (b) To make this mutant, a single base change was made in 
the codon ; GAG-> GCG. The Stratagene Quick Change mutagenesis kit was used to 
make this base change encoding the amino acid substitution and a main steps of the 
procedure are outlined above. (c) The sequence of the expressed protein after Sip signal 
sequence cleavage is shown below. ADAM33 Pro domain amino acid residues 31-203, 
and MP residues 204-409( residue 204 underlined) sequence in blue, and V5 and 6XHis 
tag in red, spacer sequences in grey. The mutation at position 346; a glutamic acid (E) to 
alanine (A) substitution has been highlighted in bold and black. 
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transformed into Ecoli. and amplified before being purified using the Endo-free 

plasmid maxi kit. 

2.3.2 E. coli. transformation 

DHSa-T1 competent Ecoli. cells (SOIJI) were thawed on ice. 1-Sng of plasmid or 31J1 

from a cloning ligation reaction from Dr. H Yoshisue was pipetted into the competent 

cell suspension, and left for 30 minutes on ice. The cells were heat shocked at 42°C 

in a waterbath, for 30 seconds. These were placed immediately back onto ice for 2 

minutes. Sterile SOC medium (2S01J1) (2% Tryptone, O.S% yeast extract, O.OS% 

NaCI, 2.SmM KCI, 10mM MgCb, 20mM glucose) supplemented with 1001Jg/ml of 

ampicillin which had been pre-warmed to 3rC was pipetted into the competent cell 

suspension. This cell suspension (SO-1 OOIJI) was spread onto a LB agar plate 

containing 1001Jg/ml of ampicillin. The ampicillin selected for bacteria that had 

become ampicillin resistant by taking up plasmid DNA. Plates were left for 16 hours 

in an oven set at 3rC to allow bacteria which had taken up the plasmid to grow into 

colonies. 

2.3.3 Culturing E. coli. 

After transformation, one ampicillin resistant colony was picked from the bacterial 

plate and used to innoculate Sml of sterile LB broth containing 1001Jg/ml of ampicillin. 

This was placed in an orbital shaker at 3rC, 2S0rpm for 7 hours to expand the 

culture. 330IJI of this culture was used to innoculate 160ml of sterile LB broth Fig.2.2 

containing 1001Jg/ml of ampicillin. This was placed an orbital shaker at 3rC, 2S0rpm 

for 16 hours. 

2.3.4 Purifying plasmid DNA from E. coli. culture 

The overnight Ecoli. culture was taken and divided into sterile SOml polystyrene 

tubes. These were centrifuged at 6000g for 1S minutes at 4°C, to pellet the bacterial 

cells and the supernatant was discarded. The Endo-free plasmid maxi kit was used 

to extract the plasmid DNA from the bacterial cells. The bacterial cell pellets were 

resuspended into 10ml of buffer P1 (SOmM Tris-HCI pH8.0, 10mM EDT A, 1001Jg/ml 

RNAse). The lysis buffer P2 (200mM NaOH, 1% SDS (w/v)) was added to the 

resuspended cells. The cell lysate was neutralised by adding 10ml of pre-chilled 

buffer P3 (2M potassium acetate pHS.S) and mixed. The sample was immediately 

transferred into a capped QIAfilter cartridge and left at room temperature for 10 
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minutes. Then the plunger was inserted into the cartridge and the cartridge cap was 

removed. The sample was filtered into a sterile 50ml polystyrene tube. Endotoxin 

removal buffer (2.5ml) was added to the filtered sample before it was incubated on 

ice for 30 minutes. This prevented endotoxin binding to the OIAGEN-tip in the next 

steps. A OIAGEN-tip-500 was equilibrated with 10ml of buffer OST (750mM NaCI, 

50mM MOPS pH7.0, 15% isopropanol (v/v) , 0.15% Triton X-1 00 (v/v)). The filtered 

cell lysate was then loaded into the OIAGEN-tip and allowed to flow through by 

gravity flow. The DNA was captured by the OIAGEN-tip. The OIAGEN-tip was 

subsequently washed twice with 30ml of buffer OC (1 M NaCI, 50mM MOPS pH7.0, 

15%isopropanol (v/v)) which removed contaminants. The DNA was eluted from the 

OIAGEN-tip with 15ml of buffer ON (1.6M NaCI, MOPS pH7.0, 15% isopropanol). 

The DNA was precipitated by adding 10.7ml of isopropanol. To pellet the 

precipitated DNA, the sample was centrifuged at 5000g for 1 hour at 4°C. The pellet 

was washed with 70% ethanol which removed salt. The pellet was air-dried and 

resuspended in 100-3001J1 of endotoxin free dH20. 

2.4. Cloning ADAM33 into an insect vector 
The primers used in this section were designed with the help of Dr. R. Powell. The 

cloning of the inserts into the pMT/SipN5-His A vector was carried out by Dr. H. 

Yoshisue. The cloning procedure is briefly described below. 

2.4.1 Amplification of insert by peR 
From a DNA construct containing full length ADAM33, the Pro and MP domains were 

amplified by the polymerase chain reaction (PCR) to produce the insert to be cloned 

into the vector. Similarly the ADAM33 signal, Pro-MP-Fc and ADAM33 ECD-Fc 

inserts were amplified from the pcPPP and pcEcto vectors. 

The primer sequences that were used for ADAM33 Pro and MP amplification were: 

forward 5'-TTAGATTCATAGGGTACCGTTCAAGGACATATCCCTGGGCAG-3', 

reverse 5' -ATCTGATATCTCGAGCGGGGCA TTGGAGAGGCAAGCGC-3'. 

The primer sequences that were used for ADAM33 Pro-MP-Fc and ADAM33 ECD-Fc 

amplification were: 

forward 5'-TT AGA TTCATAGGGTACCGCTTCAAGGACATATCCCTGGGCAG-3' 

reverse 5' -ATCTGATATCTCGAGTT AACCCAGGGAAGCCCTCC-3'. 

Restriction sites (kpnl and xhol) were engineered into the primers to facilitate the 

cloning process. A junk sequence overhang was added to improve the efficiency of 

restriction digestion of the amplified product. 
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Each PCR reaction had -37ng of DNA template, 2.5iJl of 10x for poly Pfu 

polymerase, 0.5iJl PfuTurbo DNA polymerase (Stratagene, Amsterdam, NL), 0.2iJM 

of forward and reverse primer mix, 250iJM dNTPs, and 1.25iJl DMSO. PCR cycling 

conditions were step (i) 95°C for 2 minutes (ii) 95°C for 2 minutes followed by 60°C 

for 1 minute and then 72°C for 3 minutes. Step (ii) was repeated for 25 cycles, (iii) 

72°C for 10 minutes. 

2.4.2 Digestion and ligation of inserts and the pMT/Bip-VS-His vector 

The amplified PCR products were purified using QIAquick PCR purification kit 

(Qiagen, West Sussex, UK) The pMT/Bip-V5-His A vector and the PCR products 

were separately digested with kpnl 7 hours at 3rC. The digested products were 

precipitated with 6 volumes of ethanol and 1/5 volume of 5M NaCI at -80°C in the 

presence of 15iJg of glycogen. The DNA was pelleted by centrifugation, and washed 

with 70% ethanol before being air-dried. The recovered DNA pellets were 

resuspended in dH20 and then digested with xhol for 7 hours at 3rC. This was 

again precipitated, air-dried and resuspended. The inserts were ligated into the 

vector using T4 DNA ligase (NEB, Hertfordshire, UK) over 5 hours at 3rC. The 

ligated products were used to transform DH5a-T1 E.coli. competent cells. 

2.5 Generation of proteolytically inactive ADAM33 

2.S.1 Site directed mutagenesis 

To generate a proteolytically inactive ADAM33, site directed mutagenesis was 

carried out on the pMT/BipN5-His A -ADAM33 Pro-MP DNA construct using the 

Stratagene Quick change multi-site directed mutagenesis kit (#200514), Fig. 2.4. A 

coding change was introduced to mutate the triplet encoding glutamic acid at position 

346 to an alanine. This glutamic acid is essential in the catalysis mechanism of 

metallproteinases, mutating this residue abolishes proteolytic capability. The steps of 

the procedure are outlined below. 

(i). Thermocycling with a mutant primer 

Mutant Primer: gcc acc atg gcc cat gCg atc ggc cac agc (base change capitalised). 

Thermocycling carried out in an iCycler (Bio-Rad, Hertfordshire, UK) using the 

following protocol: 

Step 1: Denature DNA 95°C, 1 minute 
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Step 2: (i) 95°C, 1 minute, denature DNA 

Step 2: (ii) 55°C, 1 minute- anneal primer 

Step 2: (iii) 65°C, 10 minutes - extension 

Repeat step 2 for a total of 30 cycles. 

Step 3: Reaction is cooled to 4°C, then brought up to 3rC. 

(ii). Digest wild type parental strand 

The wild type plasmid was generated in a methylation competent strain of E.coli. 11J1 

of Dpn I (1 Ounits) was added to the 251J1 reaction from step 1 to digest away the wild 

type parental strand, to leave single stranded mutant DNA. Digestion was carried out 

at 3rC for 1 hour. 

(iii). Transforming competent cells 

451J1 of XL-10 Gold competent cells (Stratagene) were aliquoted into a pre-chilled 

14ml round bottomed tube. 21J1 of [3-mercaptoethanol was added to the cells which 

were swirled gently every 2 minutes to mix over 10 minutes. 1.51J1 of the single 

stranded mutant DNA reaction from the previous step was added to the cells, and left 

to stand on ice for 30 minutes. Cells were heat shocked at 42°C for 30 seconds, 

then incubated on ice for 2 minutes. 0.5ml of pre-warmed SOC medium was added 

to cells, and subsequently incubated at 3rC for 1 hour on an orbital shaker set at 

250rpm. 

2.5.2 Screening for mutants 

LB agar plates containing 1001Jg/ml ampicillin were coated with X-gal (5-bromo-4-

chloro-3-indolyl-bD-galactoside) and I PTG (lsopropyl-f1-D-thiogalactopyranoside). 

40IJI of X-gal (40mg/ml in dimethyl formamide), and 40IJI of 100mM IPTG (dissolved 

in dH20) were used per plate and allowed to dry. 100IJI of SOC medium (2% 

Tryptone, 0.5% yeast extract, 0.05% NaCI, 2.5mM KCI, 10mM MgCI2, 20mM 

glucose) was spread with 11J1, 1 OIJI or 100IJI of transformed competent cells onto each 

of the coated agar plates. Plates were incubated at 3rC for 18 hours. 

Colonies were selected and sent as agar stabs for DNA sequencing at Bath 

Genomics Centre (University of Bath, UK) using ADAM33 FGHI forward primer 5'

GATCCTGGGAACAAAGCGGG-3'. DNA was isolated from 100ml of E. coli culture 

innoculated using a colony shown to contain the desired mutation using the 

Endotoxin Free DNA plasmid Maxi-Prep kit, see section 2.34. A sample of this DNA 

was sent to Macrogen (Korea) for complete sequencing using the vector primers 
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pMT (forward) 5'-TCATCTCAGTGCAACTAA-3', and BGH-rev 5'

TAGAAGGCACAGTCGAGG-3' . 

2.6 Transfection of ADAM33 constructs into cell lines 

2.6.1 C05-7 and CHO cells 

Cells were seeded in 6 well dishes at 9 x 104 cells/well one day prior to transfection in 

serum containing growth medium. Next day cells at 40-80% confluency were 

washed with HBSS, then re-fed with 1.6ml of UltraCulture serum free medium. A 

transfection mixture was made using the Effectene kit. 99.71J1 of EC buffer, 8.51J1 

DNA, (0.8IJg of pcEcto or pcPPP), and 3.21J1 of Enhancer were mixed and incubated 

at room temperature for 5 minutes. Then 10IJI of Effectene reagent was added to this 

and mixed by pipetting. The transfection mixture was added dropwise to the cells 

with constant swirling of the culture vessel. The transfection reagent complexes 

were removed after 4 hours and 2ml of fresh UltraCulture medium was added to 

each well. 48 hours post transfection G418 selection at 4001Jg/ml was applied and 

subsequently maintained. Transfections carried out in larger vessels were scaled 

according to increase to vessel surface area. 

2.6.2 Drosophila 52 cells 

Transient and stable S2 transfectants, were generated using reagents provided in the 

Drosophila Expression kit. The plasm ids used in the transfections were detailed 

previously in section 2.3.1. S2 Cells were seeded at 2-2.5x1 06 cells per well 

(1x106/ml) in 6 well dishes one day prior to transfection. The following day, a 

transfection mixture was prepared as follows, 36ul of 2M CaCb was mixed with the 

plasmid DNA and made up to 300IJI with dH20. This was added dropwise to 3001J1 of 

2x HEPES buffered saline whilst gently vortexing. The DNA quantities used for each 

transfection were as follows: 19IJg for ECD-Fc, Pro-MP-His, Pro-MP(E346A)-His, 

empty vector and GFP control, 10IJg for Pro-MP-Fc. The transfection reagent 

complexes were then left to stand at room temperature for 30-45 minutes being 

added dropwise to S2 cells in suspension. To generate stable transfectants, in 

addition to the vector DNA 1IJg of pCoHygro plasmid DNA was co-transfected into 

cells simultaneously. Stable transfectants were selected and maintained in selective 

medium containing Hygromycin B (300IJg/ml). 
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When inducing protein expression for recombinant protein purification, cells were 

pelleted at 100g for 10 minutes, washed once with PBS, pelleted and resuspended to 

4x106 cells/ml in Drosophila Serum free medium supplemented with copper sulphate 

(SOO~M). 

2.7 Endothelial cell differentiation assay 
Growth factor reduced matrigel was aliquoted at SO~lIwell and allowed to polymerise 

at 3rC for 1 hour, in 96 well plates. Confluent human vascular endothelial cells 

(HUVECs) were trypsinised from 2Scm2 flasks, washed with complete medium, and 

seeded at a density of 2-4x1 04 cells/well in serum reduced complete growth medium 

(1 % serum or 1 % BSA) in a final volume of 200~1 with or without treatment. For 

further details of exact treatments refer to chapter 5. Typically treatments were 

added at the time of cell seeding. Treatments included bFGF-2 used at 30ng/ml, 

ADAM33 Pro-MP-His or ADAM33 Pro-MP(E346A)-His used at SOng/ml, 100ng/ml, 

1S0ng/ml together with 20~M ZnCb to enhance enzyme activity. In experiments 

involving carboxylate and hydroxamate compounds S~M of the compound was pre

mixed with ADAM33 Pro-MP-His or control treatments S-1 0 minutes prior to treating 

the cells. Images were taken of the cells after 18-21 hours using phase contrast on 

a Leica inverted microscope and a Nikon digital camera. The number of complete 

meshes in the images was calculated using Leica Qwin V3 software with 

macroroutines developed by Guidolin and colleagues at the University of Padua 

Medical School, Italy. In some cases the experiment was followed by time lapse 

microscopy using the Olympus IX81 microscope with a motorised stage and ORCA

AG firewire digital camera, where one image was taken every five minutes. 

2.8 Treatment of epithelial cells with exogenous ADAM33 
For growth on non-coated tissue culture plastic: a confluent flask of AS49 cells was 

trypsinised and resuspended into 30ml of complete DMEM medium. O.Sml of this cell 

suspension was seeded per well of a 12 well plate. The cells were allowed to adhere 

overnight into a confluent monolayer. These were subsequently serum starved in 

UltraCulture for 24 hours. Cells were then treated with either buffer, ADAM33 Pro

MP-His (1S0ng/ml) or ADAM33 Pro-MP-His (1S0ng/ml) in UltraCulture. The 

treatments were supplemented with 20~M ZnCb to enhance enzyme activity. The 

cells were re-treated with buffer and enzyme daily. 
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For growth grown on matrigel, growth factor reduced matrigel was allowed to 

polymerise at 3rC for 1 hour in each well of a 96 well plate (30-S01-l1/well). AS49 

cells were seeded at 2x1 04 cells per matrigel coated well in complete DMEM 

containing only 1 % serum. Cells were treated with 20l-lM ZnCb and either buffer, 

ADAM33 Pro-MP-His (1S0ng/ml) or ADAM33 Pro-MP-His (1S0ng/ml) in a total 

volume of 2001-11 at the time of seeding. The second day post initial treatment, half 

the medium from each well was removed and replenished with fresh medium 

containing fresh treatments. 

Primary bronchial epithelial cells were a kind gift from Synairgen Research Ltd, 

(Southampton, UK). Primary epithelial cells derived from a bronchial biopsy of a 

healthy individual were grown as air-liquid interface cultures in collagen coated 

transwells (24 well plate). The cells were received as differentiated cultures with 

visible cilia on the apical surfaces. The details of the establishment and culture of an 

ALI culture have been documented by Yoshisue et al. 238. The cells were treated 

apically and basally with 20l-lM ZnCI2 and either buffer, ADAM33 Pro-MP-His 

(1S0ng/ml) or ADAM33 Pro-MP-His (1S0ng/ml) in ALI culture medium. The volume 

of medium added to the apical and basal surfaces were 1001-11 and 3001-11 

respectively. The medium was removed daily from each transwell with a thin tipped 

pasteur pipette and replenished with fresh medium and treatments. Trans-epithelial 

resistance (TER) measurements were taken using an epithelial voltohmmeter (World 

Precision Instruments Inc, Hertfordshire, UK), in which two electrode probes were 

placed into the transwell. One probe is placed in the apical medium and the other in 

the basal medium. A current is passed through the culture to measure TER. All the 

images of AS49 and primary bronchial epithelial cells were taken under phase 

contrast using an inverted Leica microscope. 

2.9 Detection and quantification of ADAM33-Fc proteins by 
ELISA 
To enable rapid quantitative screening of transfectants for ADAM33-Fc a sandwich 

ELISA was devised. Protein A was selected for capturing the recombinant protein 

due to its high affinity for IgG Fc binding. After capture, free Protein A sites were 

blocked using mouse IgG. This ensured that the detecting antibody was not 

captured by the Protein A via its own Fc domain. Horse radish peroxidase (HRP) 

conjugated to sheep anti-human IgG Fc was used to detect recombinant protein. 

The layers of this ELISA are summarised in the Fig. 2.5, and the protocol is outlined 

in the following pages. 
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Fig. 2.5. Detection of ADAM33-Fc recombinant protein. In order to quantify the 
ADAM33-Fc fusion protein present in conditioned medium, an ELISA was developed. 
Recombinant protein was captured using protein A. Free protein A sites are blocked 
with mouse IgG. Recombinant protein was then detected using an anti-human IgG 
Fc HRP conjugated antibody. Signal was given on addition of TMP substrate, and 
absorbance was read on a microplate reader at 450nm. 
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96 well plates (Nunc Maxisorp) were pre-coated overnight at 4°C with 1001-11 of 

Protein A diluted to 251-1g/ml in coupling buffer (15mM Na2C03, 35mM NaHC03, 

0.02% NaN3, pH9.6). All subsequent steps were carried out at room temperature. 

Wells were blocked with 250l-lilwell blocking buffer (137mM NaCI, 8.1 mM 

Na2HP04,1.5mM KH2P04, 2.7mM KCI, 0.5% BSA, pH 7A) for 2 hours. 1001-11 of 

samples or human IgG standards were then added to each well and incubated for 2 

hours. Oilutions where necessary were made in assay buffer (blocking buffer with 

0.1 % Tween-20). Free protein A sites were blocked by incubation with 2501-11 mouse 

IgG diluted to 251-1g/ml in blocking buffer for 1 hr. The detection antibody HRP 

conjugate was diluted to 0.11-1g/ml in assay buffer and 1001-11 was added to each well 

and incubated for 1.5 hours. Up to this point, wells were washed four times using 

ELISA wash buffer (PBS, 0.05% Tween-20, pH7A) between incubation steps. 

Chromagen solution (100mM NaCOONa.3H20, OAmM tetamethylbenzidine, 1.21-11 

30% H20 2, pH 6.0) was added to each well (1001-11), and the signal resulting from 

peroxidase activity was allowed to develop for 10-15 minutes. The reaction was 

stopped with 501-11 of 2M sulphuric acid. Absorbance of the plate was read with filters 

for 450nm emission, the reference was read at 630nm. 

2.10 50S-PAGE 
To prepare gels for SOS-PAGE a separation gel stock solution was made from 30% 

Acrylamidel Bis Acrylamide (37:1), 375mM Tris-HCI pH 8.8,0.1% (w/v) SOS, and 

dH20. The 30% acrylamide was diluted for individual gels so that the final 

percentage of acrylamide was between 7.5 and 15% depending on the molecular 

weights of the proteins of interest. To 1 Oml of this gel stock 331-11 of 10% (w/v) 

ammonium persulphate, and 51-11 of N,N,N',N'-Tetramethylethylenediamine (TEMEO) 

was added and mixed. This mixture was poured between two glass plates 1 mm 

apart, overlaid with water saturated isopropanol and allowed to polymerise (Protean 

III system, Bio-Rad Hertfordshire, UK). Once polymerised the isopropanol was 

washed away with dH20. From a stacking gel stock (3.75% crylamide/Bisacrylamide, 

125mM Tris-HCI pH6.8, 0.1 % (w/v) SOS and dH20), 5ml was taken to which 16.71-11 

of 0.1 % ammonium persulphate and 3.6.!d1 of TEMEO was added. This was poured 

over the separation gel. A plastic comb was inserted into the stacking gel to create 

wells and this was left to polymerise. When the gel was set the comb was removed. 

Samples were denatured by the addition of 5x sample buffer (313mM Tris-HCI 

pH6.8, 50% (v/v) glycerol, 25% (v/v) ~-mercaptoethanol, 10% (w/v) SOS, 0.01 % (w/v) 

bromophenol blue) and were heated to 95°C for 5 minutes before being loaded onto 
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a SOS-PAGE gel. Wide range rainbow markers or Kaleidoscope precision plus 

markers were used to estimate the molecular weight of sample proteins. Gels were 

run at 160V for 1 hour in running buffer (2SmM Tris-HCI pH8.3, 192mM glycine, 0.1 % 

SOS). Proteins were visualized either by staining the gel with Coomassie Brilliant 

Blue, or Colloidal Coomassie for 1 hour-overnight at room temp, and de-stained 

overnight (2S%(v/v) methanol and 10%(v/v) glacial acetic acid or dH20 respectively. 

For western blotting, proteins were transferred from the gels onto PVOF membranes 

at 90V on ice for 1.5 hours. Membranes were stored at 4°C or taken immediately for 

blotting. 

2.11 Western blotting 

2.11.1 ADAM33 recombinant protein detection 

Before use, PVOF membranes were rinsed with methanol for 3 minutes, rehydrated 

in water for 3 minutes, then equilibrated in wash buffer (PBS, 0.1 % Tween-20) for 10 

minutes and finally blocked in 5% skimmed milk powder in wash buffer at room 

temperature for 1 hour. Membranes were then incubated with primary antibody, 

AOAM33 Pro or MP antibody (RP1, and RP2,) 0.2IJg/ml, in blocking buffer at room 

temperature for 1.5 hours. Membranes were subsequently washed 3 times in high 

salt wash solution (O.4M NaCI in wash buffer). After washing, membranes were 

incubated with detection antibody HRP conjugated anti-rabbit antibody (either 

1.3IJg/ml OAKO or 0.04IJg/ml Jackson laboratory) in wash buffer. Membranes were 

washed using wash buffer and peroxidase activity was visualized using an ECl plus 

detection kit according to the manufacturer's instructions. Briefly, 2ml of solution A 

was mixed with SOIJI of solution B. This was used to cover the surface of each 

membrane (mini gel size), and left for 5 minutes, after which the membrane was 

wrapped in cling film and the luminescence was detected by exposing light sensitive 

Hyper ECl film (Amersham) to the sealed membrane. The film was developed by 

rocking the film in 1 minute of photographic film developer, followed by 1 minute in 

fixative, and finally rinsed in tap water and air dried. The primary antibodies RP1 and 

RP2 detected AOAM33 Pro-MP-His and AOAM33 Pro-MP(E346A)-His produced in 

insect cells specifically. No specific staining was detected when an irrelevant rabbit 

IgG antibody was used as an isotype control. 

2.11.2 Fc detection 

For anti-human IgG Fc blots, the blotting protocol was similar to above except 

different antibodies were used. HRP conjugated goat anti-human IgG-Fc O.OSlJg/ml 
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was used as the primary antibody with an incubation time of 1.5 hours at room 

temperature. A secondary antibody was not required. 

2.11.3 Stripping and re-probing Membranes 

Membranes to be probed more than once were incubated in stripping buffer (62.5mM 

Tris-HCI pH6.8, 100mM j3-mercaptoethanol, 2% w/v SOS) at 50°C for 30 minutes, 

after being probed once. These were then washed with PBSlTween (0.1 %) and 

blocked and re-probed using the standard western blotting protocols outlined above. 

2.12 Protein A pull down 
Samples were buffered in 1x triton buffer (10mM Tris-HCI pH 7.4, 150mM NaCI, 5mM 

EOTA, 5mM EGTA, 1mM PMSF, 1mM NaN04, 50mM NaF, 1% (v/v) Triton X-100, 

0.5% (v/v) NP-40, 0.5X Complete inhibitor Cocktail (Roche)). Protein A agarose 

beads were incubated with samples at 4°C overnight on a rotary mixer. Beads were 

pelleted at 1400g at 4°C for 15 minutes, and then washed four times with 1x triton 

buffer without protease inhibitors. Bound protein was eluted with 3M glycine pH 3.0, 

and neutralized immediately with 1 M Tris-HCI pH 7.5. 

2.13 Alpha-2 Macroglobulin binding assay 
Principle: Human a-2 Macroglobulin is a protease inhibitor capable of inactivating 

many different classes of proteases239;240. It forms a tetrameric protein, containing a 

pair of dimers. Each subunit is 185kOa, and each possesses a bait region which is 

rich in proteolytic cleavage sites. If a protease attacks this bait region, the subunit 

will be split into a 100KOa and 85 kOa unit that remain linked via disulfide bonds. A 

highly reactive thioester group is thought to be exposed on the 100kOa portion, which 

undergoes attack from an amine group from the protease which is in close proximity, 

forming a covalent complex. This complex can be visualized by staining for the 

appearance of a band corresponding to 100kOa and the added molecular weight of 

the active protease, on a denaturing 80S PAGE gel, Fig.2.6. 
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(a) a2-Macroglobulin 

(b) 

o =Bait Region 

Proteinase cleaves bait region of o2-M. 

The cleavage causes o2M subunit to split 
into 2 domains that remain attached 
through disulphide bonds. A thioester 
bond (star) is exposed on the 100kDa 
subunit. 

The amine group from the 
proteinase attacks the 
th ioester bond to form 
a permanent amide bond with the 
100k subunit of o2-M. 

The proteinase-02-M complex is stable 

Fig. 2.6. a2-Macroglobulin proteinase binding assay. (a) Pictorial of the domains 
of tetrameric a2-Macroglobulin (a2-M). (b) Schematic of the events that occur 
during the a2-M proteinase trapping assay. Only one a2-M domain is shown, but all 
four domains are identical. Numbers represent Molecular weight in kDa. Active 
proteinases of cleaving a2-M become covalently bound and trapped in a high 
molecular weight complex. 
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Assay Conditions 

AOAM33 Pro-MP-His and AOAM33 Pro-MP(E346A)-His (working concentration 

-64SI-IM) were incubated overnight at 2SoC with a-2 Macroglobulin (17Sl-Ig/ml) in 

assay buffer (SOmM Tris-HCI pH7.4, 0.1 M NaCI, 10mM CaCI2, 0.2% (v/v) NaN3), in 

the presence or absence of 10mM of the metalloproteinase inhibitor 1,10 

phenanthroline monohydrate. Reactions were stopped with the addition of SI-II of SX 

SOS-PAGE sample buffer (313mM Tris-HCI pH6.8, SO% (v/v) glycerol, 2S% (v/v) 13-
mercaptoethanol, 10% (w/v) SOS, 0.01 % (w/v) bromophenol blue) followed by 

denaturation at 9SoC for S minutes. Samples were analysed by SOS-PAGE and 

proteins were visualized by western blotting. 

2.14 Purification of recombinant ADAM33 Pro-MP-His and 
ADAM33 Pro-MP(E346A)-His protein 
AOAM33 Pro-MP-His protein was purified out of conditioned medium using the 

purification scheme detailed below. The AOAM33 Pro-MP(E346A)-His protein was 

also purified using the same scheme. 

Four different chemistries were used in the purification scheme. These were (i) 

Concanavalin A affinity chromatography, (ii) Immobilised metal affinity 

chromatography (lMAC), (iii) Cation-exchange chromatography and (iv) Gel filtration 

affinity chromatography, Fig. 2.7. 

For each of the above (except Concanavalin A affinity chromatography), columns 

were connected to an Amersham Pharmacia FPLC apparatus (LCSOO controller, P

SOO pumps, UV monitor (280nm), Frac100 fraction collector and chart recorder), and 

eluted fractions were collected. Fractions containing AOAM33-Pro-MP-His from each 

of the purification steps were identified by analysing the eluted protein fractions using 

SOS-PAGE (using 12.S% acrylamide/bis-acrylamide gels). Proteins in the gels were 

visualised by staining with EZ Blue stain. 

(i) Concanavalin A Affinity Chromatography- enriching for glycosylated 

proteins 

20ml of Concanavalin A conjugated Sepharose was packed into a glass column by 

mixing it with equilibration buffer (20mM Tris-HCI pH7.4, O.SM NaCI) and allowing it 

to settle. The matrix was subjected to a high salt wash (20mM Tris-HCI pH7.4, 1.0M 

NaCI, SmM MnCI2, SmM MgCI2, SmM CaCI2) of S column volumes, before being 

63 



Complex protein mixture. 6xHis tagged 
ADAM33 shown in lime green and 
glycosylation shown in pink. 

• 
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Step 1. 

Concanvalin A Afiinity 
Chromatography. 

Selected glycosylated proteins, 
including ADAM33. have high 
affinity for the lectin Concanvalin A. 

Step 2 . 

Immobilised Metal Affinity 
Chromatography. 

Selected histidine rich proteins, 
including the 6xHis tagged ADAM33 
using immobilised nickel ions. 

Step 3. 

Cation Exchange 
Chromatography 

Selected positively charged proteins 
at pH7.0 using a negatively charged 
column. 

Step 4. 

IMAC Used step 2 again, to 
concentrate up sample for 
loading on to gel filtration 
column 
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Separated proteins on the basis 
of molecular weight. Larger 
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Fig. 2.7. ADAM33 purification scheme outline. This schematic shows the steps involved 
in the purification of ADAM33 from conditioned medium from transfected cells to a pure 
preparation. 
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equilibrated with 10 column volumes of equilibration buffer. SOOml of conditioned 

medium from stable ADAM33 transfectants was degassed, and loaded onto the 

column at 4°C using a peristaltic pump operating at a flow rate O.Sml/minute. The 

column was washed with 10 column volumes of equilibration 

buffer, before the protein was eluted in 140ml elution buffer (20mM Tris-HCI pH7.4, 

O.SM NaCI O.SM methyl a-D mannopyranoside). 

(ii) Immobilised Metal Affinity Chromatography (IMAC) -enrichment of 

histidine rich proteins 

Fractions containing ADAM33-Pro-MP-His from step 1 were pooled and dialysed 

overnight at 4°C into IMAC binding buffer (2SmM HEPES pH7.9, O.SM NaCI, SmM 

Imidazole, SmM CaCI2, 10% glycerol). A 1 ml HisTrap column was equilibrated with 

10ml of IMAC binding buffer. The dialysed sample was loaded onto the HisTrap 

column at room temperature, at a flow rate of 1 ml/minute. The column was washed 

with IMAC binding buffer until baseline was reached on the chromatogram. 

ADAM33-Pro-MP-His protein was eluted using a gradient of imidazole from S to 

2S0mM over SO minutes (increase in gradient SmM/minute). 

(iii) SP Sepharose Fast Flow - enrichment of proteins with -PI~8 

Fractions containing ADAM33-Pro-MP-His from step (ii) were pooled and dialysed 

overnight at 4°C into SP Sepharose Fast Flow binding buffer (2SmM HEPES pH7.0, 

SOmM NaCI, 20mM Imidazole, SmMCaCb, 10% glycerol). A 1 ml HiTrap SP 

sepharose fast flow column was equilibrated with 10ml of SP sepharose fast flow 

binding buffer. The dialysed sample was loaded at room temperature onto the 

HiTrap column, at a flow rate of 1 ml/minute. The column was washed with binding 

buffer until baseline was reached on the chromatogram. ADAM33-Pro-MP-His 

protein was eluted using a gradient of NaCI from SO to SOOmM over 20 minutes 

(increase in gradient 2SmM/minute). 

(iv) Concentration of sample using IMAC 

In order to progress to step (v) it was necessary to concentrate the sample. This was 

due to the restricted loading volume imposed by the gel filtration column under which 

optimal separation could be achieved. Fractions containing ADAM33-Pro-MP His 

from step (iii) were either pooled and dialysed overnight at 4°C or diluted 1:S into 

IMAC binding buffer. Samples were loaded onto the HisTrap column and washed as 

outlined in step (ii). ADAM33-Pro-MP-His protein was eluted using a step of either 

2S0mM or SOOmM imidazole in IMAC binding buffer. 
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(v) Gel filtration using Superose 12 

A 24cm Tricorn Superose 12 column was equilibrated at room temperature using 

50mlof Superose12 equilibration buffer (25mM HEPES pH7.5, 150mM NaCI, 50mM 

Imidazole, 5mM CaCI2, 10%glycerol) at a flow rate of 0.5ml/minute. 200fJI samples 

of fractions containing ADAM33 Pro-MP-His from step (iv) were loaded onto the 

Superose 12 column via a sample loop. Equilibration buffer was pumped through the 

column at 0.5ml/minute for 50 minutes, until the ADAM33 protein was eluted. 

2.15 Calibrating Superose 12 column 
A 24cm Tricorn Superose 12 column was equilibrated using 50ml of buffer (25mM 

HEPES pH7.5, 150mM NaCI, 50mM Imidazole) at a flow rate of 0.5ml/minute. 200fJI 

of 0.22fJm sterile filtered protein calibrator mixture (240fJg Blue dextran, 240fJg BSA, 

100fJg Carbonic anhydrase, 200fJg Cytochrome c, and 240fJg Vitamin B12) was 

loaded onto the column via the sample loop. The absorbance at 280nm of the 

column flow through was monitored using an in-line UV monitor. A typical elution 

profile and calibration curve is shown in, Fig 2.8. 

2.16 Ammonium sulphate precipitation 
Principle: Ammonium sulphate precipitation is a method used to crudely separate 

proteins of different molecular weights. The addition of salt stabilises the charges on 

the surface of proteins, and also forms hydrogen bonds to water molecules, 

diminishing the bonding between water and protein. This causes proteins to 

precipitate out, or 'salt out'. This method was carried out in an attempt to reduce the 

complexity of the conditioned medium prior to affinity chromatography. The protocol 

used is outlined below. 

95ml of harvested conditioned medium from S2 transfectants expressing ADAM33 

Pro-MP-His was adjusted to pH7.4 by the addition of 5ml of 1 M Tris-HCI pH 7.4. The 

sample was stirred slowly in an ice water bath. To achieve 25% ammonium sulphate 

saturation, 14.4g of the salt was added slowly. The pH was monitored and kept 

constant by the addition of 1 M HCI when necessary. After the crystals had dissolved, 

the sample was centrifuged at 4369g at 4°C for 30 minutes. The pellets were kept 

and resuspended in -800fJl into buffer (25mM HEPES, 150mM NaCI, 50mM 

imidazole pH7.0). 
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Fig. 2.8. Calibration of the 24cm Superose 12 column. A typical elution profile for 
a 2001-11 sample of mixed protein standards run in 25mM HEPES pH7.5, 50mM 
Imidazole, 150mM NaCI buffer at a flow rate of 0.5ml/minute. The molecular weight of 
the protein standards and the peak elution volume was as follows: Blue dextran , 2000 
kDa, 9ml; Bovine serum albumin, 66kDa, 13ml; Carbonic Anhydrase 29.1 kDa, 15ml; 
Cytochrome C, 12.4 kDa, 17ml; Vitamin B12, 1.3kDa, 20ml. The relationship between 
the molecular weight of the protein standards and their peak elution volume is shown 
in the graph. 
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The supernatant was returned to the beaker in the ice water bath. A further 15.Sg of 

ammonium sulphate crystals were stirred in slowly, to achieve 50% saturation. After 

which the precipitated proteins were recovered by centrifugation as before. The 

pellets were resuspended in buffer. The supernatant was returned to the ice water 

bath and 23.1 g of ammonium sulphate was stirred in slowly to achieve SO% 

saturation. The mixture was re-centrifuged, and the pellets resuspended as before. 

2.17 Zymography 

Principle: Zymography is a method used routinely to detect the presence of 

metalloprotease activity in samples. SOS PAGE gels are polymerized in the 

presence of a metalloprotease substrate, in this case gelatin (to detect gelatinases 

MMP-2, MMPS and MMP-9) or casein. Protein samples are run into the gels, and 

subsequently incubated with buffer conducive to metalloprotease activity. If an active 

metalloprotease is present, the substrate is digested and the digested peptides 

diffuse out of the gel. Upon Coomassie staining of the gel, the gel will appear blue, 

except in areas where the protein has been digested and diffused away. A typical 

protocol that was used is outlined below. 

SOS PAGE separation gels (1 mm thick) were made as outlined before, but in 

addition either porcine gelatin or casein were added to the separation gels to a final 

concentration of 1 mg/ml before polymerisation. Stacking gels without gelatin and 

casein were set on top of these to form wells. Samples were diluted 1:2 with non 

reducing sample buffer (0.13M Tris-HCI pH6.S, 20%glycerol, 4%SOS, 0.004% 

bromophenol blue), before being loaded into sample wells. Gels were 

electrophoresed at 160V for 1 hour. Then the gels were washed in dH20 for 10 

minutes, followed by 2.5%Triton X-100 for 30 minutes. Gels were then incubated in 

100ml of zymography buffer (50mM Tris-HCI HCI pH 7.5, 5mM CaCI2 , 1IJM ZnCI2 , 

0.02% NaN3) at 3rC overnight. Gels were stained in Coomassie Brilliant Blue stain 

at room temperature for 1 hour, before being de-stained (25%(v/v) methanol, 

10%(v/v) glacial acetic acid). Gels were imaged using the GS-SOO gel scanner (Bio

Rad, Hertfordshire, UK). 
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2.18 20 Gel Electrophoresis analysis of AOAM33 Pro-MP -V5-
6xHis 
Purified ADAM33 Pro-MP-His and ADAM33 Pro-MP(E346A)-His preparations were 

analysed by 2D gel electrophoresis. 4-81Jg pf purified protein was precipitated in ice 

cold acetone at -20°C over 5 hours. The precipitated protein was recovered by 

centrifugation at 16000g for 5 minutes, and was washed twice with ice cold acetone 

before being air-dried. Pellets were resuspended in rehydration buffer (8M Urea, 2% 

(w/v) CHAPS, IPG buffer 3-10, 18.2mM DTT, 0.002%bromophenol blue) to give a 

concentration of 10IJg/mi. 2001J1 of each sample (with or without 51J1 of 2D-SDS 

PAGE standards) was pi petted into a loading tray. An 11cm non linear pH 3-10 IPG 

strip was put gel side down on top of the sample. Coverstrip fluid was put on top of 

the IPG strip and the tray lid sealed. IPG strips were rehydrated at 20°C for a 

minimum of 12 hours. After hydration, IPG strips were transferred to a cup loading 

rehydration tray and isoelectric focused using the following program on the IPGphor 

(Amersham Biosciences-GE Healthcare, Buckinghamshire, UK): 

Step 1: 500V 1 hour 

Step 2: 1000V 1 hour 

Step 3: 8000V 1 hour 50 minutes 

Temperature help at 20°Cfor steps 1-3. 

The IPG strips were incubated with 5ml of equilibration buffer (50mM Tris-HCI pH 

6.8, 6M Urea,30% of 87% glycerol, 2% (w/v) SDS, 0.002% bromophenol blue) 

containing 50mg of dithiothreitol (DTT) to reduce proteins, for 15 minutes on a 

shaker. The strips were then incubated with 5ml of equilibration buffer containing 

125mg of lodoacetamide, for 15 minutes. lodoactemide inhibits the re-oxidation of 

the proteins by acetylating free -SH groups. Excess fluid was drained away. IPG 

strips were then sealed onto the top of 12.5% pre-cast Criterion SDS PAGE 

separation gels (Bio-Rad, Hertfordshire, UK) using 0.5% low melting point agarose in 

running buffer. The second dimension was run at 200V for 60 minutes. Gels were 

either stained for proteins or the proteins were transferred onto PVDF membranes. 

To stain gels, they were fixed in 1 O%methanol with 7% acetic acid for 1 hour prior to 

being stained with SyproRuby gel stain for 16 hours. The stain was washed off in 

fixative (3 times for 10 minutes) before being imaged. To transfer proteins onto PVDF 

membranes, semi dry transfer was achieved using the Trans Blot SD Semi-Dry 

Transfer cell (Bio-Rad, Hertfordshire, UK). For this, filter paper and PVDF membrane 

were pre-wetted and assembled as follows: 1 sheet of extra thick filter paper was 

placed onto the platinum anode, on top of which a PVDF membrane was placed, 
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followed by the SOS PAGE gel, then another sheet of extra thick filter paper, and 

lastly the cathode. Proteins were transferred from the gel to the membrane using 

22V for 25 minutes (for two membranes). The proteins were fixed onto the 

membranes by floating membranes protein side down in fixative for 15 minutes. 

After fixation the membranes were washed four times with dH20 for 5 minutes, 

before being stained for 15 minutes in SyproRuby blot stain. Excess stain was 

removed by rinsing membranes 2-3 times in dH20 before being air-dried. Gels and 

blots were imaged using the Versa-Doc imager (Bio-Rad, Hertfordshire, UK). 

2.19 Deglycosylation of ADAM33 Pro-MP-His and ADAM33 
Pro-MP(E346A)-His proteins 
Proteins were deglycosylated using the N-glycosidase F (PNGase F) Fig. 2.9. A 

1: 1 0 volume of 10x denaturing sample buffer (0.5% SOS, 1 % i3-mercaptoethanol) 

was added to the sample to be deglycosylated. This was heated to 100°C for 10 

minutes. The sample was allowed to cool to room temperature, then 1:10 volume of 

10x G7 buffer (50mM Sodium Phosphate, pH7.5), and 1: 1 0 volume of 10% NP-40 

was added to the reaction. This was then incubated at 3rC for 2 hours. Samples 

were then either lysed in 5x sample buffer for SOS-PAGE, or precipitated for later 

analysis by mass spectroscopy (Ciphergen Biosystems). The protein precipitation 

procedure involved adding 4 volumes of ice cold acetone to the sample and allowing 

the proteins to precipitate at -20°C overnight. The protein pellet was washed 3 times 

using ice cold acetone (5001JIlwash) and then air-dried and resuspended in a volume 

of denaturing buffer (2% CHAPS, 9M Urea) that was sufficient to re-solubilise the 

protein pellet. 

2.20 Mass spectroscopy analysis of ADAM33 Pro-MP-His and 
Pro-MP(E346A)-His 
IMAC30 chips were selected for recombinant protein capture (8 spots per chip). Like 

the IMAC column, the chip has Nitrilotriacetic acid (NTA) groups on the surface which 

can chelate Nickel ions. The His tag of the recombinant proteins has a high affinity 

for the nickel ions and could be captured by the nickel ions on the IMAC30 chip's 

surface. Once the proteins were bound to the chip, the protein was mixed with a 

matrix (Sinapinic acid) and subjected to time of flight (TOF) mass spectroscopy 

analysis (Ciphergen Biosystems, Sussex, UK). 
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Mannose or H -----, 

Mannose-GlcNAc-GI 

Mannose or H ------' 

Fig. 2:9. Oeglycosylation of Proteins using PNGase F. PNGase F is a deglycosylse 
isolated from Chryseobacterium [Flavobacterium] menigosepticum. It removes N-linked 
carbohydrate chains from proteins by hydrolysing the bond between N-Acetyl glucosamine, 
and the asparagine of the protein of interest. 
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Preparing the IMAC30 chip 

The chip was loaded into a chip holder, and then attached to a bioprocessor , that 

allowed larger volumes of liquid to be incubated with each spot. First 50IJI of 0.1 M 

nickel sulphate was loaded onto each spot and incubated at room temperature for 10 

minutes with vigorous shaking. This was washed off with 200IJI of dH20, followed by 

two washes in 200IJI of PBS with vigorous shaking for 5 minutes. The PBS from the 

wash step was tipped away and diluted sample was applied to each spot on the chip. 

2251J1 of PBS together with 251J1 of sample was loaded onto each spot on the chip, 

and incubated for 1 hour at room temperature with vigorous shaking. The chip was 

then washed three times using PBS, followed by twice with dH20. The chip was air 

dried for 15 minutes. 11J1 of Sinapinic acid was loaded onto each spot, and air dried 

for 5 minutes. After 5 minutes another 11J1 of Sinapinic acid was loaded onto each 

spot and allowed to dry. The chip was then read using a defined spot protocol in the 

Ciphergen Mass Spectrophotometer. The data were analysed using Ciphergen 

Protein Chip Software 3.2.1. 

2.21 Fluorescence Resonance Energy Transfer (FRET) 
peptide cleavage assay 
Principle: A FRET peptide cleavage assay is an assay used to assess enzyme 

activity. A short peptide known to be cleaved by a proteinase is modified so that one 

terminus is linked to a fluorescent reporter dye and the other terminus is labelled with 

a quencher dye. When the peptide is intact the quencher absorbs the fluorescence 

emitted by the reporter dye, so minimal reporter fluorescence is detectable. When 

the peptide is incubated with the proteinase and is cleaved, the peptide is split into 

two allowing the reporter and quencher dyes to diffuse away from each other. The 

spatial separation of the two dyes prevents the quencher from absorbing energy from 

the reporter, allowing the reporter dye's fluorescence to be detected. A FRET 

peptide cleavage assay based on the study by Zou et al. 235 was used to assess the 

activity of purified ADAM33 Pro-MP-His, Fig. 2.10. All FRET peptide assay 

measurements were made in real time using the iCycier (Bio-Rad, Hertfordshire, 

UK), using the FAM filter (490nm). Typically 20IJI reactions containing 4.4IJM FRET 

peptide (DABCYL-YRVAFQKLAE(FAM)K-NH2), were incubated with ADAM33 Pro

MP-His or ADAM33 Pro-MP(E346A)-His, at 3rC in assay buffer containing 20mM 

HEPES pH7.0, 0.5M NaCI, 10mM CaCI2, 10IJM ZnCI2, and O.2mg/ml BSA unless 

otherwise stated below or detailed in the results chapters. This FRET peptide was 

synthesised and supplied by Dr. J Diaz-Mochon, University of Edinburgh. 
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Fig. 2.10. FRET peptide cleavage assay. Schematic showing the principle of the FRET 
peptide cleavage assay. The detected fluorescence from the reporter dye of intact FRET 
peptide is minimal due to the reporter's close proximity with the quencher. If the peptide is 
incubated with a proteinase such as ADAM33 and is subsequently cleaved the peptide is 
released as two fragments . The spatial separation of the quencher from the reporter 
abolishes the quenching effect, and the fluorescence of the reporter increases. 
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Reactions were carried out in typical polystyrene PCR plates used for qPCR 

(Abgene, Hampshire, UK), sealed with transparent plate seals. The enzyme activity 

was determined by plotting the background subtracted relative fluorescence units 

(RFU) against time and calculating the rate at which RFU changes from a line of best 

fit. Rates were determined in the initial linear phase of the assay. 

2.21.1 Optimisation of the FRET peptide assay 
The FRET peptide assay was optimised for ADAM33 activity by studying proteolytic 

activity over a range of ZnCb, CaCb and NaCI concentrations, and also a range of 

pH. Optimisation assays for ZnCb and CaCI2 concentration were carried out in 

20mM HEPES pH 7.0, O.SM NaCI and 0.2mg/ml BSA. Optimisation assays for NaCI 

concentration were carried out in 20mM HEPES pH7.0. Optimisation assays to study 

pH were carried out in O.SM NaCI, 10mM CaCI2, 1 OIJM ZnCb, 0.2mg/ml BSA with one 

of the following buffers, sodium acetate pH 4.0 , pH S.O, MES pH 6.0, HEPES pH 7.0, 

pH 7.S, HEPES pH S.O or Tris-HCI pH 9.0. To read the fluorescence of the reactions 

carried out at different pH, the reactions were first quenched and neutralised with 

equal volume of 2M HEPES pH 7.0, 1S0mM EDTA. The average fluorescence of 

reactions quenched and neutralised at time=O was subtracted from the end point 

readings then divided by the duration of the assay in minutes to calculate the rate of 

enzymic activity. 

2.21.2 Kinetic studies 
To calculate the kinetic parameters, it was necessary to convert the activity typically 

measured in RFU/minute into nM/minute. To do this a calibration curve was 

constructed by measuring the RFU of known concentrations of FRET peptide 

digested to completion with trypsin. Using this curve a linear relationship between 

measured RFU and concentration of peptide was observed. 

2.21.3 Inhibition studies 
The sensitivity of purified ADAM33 Pro-MP-His (130nM) to four synthetic inhibitors of 

MMPs was tested in a typical FRET assay. The four inhibitors were (i) (2R)-2-[4(

Biphenylylsulfonyl)amino]-3-phenyl propionic acid, the zinc binding group of this 

compound is the carboxylate ion, (ii) N-lsobutyl-N-(4-methoxyphenylsulfonyl)

glycylhydroxamic acid, (iii) (3R)-(+)-[2-(4-methoxybenzenesulfonyl)-1,2,3,4-

tetrahydroisoquinoline-3-hydroxymate and (iv) GM6001. Inhibitors were tested at 

SIJM, 11JM, 0.2IJM, 40nM, SnM, and 1.6nM. The sensitivity of purified ADAM33 Pro-
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MP-His to TIMPs was also tested by pre-incubating TIMP-1, N-TIMP-2 and N-TIMP-3 

at varying concentrations with the enzyme for 1 hour at 3rC, before the standard 

FRET peptide assay was carried out. The TIMPs were gifts from Prof. G Murphy, 

University of Cambridge. 

2.22 Peptide PNA-DNA Microarrays 
The microarray work was carried out in collaboration with Prof. Mark Bradley's 

research group based at the University of Edinburgh, in particular Dr J. Dfaz-Moch6n 

who designed, synthesised and supplied the PNA-peptide library241;242. 

Principle: The PNA-FRET -peptide library is a 10,000 member peptide library. Like 

the FRET peptide described previously, each member of the library is tagged with a 

quencher and a reporter dye. In this case, the quencher was TAMRA, and the 

reporter was FAM. Unlike DABCYL, TAMRA is not a dark quencher, and emits 

at-580nm. In addition, each member of the library is labelled with a unique peptide 

nucleic acid (PNA) molecule. PNA has a pseudo peptide backbone unlike the 

phospho backbone of DNA. However this does not affect its ability to hybridise to 

complementary nucleic acids, and in fact does so with higher affinity than DNA-DNA 

interactions. The library was designed so that each amino acid in the peptide 

sequence corresponds to a particular PNA triplet. Therefore the peptide sequence 

was used to dictate the exact PNA triplet code sequence of the associated PNA tag. 

The unique tag on member of the library acts as an identifier from which the peptide 

sequence can be deduced. This PNA-FRET-peptide library can be incubated with a 

proteinase in a FRET peptide cleavage assay similar to that described in section 

2.21. To distinguish the peptides that are cleaved from those that are not, the library 

is pulled down onto a 2 dimensional platform which in this case is a customised DNA 

microarray. The DNA spots on the microarray are complementary to the PNA tag, 

therefore each spot corresponds to one library member. When the microarray is 

scanned the fluorescence emitted from both the reporter and the quencher dyes are 

recorded for every peptide, Fig.2.11. 
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Fig. 2.11. PNA-FRET -peptide microarray. Schematic showing the novel PNA-FRET 
peptide microarray approach used to identify ADAM33 peptide substrates. This powerful 
technology allowed the simultaneous screening of 10,000 peptides. Figure adapted from 
:Diaz-Mochon JJ et al. 2005 Chern. Cornrnun. 1384-1386. 
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Sample preparation 

For this study the 10,000 member PNA encoded peptide library was incubated with 

ADAM33 Pro-MP-His, or ADAM33 Pro-MP(E346A)-His in assay buffer for 1 hour at 

3rC (160nM of enzyme, 3SIJM PNA-peptide library, 20mM HEPES pH 7.0, 10mM 

CaCb, 10IJM ZnCb, O.SM NaCI, 0.2mg/ml BSA). The reactions were quenched by 

denaturation at 9SoC for 2 minutes. 2x GenHyb buffer (71.41J1) was added to each 

sample. The sample was then centrifuged at 16000g for S minutes to remove any 

insoluble particles. 

Hybridisation 

Customised DNA microarrays242 (Oxford Gene Technology, Oxford, UK) were placed 

into the TECAN HS-400 automated hybridisation station (TECAN, Reading, UK). 

The microarray slides were rinsed with dH20 and then cleaned with wash buffer 

(100mM NaCI, 10mM citric acid, 0.1mM EGTA, 0.7% N-Iauroylsarcosine, pH7.4), and 

rinsed again with dH20. The slides were warmed to SO°C and the samples to 6SoC 

immediately prior to injection. 100IJI of sample was injected into each chamber to 

cover the surface of each DNA microarray slide. The sample was agitated over the 

surface of the slide for 20 hours. The initial hybridisation temperature was SO°C, the 

temperature was decreased by 2°C every 2 hours until 33°C was reached; this 

reduced the level of mismatched binding. After hybridisation the slides were washed 

in wash buffer, then washed again in 20mM Tris-HCI pH8.S, 0.1 mM EGTA, followed 

by 1 mM Tris-HCI pH8.S. This ensured that the FAM reporter which is sensitive to pH 

would give a good signal. Finally slides were rinsed with 90% isopropanol, dried and 

then imaged using a CCD based fluorescence scanner (Bioanalyser 4F, La Vision 

Biotech, East Sussex, UK), the fluorescence from the FAM and TAMRA dyes were 

acquired using FIPs software. The scanning of the slides and the initial analysis was 

carried out by Dr J. J. Diaz-Moch6n. 

Analyses 

The data from the microarray were analysed using BlueFuse (BlueGnome, 

Cambridge, UK). Global normalisation was applied to each slide to make them more 

comparable. Every test spot was present in duplicate on the microarray. Duplicate 

spots which differed in signal by 3 standard deviations and poorly hybridised spots 

were excluded. The mean signal for each of the duplicate spots was used to 

calculate an average. The ratio of FAM toTAMRA (FIT) fluorescence for each spot 

sequence was calculated for each slide. A spot which had cleaved substrate 

hybridised to it was expected to have a higher FIT ratio than one hybridised to in tact 
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peptide. The differences between the ADAM33 Pro-MP-His and ADAM33 Pro

MP(E346A)-His slides were visualised by plotting the FIT ratio from the wild type 

treated slide with the FIT ratio of the mutant treated slide. In cases where a peptide 

was not cleaved, the plotted values were predicted to lie close to the hypothetical 

identity line on which wild type FIT=mutant FIT . 

. i) ~":.' 
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Chapter 3 Recombinant Protein Expression and 
Purification 

The ADAM family of proteins is responsible for shedding growth factors and 

cytokines from the cell surface. This activity is mediated by their metalloproteinase 

(MP) domain. Although the biological function of ADAM33 is yet to be established, it 

is likely that the MP domain will playa fundamental role similar to that seen in its 

sheddase relatives. This is supported by the evolutionary conservation of the zinc 

binding motif in ADAM33. The motif is characteristic of catalytically active ADAMs. 

Furthermore, the selective transport of mRNA transcripts encoding the ADAM33 MP 

domain from the nucleus to the cytoplasm of human bronchial fibroblasts228 suggests 

functional significance. 

At the start of the project purified ADAM33 was not a commercially available reagent, 

and this remains the case to date. To investigate ADAM33 MP function and activity it 

was therefore necessary to produce it in house. In vitro evidence had demonstrated 

that recombinant ADAM33 MP was catalytically active and capable of degrading 

several peptide substrates205. A recombinant expression system would also be a 

source of large amounts of ADAM33 protein which could be used in biochemical and 

functional characterisation studies. Therefore the key aims of this chapter were to 

(i) select a suitable recombinant expression system for ADAM33 production. 

(ii) derive a purification strategy to obtain purified ADAM33 from conditioned medium. 

(iii) demonstrate that the catalytic activity of purified ADAM33 was maintained. 

3.1 Generation of ADAM33 cell lines 

3.1.1 Mammalian cell ADAM33-Fc transfectants 
The first step towards producing recombinant protein was to engineer a cell line that 

would express it. Cells from different species differ in their protein modification 

machinery, this leads to differences in the post translational modifications on the 

proteins which they synthesise. Changes in protein modifications can at times alter 

or inhibit protein function. Since ADAM33 is thought to be important in mammals, it 

was appropriate that mammalian cell lines were chosen for recombinant protein 

expression. Initially, cell lines derived from the African green monkey (COS-7) and 
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Chinese hamster (CHO) were transfected with a construct containing either the 

whole extracellular domain (ECO) of AOAM33 or a construct containing the Pro and 

MP domains. The recombinant AOAM33 constructs were designed to encode fusion 

proteins, AOAM33-ECO or AOAM33 Pro-MP linked to a C-terminal IgG Fc tag. The 

IgG Fc tag has previously been used successfully with other recombinant 

AOAMs243
;244 and allows the protein to be targeted into the secretory pathway. In 

addition, IgG Fc has a high affinity for Protein A. This property could be exploited for 

affinity chromatography to simplify the purification of the recombinant protein. 

Having transfected COS-7 and CHO cells with AOAM33 constructs as described in 

materials and methods section 2.6, the conditioned media from the cell lines were 

assayed for the level of recombinant protein secreted over a period of 7 days. The 

serum free conditioned medium was harvested from 6 well plates, and replenished 

with fresh medium daily. A sandwich ELISA using Protein A as the capturing reagent 

and an anti-lgG Fc-HRP as the detection antibody was used to quantify the level of 

AOAM33-Fc in the medium. Both the COS-7 and CHO cell transfectants secreted 

AOAM33 Pro-MP-Fc, leading to its accumulation in the surrounding medium. The 

COS-7 cells showed a higher level of expression of recombinant protein with 

AOAM33 Pro-MP-Fc levels reaching -20ng/ml over 7 days, which was approximately 

five times more than that seen in the CHO cells. The expression levels of the 

AOAM33 ECO-Fc from transfectants were considerably lower than that of the Pro 

and MP domain, reaching -2ng/ml for the COS-7 cells, and being undetectable in the 

medium from the CHO cells, Fig. 3.1. 

Since the expression of AOAM33 was found to be higher in the COS-7 transfectants, 

these were taken for further analysis by SOS PAGE and western blotting to further 

confirm the presence of AOAM33. AOAM33-Fc proteins in the conditioned medium 

were concentrated by precipitation using Protein A-agarose beads before analysis. 

Cell Iysates prepared by solubilisation in hot sample buffer were also analysed, 

Fig.3.2. In the western blots probed with anti-AOAM33 Pro domain (RP1) with or 

without pre-incubation with a ten fold molar excess of blocking peptide as a control, a 

specific signal can be observed at -150kOa and -85kOa for AOAM33 ECO-Fc and 

AOAM33 Pro-MP-Fc respectively. In a complimentary western blot probed with anti

Fc-HRP, bands of the same molecular weight were detected, confirming the identity 

of the fusion proteins as unprocessed AOAM33-Fc. In addition, the anti-lgG Fc blots 
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Fig. 3.1. Quantification of ADAM33-Fc secreted by transfected mammalian cell 
lines. COS-7 and CHO cells were seeded in 6 well dishes, and transfected with either 
the pcEcto or the pcPPP plasmid which encode ADAM33-Fc proteins. Serum free 
media was replaced daily and the recombinant protein expression levels were 
quantified using an anti-human IgG Fc ELISA. The titre of recombinant protein 
expressed has been plotted as cumulative concentration over time. 
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Fig. 3.2. Western blot analysis of COS-7 ADAM33ECD-Fc and ADAM33 Pro-MP-Fc 
transient transfectants. Transfectants were solubilised in sample buffer, and conditioned 
medium was concentrated onto Protein A agarose beads before being solubilised in sample 
buffer. These were analysed by SDS PAGE (7.5%acrylamide gels) before being transferred 
onto PVDF and further analysed by western blotting. Separate membranes were probed with 
(a)anti-ADAM33 Pro domain antibody (RP1) with and without pre-incubation with blocking 
peptide, or (b) anti IgG-Fc. Unprocessed (red) and processed (black) ADAM33-Fc fus ion 
proteins are represented using arrows. * denotes truncated forms of the fusion proteins. 
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also identified fusion protein bands at -120kDa and 70kDa from ADAM33 ECD-Fc 

transfectants, and -60kDa and -40kDa from the ADAM33 Pro-MP-Fc transfectants. 

These forms were not recognised by the RP1 antibody, suggesting that these smaller 

species were processed forms of ADAM33-Fc which had been cleaved between the 

Pro and the MP domains. This processing is typical for MMPs and ADAMs and 

generally results in the activation of the MP domain. The smaller of the processed 

forms were likely to be further truncated at the N termini, and were perhaps 

degradation products. It was also apparent that the recombinant protein 

concentrated from the culture medium lacked stability, the strong bands at -30kDa 

observed in the anti-Fc-HRP blots were likely to be the degraded C termini that 

resulted from the break down of the ADAM33 ECD-Fc and ADAM33 Pro-MP-Fc 

proteins. 

The molecular weights of the intact and processed ADAM-Fc fusion proteins 

described above were greater than the predicted mass of the recombinant proteins 

based on their primary sequence, however this is not unusual for proteins which 

undergo extensive post translational modifications which can alter their mass or 

change their mobility through an SDS-PAGE gel. 

3.1.2 Insect cell ADAM33-Fc transfectants 

The level of recombinant protein expressed from COS-7 cells was lower than desired 

to make scaling up production practical, therefore a higher yielding system was 

sought. The Drosophila Expression System (DES) (Invitrogen, Paisley, UK) was 

reported to produce high yields of recombinant ADAM33 protein whilst maintaining 

some of the post-translational protein modifications such as glycosylation2
0

5
;234;245. 

This system which uses insect S2 cells, was tested for its suitability for expression of 

ADAM33-ECD-Fc and ADAM33 Pro-MP-Fc, see materials and methods section 2.6. 

Stable S2 ADAM33-Fc transfectants were induced to produce and secrete 

recombinant protein into the culture medium. Cell Iysates and conditioned medium 

samples from these cells were analysed by SDS PAGE, followed by western blotting 

with an anti-ADAM33 MP domain antibody (RP2), Fig.3.3. Fusion protein bands were 

identified in the cell Iysates at -150kDa and -85kDa for ADAM33 ECD-Fc and 

ADAM33 Pro-MP-Fc respectively, these were absent from the GFP transfectant 

control sample. This resembled the protein banding profile seen in the mammalian 

cells, and again indicated a considerable level of intracellular protein accumulation. 
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Fig. 3.3. Western blot analysis of 52 ADAM33ECD-Fc and ADAM33 Pro-MP-Fc 
stable transfectants. Transfectants were seeded at 4.5million cells/well in a 6 well 
plate. Four days post recombinant protein induction, the conditioned medium was 
solubilised in sample buffer. Cells were solubilised into 200IJI of sample buffer. 20ul 
of each sample was analysed by SOS PAGE (7.5%acrylamide gels) before being 
transferred onto PVOF and further analysed by western blotting. Separate 
membranes were probed with (a) anti-AOAM33 MP domain antibody (RP2) or (b) anti 
IgG-Fc. Intracellular (red), secreted (black) AOAM33-Fc fusion proteins, and free IgG 
Fc tag (green) are represented using arrows. 
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Specific immuno-reactivity was also detectable in the conditioned medium from the 

transfectants, but not at the expected molecular weight. The ADAM33 ECD-Fc 

transfectants secreted recombinant protein, the majority of which was detected at 

>250kDa whilst the ADAM33 Pro-MP-Fc transfectants secreted protein that was 

detectable at -30kDa. The discrepancy between the observed and expected 

molecular weight of the proteins may be explained by protein aggregation or 

degradation events. The analysis of the conditioned medium by western blotting with 

the anti-lgG-Fc antibody shows prominent bands at -30kDa, which is consistent with 

the mammalian ADAM33-Fc transfectants and provides further evidence that 

ADAM33-Fc fusion proteins are relatively unstable once they have been secreted 

into the culture medium. 

3.1.3 Insect ADAM33-6xHis transfectants 

The observation that ADAM33-Fc fusion proteins were unstable in both mammalian 

and insect expression systems, led to the speculation that the Fc tag may be 

affecting protein stability. To address this issue, Drosophila S2 cells ADAM33 Pro

MP-His transfectants were generated. These transfectants expressed recombinant 

ADAM33 Pro-MP with a C-terminal 6x histidine in replacement of the IgG Fc tag. 

The conditioned medium from these transient transfectants were analysed by 

western blotting using the anti-ADAM33 Pro (RP1) and MP (RP2) antibodies, Fig.3.4. 

The ADAM33 Pro domain could be detected at -25kDa in the sample from the 

ADAM33 transfectants but not in that from the empty vector mock transfectants. An 

intense signal from secreted ADAM33 Pro-MP-His was detected in the conditioned 

medium at -33kDa. This suggested that ADAM33 was being secreted at high levels 

into the culture medium by the transfectants. Importantly, the Pro and MP domains 

migrated separately when analysed by SDS-PAGE which showed that the secreted 

species had been processed, therefore the MP domain may be active. In addition, a 

high molecular weight species >250kDa was also detected in the conditioned 

medium from ADAM33 transfectants. This may be aggregated protein and appears 

as a major band at the top of the blot. 

The levels of recombinant protein secreted from the ADAM33 Pro-MP-His 

transfected cells were sufficient to make scaling up recombinant protein expression 

feasible. To establish the kinetics of recombinant expression and its accumulation in 

the culture medium, protein production was induced in the transfected cells and the 

conditioned medium was sampled daily and analysed by western blotting. The 

transfectants were typically grown in serum containing medium, but serum free 
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Fig. 3.4 Western blot analysis of S2 ADAM33 Pro-MP-His transient transfectants. 
S2 cells were transfected with AOAM33 Pro-MP-His or empty vector (mock) . The 
following day recombinant protein expression was induced . Conditioned medium was 
collected and denatured in sample buffer 4 days post induction. 201-11 of each sample 
was analysed by SOS PAGE (12.5%acrylamide gels) before being transferred onto 
PVOF and further analysed by western blotting. The membrane was first probed with (a) 
anti-AOAM33 MP domain antibody (RP2) then subsequently stripped and re-probed 
using (b) anti-AOAM33 Pro domain antibody (RP1). Specific bands are indicated by the 
arrows. 

85 



medium being less complex was more suitable for downstream protein purification. 

So in addition to inducing cells in serum containing medium, serum free medium was 

also tested, Fig. 3.5. The time course showed that the ADAM33 Pro and MP 

domains could be detected in the culture medium 2 days after expression was 

induced, and subsequently accumulated over the following days. The use of serum 

free medium was also found to be advantageous over serum containing medium in 

terms of yield. When expressed in serum containing medium, a considerable 

proportion of recombinant ADAM33 protein was found to be aggregated or 

complexed into high molecular weight species which was detected at >250kDa. 

ADAM33 within the high molecular weight complexes would have been difficult to 

purify. In contrast these complexes did not form when cells were induced in serum 

free medium. The time course showed that to maximise the amount of recombinant 

protein that could be recovered, the conditioned medium should be collected at 5-7 

days post induction. 

3.1.4 Inactive ADAM33 Pro-MP (E346A)-His transfectants 

In addition to the wild type ADAM33 Pro-MP-His transfectant, a proteolytically 

inactive form was generated. Site directed mutagenesis was used to engineer an 

adenosine to cytosine substitution in the insect construct encoding the wild type 

ADAM33 Pro-MP-His, see materials and methods section 2.5. This single base 

change resulted in a coding change in the protein at position 346, replacing the 

essential glutamic acid residue in the active site for an alanine. The mutated 

construct was used to transform E.co/i, and mini-preps were prepared from different 

clones. These were sent for sequencing at Bath Genomics (University of Bath, UK) 

and Macrogen, (Korea). Fig. 3.6. shows the sequencing data for a successfully 

mutated clone. The mutated construct was subsequently transfected into S2 cells, 

and stable S2 ADAM33 Pro-MP(E346A)-His transfectants were established by 

antibiotic selection. 

3.2 Purification of ADAM33 Pro-MP-His and ADAM33 

Pro(E346A)-His proteins 

The cultures of stable S2 ADAM33 Pro-MP-His and ADAM33 Pro-MP(E346A)-His 

transfectants were scaled up. Cells were taken from culture, washed with PBS 

before being transferred into serum free culture medium containing copper sulphate 

to induce recombinant protein expression. The conditioned medium was harvested 5 

86 



(a) 
Anti- ADAM33 MP domain (b) Anti-ADAM33 Pro domain 

2 3 4 5 6 7 kDa 2 3 4 5 6 7 

_ 250 
- 160 
- 105 

- 75 

Serum 

- 50 

- 35 

- 30 

- 25 

(e) 1 2 3 4 5 6 7 
kDa 

(d) 1 2 3 4 5 6 7 

250 
- 160 
- 105 - 75 

- 50 No 
Serum - 35 

- 30 
- 25 

Fig. 3.5. ADAM33 Pro-MP His expression over time. Stable S2 PPP-His transfectants 
were plated at 4x1 06 cells/well in a 6 well plate in either serum containing (a) (b) or 
serum free medium (c) (d). 2001-11 of cell suspension was sampled daily on days 1-7 
(lanes 1-7) after induction of recombinant protein expression. The cells were removed by 
centrifugation and the medium was solubilised in sample buffer. 201-11 of each sample was 
analysed by SDS PAGE (12.5%acrylamide gels) before being transferred onto PVDF and 
further analysed by western blotting using RP2 (a) (c) . Membranes were subsequently 
stripped and re-probed using RP1 (b) (d) . 
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Fig. 3.6. Site directed mutagenesis of pMT/BipN5-His ADAM33 Pro-MP vector. 
Site directed mutagenesis of ADAM33 MP domain was used to change an adenosine to 
a cytosine which would result in an amino acid substitution of the glutamic acid residue 
at position 346 to an alanine, E. coli was transformed using the ssDNA from the 
mutagenesis reaction . Several clones were sequenced using the ADAM33 FGHI primer 
(5'GATCCTGGGAACAAAGCGGG3'). The left panel shows the DNA sequence of a 
clone that remained wild type. The right panel shows a clone that was successfully 
mutated , * Denotes mutated base. This mutated clone was subsequently expanded 
and used to express the mutant plasmid for large scale purification. 
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days after induction. Since the collected medium was a complex sample containing 

many insect derived proteins including proteases, it was necessary to devise a 

purification scheme that would remove these contaminants and enrich for ADAM33. 

Protein purification strategies are designed around the biochemical properties of the 

protein of interest. In this case, the recombinant ADAM33 proteins have a 6xHis C

terminal tag which enables them to bind to divalent cations such as Ni2+ and C02
+ with 

high affinity. This made an immobilised metal affinity chromatography column loaded 

with such ions an ideal candidate for use in the purification of ADAM33. 

3.2.1 Immobilised metal affinity chromatography (IMAC) using Ni2
+ ions 

Often the addition of a low concentration of imidazole (20-40mM) to a sample prior to 

loading it onto an IMAC column is recommended to increase the specificity of protein 

binding. Therefore the conditioned medium from ADAM33 Pro-MP-His transfectants 

was supplemented with 30mM imidazole before being loaded onto the column. After 

loading the sample, a high concentration of imidazole (500mM) was used to elute the 

bound proteins. A sample of the starting material, the unbound flow through from the 

sample loading step, and the eluted fractions were collected and analysed by 

western blotting using the RP2 antibody, Fig.3.7. In the western blot, ADAM33 is 

clearly detectable in the starting sample, and in the unbound fraction, but is not 

detectable in the eluted fractions. This demonstrated that the addition of 30mM 

imidazole into the starting sample was sufficient to inhibit any ADAM33 protein from 

binding to the column. To confirm this, a second IMAC run was performed using 

conditioned medium that had not been supplemented with imidazole. Western blot 

analysis showed that ADAM33 was no longer found in the flow through sample, but 

did appear in the eluted fractions. 

In a separate run where the imidazole was again omitted from the starting sample, 

the eluted fractions were analysed by SDS PAGE. The gels were stained with 

Coomassie brilliant blue, a protein stain. This allowed the proteins in the eluted 

fraction to be visualised, and the complexity of the sample to be determined, Fig.3.B. 

The stained gel showed that ADAM33 was the most abundant protein species eluted, 

with the ADAM33 Pro and MP bands appearing at the molecular weights seen 

previously in western blots, 25kDa and 33kDa respectively. It was also clear that 

many contaminating proteins of varying molecular weights were present in the eluate, 

the majority being 40kDa and above. A sample of the eluted fraction was also 

analysed by casein zymography. Casein is a good metalloproteinase substrate and 

was used for detecting residual insect proteases in the eluted fraction, Fig. 3.9. 
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Fig. 3.7. Western blot analysis of samples from IMAC column loaded with 
conditioned medium from ADAM33 Pro-MP-His transfectants. Conditioned 
medium was loaded onto a 1mliMAC column pre-equi librated with 20mM sodium 
phosphate and O.5M NaCI. The column was washed until a steady base line was 
reached at A280nm using equil ibration buffer, and eluted using imidazole. Samples 
from the media (M) , unbound fraction (US) and eluted fractions (E) , were solubilised 
in sample buffer and separated on by SDS PAGE (12.5% gel). Proteins were 
transferred to PVDF, and western blotted using the RP-2 antibody. (a) 10ml of 
conditioned medium was adjusted to 20mM sodium phosphate, O.5M sodium 
chloride and 30mM imidazole and loaded onto the column. Elution was carried out in 
equilibration buffer with progressive 50mM increments of imidazole. (b) 50mlof 
conditioned medium was adjusted to 20mM sodium phosphate, O.5M sodium 
chloride without any imidazole and loaded on to the column. Sound proteins were 
eluted with binding buffer containing 500mM of imidazole. 
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Fig. 3.8. Protein stain of eluted fractions from an IMAC column loaded with 
conditioned medium from 52 ADAM33 Pro-MP-His transfectants. ADAM33 pro
MP-His was purified from conditioned medium. 200m I of conditioned medium was 
adjusted to 20mM sodium phosphate, 0.5M sodium chloride without any imidazole, 
then loaded onto an IMAC column. The column was washed until A280nm base line 
was reached, and eluted with a step of 500mM imidazole. Samples of eluted 1 ml 
fractions (1-10) were solubilised and separated on a 12.5% SDS-PAGE gel, and 
subsequently stained with Coomassie brilliant blue. ADAM33 bands are indicated by 
arrows. 

1 2 3 4 

Lane 1: Serum free medium 

Lane 2: Conditioned medium from 
S2 ADAM33 Pro-MP-His 
transfectants 

Lane 3: IMAC eluted fraction 

Lane 4: MMP-2 (10ng) 

Fig. 3.9. Casein zymogram of partially purified ADAM33 Pro-MP-His. A sample of 
serum free medium, conditioned medium from ADAM33 Pro-MP-His transfectants, a 
fraction eluted from the IMAC column loaded with conditioned medium and MMP-2 were 
solubilised in non denaturing sample buffer, and subjected to SDS-PAGE. After an 
overnight incubation in assay buffer, the gels were visualised with Coomassie brilliant blue 
staining, and imaged using the Bio-Rad GS-800 scanner. 
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The zymogram showed multiple protein species that were able to digest the casein. 

Digestion resulted in areas of reduced Coomassie staining in comparison with 

undigested areas. The molecular weights of the proteins mediating the degradation 

were between -40 and 70kDa, as determined by a protein standard. The 

caseinolytic activity seen in the eluted fraction could not have arisen from ADAM33 

activity, because the level of proteolytic activity was lower in the eluted fraction in 

comparison to a conditioned medium sample. Since ADAM33 Pro-MP-His was 

enriched in the eluted fraction, had the caseinolytic activity been attributed to 

ADAM33 then it would have been greater in the eluted fraction relative to that seen in 

the conditioned medium sample. 

3.2.2 Immobilised metal affinity chromatography (IMAC) using Co2
+ ions 

It has been reported in the literature that loading an IMAC column with C02
+ rather 

than Ni2+ can improve the efficiency of an IMAC column for 6x histidine tagged 

proteins246
. This is because C02

+ but not Ni2+ shows a greater specificity towards 

capturing tracts of adjacent histidines relative to histidine rich proteins that do not 

necessarily have this property. This prompted speculation of whether by loading the 

IMAC column with C02
+ rather than Ni2+ ions, a preparation of ADAM33 Pro-MP-His 

of higher purity could be achieved. To address this, the ability of Ni2+ and C02
+ 

loaded columns to capture ADAM33 Pro-MP-His was directly compared. In an 

attempt to improve protein binding efficiency a pool of conditioned medium from the 

transfectants was supplemented with 1mM EDTA and then dialysed into IMAC 

binding buffer prior to loading. The EDTA was included to minimise proteolytic 

degradation of the sample proteins by metalloproteinases. As a result of the dialysis 

procedure the EDT A concentration in the sample was reduced to minimal levels by 

the end of the process and therefore it was unlikely to cause stripping of the metal 

ions present in the IMAC column. The sample pool was then split into 2 samples, 

and loaded onto columns chelated with either Ni2+ or C02
+ ions. The proteins bound 

to the IMAC column were then eluted using an imidazole gradient (S-2S0mM); when 

the concentration of imidazole reached SOmM it was held constant to allow the major 

peak to elute fully, before allowing the gradient to continue. The eluted fractions 

were analysed by SDS-PAGE, Fig.3.10. The gels were stained with EZ Blue, a 

sensitive colloidal Coomassie blue stain. As expected the ADAM33 Pro and MP 

domains were seen to elute as the concentration of imidazole was increased, and 

their molecular weights were found to be 2SkDa and 33kDa respectively. From the 

numerous other protein bands in the eluted fractions, it can be concluded that the 

C02
+ column was not markedly more specific for ADAM33-Pro-MP-His than the Ni2+ 

92 



E 
c: 
c 
co 
N 

Ri 
Ql 
CJ 
c: 
CIS 

.Q .... 
0 

'" .Q 

<I: 

Time (min) 0 

Sample Post Binding 
Elute loading wash 

(b) 
kDa 

250-
105-
75 -
50 _ 

35 -

30 ~. 

25 -

Nj2+ 

IMAC 

C02+ 

IMAC 

10 20 30 40 50 

Fig. 3.10. Comparison of the selectivity of IMAC columns loaded with either Ni2+ or 
C02+ ions. Conditioned medium from AOAM33 Pro-MP-His transfectants containing 1 mM 
EOTA was dialysed into 25mM HEPES pH7.9, 0.5M NaCI, 5mM imidazole (binding buffer) 
overnight at 4°C. This was split in to two equal pools , the first was loaded on to a 1 ml Ni2+ 
IMAC column, the second on to a 1ml C02+ IMAC column connected to a FPLC. The 
columns were washed with binding buffer until the A280nm base line was restored, before 
being eluted with a gradient of imidazole (5-250mM). The gradient was held at 50mM until 
the main protein peak had been eluted. The process was monitored using a 280nm UV 
monitor, and charted as a chromatogram (a). The blue line represents the absorbance at 
280nm, with full scale deflection set to 0.5. The red line represents the % of elution buffer 
going through the column, full scale deflection is 100% (500mM Imidazole in elution 
buffer). Time 0 represents the start of the elution step. Flow rate 1 ml/minute. A sample of 
the eluted fractions (1-14mlleft to right) were solubilised in sample buffer, and separated 
by SOS PAGE. Proteins were visualised using EZ Blue stain (b). 
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column, and the eluted fractions remained complex. The relative abundance and 

pattern of the contaminating bands do however differ between the eluted fractions 

from the two columns, indicating that there may be some differences in their 

selectivity for proteins, Fig. 3.10(b). 

3.2.3 Improving the efficiency of IMAC loaded with Ni2
+ using a preceding step 

Although the IMAC column was able to capture the ADAM33-Pro-MP-His from 

conditioned medium, the above data showed that a one step IMAC purification was 

insufficient for the desired level of purity required for subsequent studies. The 

numerous contaminating proteins that also bound competed with the ADAM33 for 

binding sites on the column. This had a net effect of reducing column efficiency. 

This would have become more problematic and apparent when the purification was 

scaled up, since the column binding sites would have become occupied before all the 

ADAM33 protein could be bound. To improve the efficiency of an IMAC column, a 

preceding step can be used to reduce the complexity of the sample. Three different 

preceding steps were tested. The first was ammonium sulphate precipitation, the 

second cation exchange chromatography, and the third was Concanavalin A (Con A) 

affinity chromatography. 

Ammonium sulphate precipitation 

The addition of ammonium sulphate to protein mixtures is a crude way of separating 

proteins into fractions according to their hydrophobicity. In general proteins will 

gradually precipitate out of solution as increasing concentrations of ammonium 

sulphate is added. This method is often referred to as "salting out". An attempt to 

salt out ADAM33 Pro-MP-His out of conditioned medium was unsuccessful. A small 

protein pellet was recovered at 25% ammonium sulphate saturation, which barely 

showed the presence of any ADAM33 when slot blotted with the RP2 antibody. No 

pellets were obtained at 50% and 80% ammonium sulphate saturation, instead the 

conditioned medium separated into an insoluble lipid phase and an aqueous phase 

without observable precipitates. 

Cation Exchange Chromatography-Resource S 

Another way of reducing the complexity of the starting conditioned medium is to use 

cation exchange chromatography. Cation exchange columns can be used to capture 

proteins with a net positive charge. These proteins can then be eluted using 

increasing salt concentrations. In the literature the successful use of cation 

exchange as a preceding step to IMAC chromatography has been reported245
. In this 
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study, when conditioned medium was loaded onto a cation exchange column 

(Resource S), it was found that AOAM33 could indeed be captured and eluted from 

the column. SOS-PAGE analysis of the eluted fractions showed the AOAM33 Pro 

and MP domains migrated as 25kOa and 33kOa species respectively, Fig.3.11 (a). 

In addition to AOAM33, several high molecular weight proteins above 105kOa in 

molecular weight and a protein that was -70kOa were also present in the eluted 

fractions. The AOAM33 containing fractions from the cation exchange column were 

pooled and subsequently loaded onto an IMAC column and eluted using imidazole. 

In this case, it was found that using a cation exchange column preceding the IMAC 

column caused the preferential concentration of the -70kOa protein over AOAM33 on 

the IMAC step, Fig. 3.11(b). Therefore the use of cation exchange prior to IMAC 

was considered to be unsuitable as a preceding step. 

Concanavalin A (Con A) affinity chromatography 

A complex protein mixture can also be separated using Con A affinity 

chromatography. Con A is a lectin purified from the Jack bean and has a high affinity 

for mannosyl and glucosyl chains of polysaccharides. It can be used to select out 

glycosylated proteins from protein mixtures. Since the AOAM33 MP domain is 

glycosylated, Con A was used to capture it and remove it from non glycosylated 

proteins in the medium. Conditioned medium was loaded onto a Con A column, 

unbound proteins were washed away, and bound proteins were subsequently eluted. 

The eluted fractions were analysed by SOS-PAGE and proteins were visualised by 

staining gels with EZ Blue, Fig.3.12. The gels showed that Con A successfully 

captured AOAM33 Pro and MP domains, and these appear as some of the most 

abundant proteins in the eluted fractions. The ability to recover AOAM33 in the 

eluted fractions demonstrated that Con A affinity chromatography was an effective 

preceding step to IMAC in comparison with ammonium sulphate precipitation. If the 

eluted fractions were shown to be compatible with a subsequent IMAC step then it 

would also be more effective than cation exchange chromatography as an initial step 

for purifying AOAM33 Pro-MP-His from conditioned medium. 

Con A chromatography -> IMAC 

The eluted fractions from the Con A column that contained AOAM33 Pro-MP-His 

were pooled, and dialysed into IMAC binding buffer containing a very low 

concentration of imidazole (5mM) which reduced non specific binding. This sample 
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Fig. 3.11. Selection of ADAM33 Pro-MP-His from conditioned medium using 
cation exchange followed by IMAC. 16Sml of conditioned medium from ADAM33 Pro
MP-His transfectants was diluted 1:2 in binding buffer (2SmM HEPES pH6.8, 20mM 
NaCI) and loaded onto a cation-exchange column (Resource S) at a flow rate of 
Smllminute. The column was washed, then bound proteins were eluted with a gradient 
of NaCI (SO-SOOmM) over 20 minutes at a flow rate1 ml/minute. The eluted fractions 
were analysed by both SDS-PAGE (a), and slot blotted with the RP2 antibody to identify 
the fractions containing ADAM33. The ADAM33 fractions were pooled and loaded onto 
an IMAC column and subsequently eluted. The protein fractions eluted from the IMAC 
column were analysed by SDS-PAGE (b). SDS-PAGE gels were stained with EZ Blue to 
allow proteins to be visualised . ADAM33 Pro and MP domains are indicated with 
arrows. A non ADAM33 protein (*) is enriched as a result of the combination of the two 
chromatographic steps. 
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Fig. 3.12. Purification of ADAM33 Pro-MP-His from conditioned medium using Con A 
affinity chromatography. Conditioned medium (SOOml) was loaded onto a pre
equilibrated Con A agarose 4B column, at 4°C with a flow rate of O.Sml/minute. Unbound 
proteins were washed away with 10 column volumes of binding buffer and eluted in binding 
buffer containing SOOmM of a-D methyl-mannopyranoside. 1 ml fractions were collected . 
The starting medium (M) and a sample of every Sth fraction (from 20 to 120) were 
solubilised in sample buffer and 20ul of each was analysed by SDS-PAGE (12.S% gels) . 
Proteins were visualised by staining with EZ Blue. Arrows indicate the ADAM33 Pro and 
MP domain. 
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was loaded onto an IMAC column. The unbound proteins were washed away and 

the bound proteins were eluted using an increasing gradient of imidazole (S-2S0mM). 

The absorbance (at 280nm) of the sample passing out through the IMAC column was 

recorded on a chromatogram, Fig.3.13(a). It was apparent that during the sample 

loading phase, many proteins did not bind to the column, giving the flow through 

sample an initial absorbance of -0.2 which increased gradually to -0.3 towards the 

end of the loading phase. This increase probably reflected the decrease in the 

efficiency of the column as it approached its maximum protein binding capacity. 

When pools of the unbound fractions were analysed by SDS PAGE, it was observed 

that the majority of the protein which was responsible for the increase in absorbance 

from base line were non ADAM33 proteins, Fig. 3.13(b}. The levels of ADAM33 Pro 

and MP domain in the unbound flow through were low compared with the loaded 

sample in terms of band intensity, suggesting that the majority of ADAM33 in the 

sample was successfully bound to the column. On the chromatogram, a broad non

symmetrical elution peak was observed as the imidazole concentration was 

increased. This reflected overlapping peaks of proteins being eluted from the 

column, and was confirmed by the SDS-PAGE analysis of the eluted fractions. The 

majority of ADAM33 Pro and MP domains eluted in fractions 6-9, with a low level of 

protein being eluted before and after this main peak. Recombinant ADAM33 Pro 

MP-His was the most abundant protein in the eluted fractions, showing significant 

enrichment in comparison with the initial conditioned medium and Con A column 

eluate. The fractions containing ADAM33 Pro-MP-His remained fairly complex with 

multiple contaminating proteins which had varying but overlapping elution profiles. 

However, the relative levels were considerably less than when IMAC was used 

without a preceding Con A column, Fig. 3.10. 

3.2.4 Con A chromatography -> IMAC -> Cation exchange chromatography 

To further reduce the number of contaminating proteins from the recombinant 

ADAM33 preparation, it was necessary to employ further steps downstream of the 

Con A and IMAC columns. Cation exchange was used for this purpose. The eluted 

fractions containing ADAM33 Pro-MP-His from the two step Con A and IMAC 

purification were pooled and dialysed into binding buffer. This was loaded onto a SP 

Sepharose FF column. Unbound proteins were washed away and bound proteins 

were eluted off using a gradient of salt (SO-SOOmM NaCI). The procedure was 

followed by measuring the 280nm absorbance of the sample passing out of the 

column, and was charted as a chromatogram, Fig. 3.14(a}. This showed that the 

majority of the proteins did not bind to the column, but flowed straight through the 
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Fig. 3.13. Purification of ADAM33 Pro-MP-His from Con A eluate pool using IMAC. 
40ml of dialysed ConA eluate containing AOAM33 Pro-MP-His was loaded on to an IMAC 
column at 1 ml/minute and washed with binding buffer before being eluted using an 5-
250mM gradient of imidazole. The chromatogram (a) follows the 280nm absorbance of the 
sample passing out of the column during the process (blue line). The red line indicates the 
% of elution buffer going through the column, with full scale deflection set at 100%. The 
protein complexity of starting conditioned medium (M), dialysed Con A eluate pool (C) , 
pooled IMAC unbound flow through (U) and eluted fractions (1-20ml) were analysed by 
SOS-PAGE (B) and the proteins were visualised by staining with EZ Blue. Arrows ind icate 
AOAM33 Pro and MP protein bands. 
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Fig. 3.14. Purification of ADAM33 Pro-MP-His from conditioned medium using 
Con A affinity chromatography, IMAC and cation exchange chromatography. 
Conditioned medium was subjected to Con A affinity chromatography followed by IMAC 
and then cation exchange chromatography. The eluted pool from the IMAC step was 
loaded onto a SP Sepharose FF cation exchange column at a flow rate of 1 ml/minute. 
The column was washed and the bound proteins were eluted with a gradient of NaCI 
(50-500mM) over 20 minutes. The absorbance at 280nm of the solution flowing out of 
the column during this process was recorded on a chromatogram (a). The red line 
indicates the % of elution buffer going through the column, with full scale deflection set 
at 100%. The complexity of unpurified conditioned medium (M), dialysed Con A eluate 
pooled (Con A) , IMAC eluted fractions 5-9 pooled , SP Sepharose FF unbound fractions 
(U) , wash fractions (1 ,5,10) and eluted fractions (1-20) were analysed by SOS PAGE 
and visualised by staining with EZ Blue (b). Arrows indicate AOAM33 Pro and MP 
protein bands. 
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column during the loading phase and resulted in an absorbance value -0.45. During 

the elution phase a broad elution peak is observed, which was fairly symmetrical with 

an additional shoulder towards the higher concentrations of salt. From the SDS

PAGE analysis of samples from the procedure, it is clear that the ADAM33 Pro and 

MP domains were captured by the column, since relatively little of it was observed in 

the unbound pool and wash fractions. In addition it eluted as a broad peak spanning 

fractions 3-12. The ADAM33 containing fractions had far lower levels of 

contaminating proteins in comparison to the starting sample from the IMAC column, 

only a few higher molecular weight species were detectable towards the later stages 

of elution. The cation exchange step was demonstrated as an effective third 

purification step. 

3.2.5 Con A chromatography -> IMAC -> Cation Exchange chromatography -> 

IMAC -> Gel filtration 

To obtain a preparation of ADAM33 Pro-MP-His of greater purity, a final "polishing" 

step was introduced after the Con A, IMAC and cation exchange columns. Gel 

filtration (Superose 12) was chosen for removal of the residual higher molecular 

weight contaminants, because of its ability to fractionate proteins according to their 

molecular weight. Two characteristics of the gel polishing column made loading the 

eluted pool directly from the cation exchange column onto the gel filtration column 

problematic. The first being the resolution of a gel filtration column is decreased as 

the volume of the sample applied is increased. The second being the recovered 

volume from a gel filtration column was approximately five times more than that of 

the sample loaded, therefore diluting an already dilute preparation further. To 

counter these issues, the ADAM33 Pro-MP-His fractions containing fractions eluted 

from the cation exchange step were pooled, and concentrated on the IMAC column. 

To minimise the volume in which the protein would elute, the protein was eluted 

using a 500mM step of imidazole, Fig. 3.15(a) allowing the majority of the protein to 

elute in a sharp peak over 2-3ml. The concentration effect of this step could be seen 

by SDS-PAGE analysis, where barely visible contaminating proteins in the starting 

sample were now detectable after concentration. A sample of this concentrated 

preparation was subsequently loaded onto the Superose 12 column. Two peaks 

were seen eluting from the Superose 12 column, the first at 9ml corresponding to the 

pre-established void volume of the column, the second containing ADAM33 Pro-MP

His eluted as a symmetrical peak between 14-16ml after loading, Fig.3.15(b). 
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Fig. 3.15. Purification of ADAM33 Pro-MP-His from conditioned medium using Con 
A affinity chromatography, IMAC, Cation exchange, IMAC concentration and gel 
filtration. Conditioned medium was subjected to Con A affinity chromatography, then 
IMAC, followed by cation exchange chromatography. To concentrate this pool the eluted 
fractions containing AOAM33 Pro-MP-His were pooled and loaded back onto an IMAC 
column at a flow rate of 1ml/minute. The protein was eluted using 500mM imidazole. (a) 
The absorbance at 280nm was recorded for the sample flowing out of the column, and 
charted as a chromatogram, the arrow highlight the elution peak. A sample of each 
fraction from the column was analysed by SOS-PAGE (12.5% gels) . Proteins were 
visualised by staining gels with EZ Blue. S represents the starting sample, U the 
unbound pool , W the wash fractions . A sample of the concentrated protein preparation 
was subsequently loaded onto a Superose 12 column, and eluted at a flow rate of 
O.5ml/minute. (b) The absorbance of the column flow through was again charted . Two 
peaks were seen in the elution phase, one at 9ml and one at 15ml, indicated by the 
arrows. The 9ml peak corresponded the void volume of the column, and the 15ml peak 
represented AOAM33 fractions, these were analysed by SOS PAGE (12.5% gels) and EZ 
blue staining. PP was a sample of the IMAC concentrated partially purified protein that 
was loaded onto the Superose 12 column. Eluted fractions (14-16) are also shown. 
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This was in line with the expectations predicted from a calibration run of the 

Superose 12 column using protein standards (materials and methods section 2.15). 

The AOAM33 Pro-MP-His eluted from the Superose 12 column was free from visible 

protein contaminants by SOS-PAGE analysis and EZ Blue staining and deemed of a 

high purity. The identity of the bands on SOS-PAGE gels were re-confirmed by 

western blotting using the anti-AOAM33 Pro (RP1) and MP (RP2) domain antibodies, 

Fig. 3.16. The high sensitivity of the blot probed with the RP1 antibody also revealed 

the presence of some unprocessed AOAM33 which was not always in high enough 

quantities to be detected by EZ Blue staining of a SOS-PAGE gel. 

3.2.6 Removal of gelatinase and caseinolytic activity 

In the early stages of designing a purification scheme, it was noted that passing 

conditioned medium through the IMAC column alone was insufficient to remove all 

the residual protease activity. In particular caseinolytic activity was observed in the 

preparation. Having devised a successful five step purification scheme consisting of 

Con A affinity chromatography, IMAC, cation exchange, IMAC concentration and gel 

filtration, it was necessary to test whether it had been rigorous enough to remove the 

unwanted proteases. Both gelatin and casein zymography were used for this 

purpose. They showed that the AOAM33 Pro-MP-His preparations resulting from the 

five step purification did not possess any gelatinase or caseinolytic activity, Fig.3.17. 

3.2.7 Purification of ADAM33 Pro-MP(E346A)-His 

Having devised a purification scheme for the wild type AOAM33 MP domain, the 

same strategy was used to purify the mutant from conditioned medium. The scheme 

was shown to work equally well with the mutant protein. Samples from the eluted 

fractions of each purification step were analysed by SOS-PAGE, Fig. 3.18. The 

mutant migrated to at apparent molecular weight of -33kOa. Like the wild type, this 

was larger than expected as predicted by its amino acid sequence alone. 
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Fig. 3.16. Western blot analysis of purified ADAM33 Pro-MP-His from conditioned 
medium. Conditioned medium containing AOAM33 Pro-MP-His was purified using a 
five step process. This involved Con A affinity chromatography, followed by IMAC, then 
cation exchange chromatography, then concentration of the sample over an IMAC 
column and lastly gel filtration . The final preparation was analysed by SOS-PAGE, the 
proteins were transferred to PVOF and subsequently blotted with the anti-AOAM33 Pro 
and MP antibodies (RP1 and RP2) to confirm the identity of the bands observed by SOS 
PAGE and protein staining alone. 
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Fig. 3.17. Zymography analysis of purified ADAM33 Pro-MP-His. AOAM33 Pro
His was purified from conditioned medium using the five step process. Purified 
AOAM33 Pro-MP-His protein fractions (14-16) eluted from the Superose 12 column 
from two consecutive runs were solubilised in non reducing sample buffer, and 
separated on 10% SOS PAGE gels containing either casein or gelatin. 5ng of MMP-2 
was used as a positive control , and the original conditioned medium from which 
AOAM33 was purified was also tested. All samples were loaded in duplicate. Gels 
were washed in 2.5% Triton x-100 solution and distilled water then incubated in assay 
buffer (50mM Tris-HCI pH7.5, 5mM CaCI2, 1IJM ZnCI2, and 0.02% NaN3) overnight at 
3rC. Gels were stained with Coomassie brilliant blue then de-stained. They were 
then scanned using Bio-Rad GS800 gel scanner. Clear bands indicated the presence 
of caseinolytic or gelatinase activity. 103 
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Fig. 3.18. Purification of ADAM33 Pro-MP(E346A)-His. ADAM33 Pro-MP(E346A)-His 
was purified using the same five step purification scheme that was devised for the wild 
type protein. Fractions eluted from each column were analysed by SDS-PAGE (12.5% 
gels) and the protein was visual ised by sta ining with EZ Blue. (a) Con A affinity 
chromatography, (b) IMAC, (c) Cation exchange chromatography, (d) IMAC concentration, 
and (e) gel filtration. Lane numbers reflect eluted fraction number. Brackets and arrows 
indicate ADAM33 MP(E346A) and Pro domain bands respectively. (*) indicates 
unprocessed ADAM33 Pro-MP(E346A)-His. 
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3.3 2-Dimensional SDS-PAGE analysis of purified ADAM33 

Pro-MP-His and ADAM33 Pro-MP(E346A) His 

Purified AOAM33 Pro-MP-His and AOAM33 Pro-MP(E346A)-His were further profiled 

by 20 SOS PAGE analysis to assess the purity of the preparations and also the pi of 

the proteins, Fig. 3.19. 10 SOS PAGE is limited by its inability to distinguish multiple 

proteins of the same molecular weight from one another. 20 PAGE separates 

proteins on the basis of their net charge prior to separation on the basis of molecular 

weight, and therefore can separate proteins of identical molecular mass which have 

different net charges. The protocol is detailed in materials and methods section 

2.18. The proteins were transferred from the gels and onto PVOF membranes. 

SyproRuby blot stain, a sensitive fluorescent stain, which has been reported to detect 

proteins down to 2-8ng of protein was used to visualise the proteins on the blots. 

Other than the AOAM33 Pro and MP domains, virtually no other proteins were 

detected on the membranes, which again confirmed the high purity of the AOAM33 

preparation. The molecular weight of the AOAM33 Pro and MP domains 

corresponded as expected to previous 1 dimension SOS-PAGE gels, at -25kOa and 

-33kOa respectively, which was again larger than the predicted values based on 

their amino acid sequence alone. The AOAM33 MP domain was present as a 

doublet, although a faint trace of another band suggests that it may in fact be a 

triplet. The MP and to a lesser extent the Pro domain ran as a train of spots 

spanning several units of pi rather than as discreet spots. This is the typical pattern 

expected for glycosylated proteins. This spreading out of the MP domain signal also 

provided an explanation as to why the MP bands appeared fainter at anyone point. 

The effect also made the determination of the pi difficult for the MP domain since the 

bands spans over many units and also beyond the pi range of the protein standards. 

The average pi for the Pro domain was -6.4, slightly lower than the predicted pi of 

7.9. 

3.4 Glycosylation status of ADAM33 Pro-MP-His and ADAM33 

Pro-MP(E346A)-His 

The SOS-PAGE analyses of the wild type and mutant AOAM33 Pro and MP domain 

showed that both domains migrated more slowly than expected by predictions based 

on their amino acid sequence alone. In addition, the MP domain migrated as several 

bands, whilst the Pro domain migrated as one thick band, which suggested that it too 

migrated as multiple bands which were not fully resolved. Surface Enhanced Laser 
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Fig. 3.19. 20505 PAGE analysis of purified AOAM33 Pro-MP-His and AOAM33 Pro
MP(E346A)-His. ADAM33 Pro-MP-His and ADAM33 Pro-MP(E346A)-his were purified using 
the established five step scheme. Proteins were acetone precipitated and resuspended in 
rehydration buffer. 2IJg of (a) ADAM33 Pro-MP-His, (b) ADAM33 Pro-MP(E346A)-His , or (c) 
ADAM33 Pro-MP(E346A)-His together with 2D PAGE protein standards were loaded onto 3-
1 ONL IPG strips. The proteins were separated by iso-electro-focusing, followed by SDS
PAGE on 12.5% gels. The gels were stained with SyproRuby gel stain (c) or the proteins were 
subsequently transferred onto PVDF membranes (a)(b). The membranes were stained with 
Sypro Ruby blot stain , and imaged using the Bio-Rad Versadoc. The position at which the first 
dimension IPG strip was placed onto the separation gel is shown by the top bracket, (M) 
highlights the lane on which 1 D protein standards were loaded, the 75kDa, and 25kDa 
standards (*) can clearly be seen. (c) The molecular weight and pi of the 2D PAGE standards 
were used to construct a molecular weight/pi grid which was used to estimate these properties 
for the recombinant ADAM33 proteins. This was carried out using PD Quest software (Bio
Rad) . 106 



Desorption Ionisation - Time Of Flight (SELDI-TOF) mass spectroscopy was used to 

determine accurate molecular masses of the ADAM33 Pro and MP domains, and 

investigate whether the multiple isoforms seen in SDS-PAGE gels represented 

differentially glycosylated forms of the proteins. The ADAM33 Pro-MP(E346A)-His 

from conditioned medium and purified preparations were captured onto an IMAC30 

SELDI chip surface both before and after deglycosylation with PNGase F. The 

surface was washed extensively before sinapinic acid matrix was added on top of the 

protein and allowed to dry before being analysed using the Ciphergen (SELDI-TOF) 

system. The molecular masses obtained by this method are accepted to be accurate 

to within -200Da of the true molecular mass. The spectrum for each sample is 

shown Fig. 3.20, and the data is summarised in Table 3.1. 
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Fig.3.20. SELDI spectra of ADAM33 Pro-MP-His and ADAM33 Pro-MP(E346A)-His. 
Molecular mass of ADAM33 wild type (a-d) and mutant proteins (e-h) from conditioned 
medium and purified preparations before and after deglycosylation . Y axis displays 
intensity, x axis displays charge to mass ratio . Fig. 3.20 continues onto the next page. 

108 



3 

2 

o 

10000 20000 

3 

2 

o 

10000 20000 

4 

2 

0_'" 
10000 20000 

4 
19874.4+H 

2 

o_ ... ~ 
10000 20000 

(e) ADAM33 E346A conditioned medium 

30000 40000 

(f) ADAM33 E346A conditioned medium 
deglycosylated 

1+H 

30000 40000 

(g) Purified ADAM33 E346A 

30000 40000 

(h) Purified ADAM33 E346A deglycosylated 
26005.7+H 

30000 40000 

109 



Predicted Conditioned Conditioned Purified Purified Protein 
Mass Medium Medium, Protein Oeglycosylated 

Oeglycosylated 

Pro wt 20.1 20.2 20.1 20.1 18.3 
22.3 22.1 19.9 

Pro E346A 20.1 19.5 19.5 20.1 18.3 
22.1 20.1 21.9 19.9 

MP wt 26.0 26.9 23.9 25.4 23.0 
28.0 25.6 26.6 25.4 

MP E346A 26.0 27.3 26.2 27.1 23.5 
28.3 28.0 26.0 

Table 3.1. Molecular Mass of ADAM33 species. Conditioned medium and purified 
ADAM33 Pro-MP-His and the E346A mutant were treated with or without PNGase F. 
Samples were acetone precipitated and resuspended in lysis buffer (9M Urea 2% 
CHAPS). These samples were loaded onto Ciphergen IMAC30 chips, washed, 
mixed with sinapinic acid matrix and read using a laser intensity of 210 units to 
determine accurate masses for the ADAM33 species. This table summarises the 
information from the spectra obtained in Fig. 3.20 (a-h), and compares it to the 
expected molecular masses of the Pro and MP domain as predicted from their amino 
acid sequences in kDa. 
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In the conditioned medium samples, two main peaks were observed for the Pro 

domain from both the wild type and mutant. The peak representing the higher 

molecular weight species was -22kDa which was 2kDa larger than expected. 

Deglycosylating the conditioned medium shifted the maximum of this peak to 20kDa 

which corresponds with the predicted molecular weight. The purified Pro domain 

found in the purified protein preparations also showed two peaks, one at 20kDa and 

a second at 22kDa, the same as those seen in the medium. When these were 

deglycosylated the observed peaks were reduced to 18kDa and 20kDa. The 20kDa 

form probably represented the intact Pro domain and was the more prominent peak 

out of the two; the 18kDa form may have represented a truncated form, derived 

perhaps from degradation of the sample during the harsh deglycosylation conditions. 

The ADAM33 wild type and mutant MP domain found in conditioned medium were 

expressed predominantly in forms which were greater than their predicted molecular 

weight by approximately 1-2 kDa. After deglycosylation the mutant MP domain was 

reduced to a peak of 26kDa, which corresponded to its predicted molecular weight. 

The molecular weight of the purified mutant MP domain before and after 

deglycosylation was similar to that seen in the conditioned medium, with an addition 

species of 23.5kDa. When the wild type MP domain was deglycosylated it was 

reduced into two species which were slightly smaller than expected, with molecular 

weights of 23.9kDa and 25.6kDa. The molecular weight of the purified wild type MP 

domain before deglycosylation was however lower than that found in the conditioned 

medium at 25.4 and 26.6kDa. After deglycosylation, these were reduced to 23kDa 

and 25.4kDa. This suggested that in addition to being glycosylated, the wild type MP 

domain may have been more susceptible to degradation of its N-terminus. 

3.5 a2-Macroglobulin binding assay. Testing the activity of 

purified ADAM33 Pro-MP-His. 

Using the a2-Macroglobulin binding assay purified ADAM33 Pro-MP-His was shown 

to be proteolytically active. When the wild type protease was incubated with a2-

Macroglobulin high molecular weight complexes between the two proteins were 

formed. The samples were analysed by SDS-PAGE and visualised by western 

blotting using the anti ADAM33 MP domain antibody (RP2), Fig.3.21. The molecular 

weight of the complexes formed were slightly larger than expected (expected 

-150kDa). The formation of this complex was dependent on proteolytic activity of the 

ADAM33. The addition of the metalloproteinase inhibitor 1,10 phenanthroline 
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Fig. 3.21. Activity test for purified ADAM33 Pro-MP-His - a2-Macroglobulin 
assay. 600ng of purified ADAM33 Pro-MP-His and the E346A mutant were incubated 
at 25°C overnight with 3.51Jg of a2-Macroglobulin with (lanes 2 and 5) or without (lanes 
1 and 4) the metalloproteinase inhibitor, 1,10, phenanthroline monohydrate. ADAM33 
incubated without a2-Macroglobulin (lanes 3 and 6) , and a2-Macroglobulin incubated 
alone (lane 7) were used as negative controls. Samples were solubilised in sample 
buffer and separated on by SDS-PAGE (12.5% gel), and the proteins were transferred 
to PVDF membranes and western blotted using the anti ADAM33 MP domain antibody 
(RP2). 
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monohydrate inhibited complex formation. The purified ADAM33 Pro-MP(E346A)

His was unable to form high molecular weight complexes with a2-Macroglobulin and 

was as expected, proteolytically dead. 

3.6 Following the proteolytic activity of ADAM33 Pro-MP-His 

through the purification process. 

In addition to the a2-Macroglobulin assay which was a non quantitative method, the 

proteolytic activity of purified ADAM33 Pro-MP-His protein was measured using a 

fluorescent energy resonance transfer (FRET) peptide cleavage assay. This assay is 

described in more detail in the chapter 4. Briefly, a quenched fluorescent peptide 

which is known to be cleaved by ADAM33 (DABCYL-YRVAFQKLAE(FAM)-NH2)235 

was incubated with ADAM33. ADAM33 mediated peptide cleavage resulted in the 

separation of the quencher and fluorophore attached to ends of the peptide, leading 

to an increase in detectable fluorescence235
. This assay was used to determine the 

level of ADAM33 Pro-MP-His activity in the conditioned medium and eluted pools 

from each of the columns in the purification scheme devised earlier. The results are 

summarised in Table 3.2. The Con A affinity chromatography step enriched for 

ADAM33 and this is reflected in the increase in specific activity observed between 

the two steps. However the specific activity of the preparation decreased after the 

subsequent IMAC step. This was thought to reflect the removal of contaminating 

proteases which were capable of cleaving the FRET peptide. With the removal of 

further contaminating proteins using the SP sepharose column the specific activity of 

the preparation increased by -6 fold. The specific activity of the preparation eluted 

from the Superose 12 column was comparable to that obtained from the SP 

sepharose column when considering the standard deviation of the values, and was 

inline with what was expected. 
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Medium Con A IMAC SP Sup 12 
Eluate Eluate Sepharose Eluate 

Eluate 

Total 108392 35989 2911 1378 535 
Activity-
RFU/min 

Std. Dev. 19085.8 3911.2 173.2 171.0 94.5 

% Activity 100 33.2 2.7 1.3 0.5 
Recovered 

Specific 91 1261 348 2208 1877 
Activity-
RFU/min/ug 
protein 

Std. Dev 16.0 137.0 20.7 274.0 331.6 

Table 3.2 Quantification of proteolytic activity of purified ADAM33 Pro-MP-His 

The activity of ADAM33 Pro-MP-His purified from 500ml of conditioned medium was 
measured using a FRET peptide cleavage assay (as described in detail in chapter 4). 
Proteolytic activity was correlated with the rate at which fluorescence increased. Pooled 
samples collected at the end of each purification step (Con A affinity chromatography, 
IMAC, cation exchange (SP Sepharose) and gel filtration (Superose 12) were dialysed into 
PBS before being assayed. Superose 12 eluate represents the peak eluted fraction. 
Fluorescence in was measured in relative fluorescence units (RFU), and followed over time 
using a Bio-Rad iCycier. 
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3.7 Discussion 

3.7.1 Mammalian ADAM33-Fc transfectants 

ADAM33 has been identified as an asthma susceptibility gene. It has been 

hypothesised that it encodes a protein which is important in the remodelling 

processes that occur in the asthmatic airway. The murine homologue of ADAM33 is 

also associated with bronchial hyperresponsiveness. Since some functional 

association has been demonstrated in humans and mice, it was logical to use 

mammalian expression systems for recombinant protein expression. This would 

ensure that the proteins produced had similar post translational modifications to 

those found in species where ADAM33 is thought to be relevant. The COS-7 and 

CHO cell lines were chosen as targets for transfection, since they are mammalian 

cells that have been used successfully for recombinant protein expression in many 

studies. 

The relative level of ADAM33-Fc proteins produced by the transient transfectants 

was consistently higher in the COS-7 cells relative to the CHO cells, this was 

perhaps not unexpected. Although the COS-7 and CHO cell lines had been 

transfected with the same pCDNA3.1 vector only the COS-7 cells express the SV40 

large T antigen which allows the episomal replication of the vector which encodes a 

SV40 origin of replication. Despite this, the level of recombinant protein produced 

was disappointingly low, reaching only 20ng/ml over 7 days in the most productive 

transfectant as determined using an anti IgG-Fc ELISA. Western blot analysis of the 

COS-7 transfectants showed that ADAM33-Fc proteins were accumulating inside the 

cells, and only relatively small amounts were being secreted. More worryingly, the 

presence of significant amounts of free Fc in the culture medium made it apparent 

that the secreted ADAM33-Fc proteins were relatively unstable. This also meant that 

the quantified levels of ADAM33-Fc in culture medium using the anti-lgG-Fc ELISA 

were likely to be an overestimate of their true values. The anti IgG-Fc ELISA was 

used, since recombinant human IgG-Fc was commercially available and could be 

used as a standard against which the level ADAM33-Fc could be quantified, in 

contrast recombinant ADAM33 was not available. 

The apparent molecular weights of the ADAM33-Fc proteins deduced from the 

western blots, Fig. 3.2, were larger than that predicted by their amino acid 

sequences. This probably reflected the addition of post translational modifications 

such as glycosylation. The ADAM33-Fc proteins that accumulated in the cells were 
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present as the immature unprocessed forms, and could be detected with RP1 and 

the anti-Fc antibodies. Processing of ADAM proteins to separate the Pro domain 

from the rest of the protein is thought to be mediated by furin like enzymes as they 

traffic to the cell surface, or by metalloproteinases after they reach the surface. The 

secreted ADAM33-Fc was not completely processed and was found as both the 

immature and processed mature form. These findings agree with work by Garlisi et 

a/. who transfected full length ADAM33 into COS-7 and CHO-K1 cells. They 

achieved higher levels of recombinant ADAM33 expression in the COS-7 cells 

relative to the CHO-K1 cells, but found that the COS-7 cells were not as efficient as 

the CHO-K1 cells at processing the ADAM33 into the mature form by the removal of 

the Pro domain236
. Since, the COS-7 cells do not process all the ADAM33 that they 

secrete, if they were used for ADAM33-Fc production, the unprocessed ADAM33 

would have to be subsequently activated with the mecuric compound APMA. In 

combination with the fact that these cells produce only recombinant protein in the ng 

range, scaling up ADAM33-Fc expression and production in these cells would have 

been time consuming, costly and an inefficient process. 

3.7.2 Insect cell ADAM33-Fc and ADAM33-His transfectants 

ADAM33 ECD-Fc and ADAM33 Pro-MP-Fc transfectants generated using the DES 

system could express the recombinant protein, but again there were high levels of 

intracellular accumulation of the immature forms in addition to the secreted forms. 

The secreted forms of ADAM33 ECD-Fc and ADAM33 Pro-MP-Fc were degraded 

and both had lost their Fc tags which were required to simplify the downstream 

purification procedure. The secreted ADAM33 ECD-Fc had also become 

incorporated into protein aggregates, making these two transfectahts unsuitable for . 

scaling up production. Since both mammalian and insect cells had difficulty in 

producing stable ADAM33-Fc proteins that were secreted in high amounts in the 

medium, a different tagging epitope was tested to establish whether the intracellular 

accumulation and protein stability issues could be resolved. It was thought that the 

cleavage site was in the Fc domain therefore the Fc tag was substituted for a 6x 

histidine (6xHis) tag. Using the C terminal 6xHis tag, it was possible to get 

processed ADAM33 to be secreted in high levels into the culture medium with 

minimal intracellular retention. Being processed removed the further need to activate 

the ADAM33 after purification. It was interesting to note that when ADAM33 Pro-MP

His was produced in serum containing medium, a species of >250kDa was detected 

which was not observed when cells were grown in serum free medium. This could 

represent aggregated protein or perhaps more likely ADAM33 complexed to other 
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protein species. Serum contains abundant protease inhibitors, some of which can 

bind irreversibly to proteases such as a2-Macroglobulin. It can be envisaged that 

such an inhibitor could bind to ADAM33 Pro-MP-His resulting in slower migration 

through an SDS-PAGE gel. It may be interesting to investigate this further to identify 

whether there are any relevant ADAM33 inhibitors, or binding partners that are 

present in serum. This may shed some more light on the biological relevance of 

ADAM33 and how it is regulated. 

3.7.3 Purification of ADAM33 Pro-MP-His 

Having generated stable Drosophila S2 cell lines expressing ADAM33 Pro-MP His 

and the equivalent E346A mutant, it was necessary to derive a recombinant protein 

induction and purification strategy. As a starting point, the methodology used by 

researchers at the Schering Plough Research Institute (Kenilworth, USA) was used 

as a guideline. Zou et al. and Prosise et al. separately published two similar 

protocols for the induction and purification of ADAM33 Pro-MP-His from conditioned 

medium in the Journal of Biological Chemistry205, and Protein Expression & 

Purification245 respectively in 2004. The two protocols are summarised in Table 3.3. 

pH Adjustment pH Adjustment 

Mixed medium 1:1 with S-Buffer A: Medium adjusted to pH7.0 by addition of 1 M 

HEPES buffer pH 8.0. 

(2SmM HEPES pH6.8, SOmM NaCI, 10% Then mixed with Buffer A: (2SmM HEPES 

glycerol) pH7.0, 10% glycerol, SmM CaCI2.) 

Cation Exchange step. Cation Exchange step. 

Equilibrated with S-Buffer A. Eluted with NaCI Equilibrated with Buffer A. Eluted with NaCI 

gradient 0.1-0.SM. gradient 0.1-0.SM. 

Adjusted ADAM33 fractions to 20mM imidazole. Adjusted ADAM33 fractions to SmM imidazole. 

IMAC step. IMAC step. 

Equilibrated with Equilibrated with 

2SmM HEPES pH 7.9, SOOmM NaCI, 20mM 2SmM HEPES pH 7.9, SOOmM NaCI, SmM 

imidazole, 10% glycerol. Eluted with SOOmM imidazole, 10% glycerol, SmM CaCI2. Eluted 

imidazole. with 2S0mM imidazole. 

Concentrated Concentrated 

ADAM33 fractions using Ultrafiltration cell. ADAM33 fractions using Centriprep unit 

(MWCO 10kDa) to S-15mg/ml. 

Gel Filtration step. Gel Filtration step. 

Superdex-7S. Eluted with 2SmM HEPES pH7.S, Superdex-7S. Eluted with 2SmM HEPES 

1S0mM NaCI, SOmM imidazole, 10% glycerol. pH7.S, 1S0mM NaCI, SOmM imidazole, 10% 

glycerol, SmM CaCI2. 

Zou et al. J. BIoI. Chern. 2004. Prosise et al. Protem Expr Punf. 2004 

Table 3.3 Summary of the published purification strategies for ADAM33 Pro-MP-His. 
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3.7.4 Inducing agents 

Several reagents can be used to induce recombinant protein expression in the 

Drosophila Expression System (Invitrogen), the most common being CUS04' Both 

Zou and Prosise chose to use a rather unusual cocktail of CdCI2 and ZnCI2. The 

main reason for their choice was the known problem associated with purifying his

tagged proteins from medium containing free Cu2+ ions. IMAC is the conventional 

purification resin of choice for 6xhis tagged proteins because it is rapid, effective, and 

affordable. However, in addition to activation of the metallothionein promoter, the 

Cu2+ ions also bind to the 6xhis tag tail of the expressed recombinant protein. This 

disrupts the affinity of the recombinant protein for an IMAC column, since the 

imidazole ring of the histidine is already co-coordinated with a metal ion, therefore 

decreasing its affinity for Ni2+ ions. In 2000 Lehr et al. devised a method to resolve 

this issue. They showed that by using a non chelated IMAC column, Cu2+ ions could 

be captured from conditioned medium, and the recombinant protein would be pulled 

out by association247. However when this was attempted by Prosise et al., they found 

that adventitious Cu2+ bound to the ADAM33 and caused a reduction in the specific 

activity of the purified protease. To overcome this effect, they tried to remove excess 

Cu2+ ions from the medium prior to conventional Ni2+-IMAC, by buffer exchange. 

However they were unable to capture the protease on IMAC, and interpreted this as 

an indication that Cu2+ ions remained strongly associated to the 6xhis-tag. 

In this study stable ADAM33 S2 cells were generated and recombinant protein 

expression was induced with O.SmM CUS04. The ability of the IMAC column to 

capture his-tagged ADAM33 from conditioned medium was assessed. Although the 

literature suggested that the Cu2+ ions would inhibit binding to the IMAC resin, it was 

not found to be a major issue as shown in Fig. 3.6. We found that ADAM33 from 

conditioned medium could bind to the Ni2+ IMAC column even in the absence of a 

preceding buffer exchange step, in contrast to previous studies. The most important 

factor found to affect the IMAC purification step, was actually the concentration of 

imidazole in the sample loaded on to the column. It was shown that the presence of 

just 30mM imidazole could completely disrupt recombinant protein binding to the 

IMAC column, Fig.3.S(a). This concentration was perhaps lower than expected, 

since 20-40mM of imidazole is routinely added to recombinant protein samples prior 

to IMAC purification to reduce non specific binding to the resin. This indicated that 

Cu2+ ions may have exerted a minor effect on the his-tag's affinity for the IMAC 

column. 
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Schering Plough Research Institute also reported that the addition of a co-inducer 

ZnCI2 improved the yield of free ADAM33 MP domain relative to Pro-MP complex. 

This did not greatly enhance purified ADAM33 specific activity, the kcatfkm was found 

to be 52±8 M-1/s-1 and 58± 11 M-1/s-1 for CdCb induced and CdCI2 and ZnCI2 co

induced ADAM33 respectively. This slight difference in activity comes with the 

undesirable cost of decreased ADAM33 yield. Also since CdCb is more 

environmentally hazardous than CUS04, neither CdCb or ZnCI2 were used in this 

ADAM33 expression system, and CUS04 remained the inducing agent of preference 

in this study. 

3.7.5 Purification process 

Small scale purification tests showed that IMAC was suitable for the purification of 

ADAM33 Pro-MP-His from conditioned medium. However, the eluted recombinant 

protein did not reach the level of desired purity. Many insect derived proteins co

eluted with ADAM33 into the same fractions. Having demonstrated that the addition 

of 30mM of imidazole in to the conditioned medium sample (to reduce non specific 

binding) abolished ADAM33 binding to the IMAC, other methods to increase the 

efficiency of the IMAC column were tested. The first involved the substitution of the 

chelated Ni2+ ions in the IMAC column for C02
+ ions. The bound proteins on the C02

+ 

resin were eluted at marginally lower concentrations of imidazole relative to those 

bound to the Ni2+ resin. This fitted in with the characteristics of C02
+ ions which have 

a lower affinity for histidine than Ni2+ ions, a property which allows it to favour tracts of 

histidines. The protein banding patterns from the Ni2+ and C02
+ resin eluates did 

differ, and the complexity of the ADAM33 fractions was slightly increased when C02
+ 

was used. This was particularly true for high molecular weight proteins, which were 

seen to co-elute in the ADAM33 fractions, Fig. 3.8. This result showed that no real 

practical advantage was conferred by using C02
+ IMAC, and it was either not as 

specific for histidine tracts as expected, or the insect proteins also contained tracts of 

histidines. Since cobalt is also more toxic than nickel and the leaching of ions from 

the column is inevitable, it was decided that Ni2+ IMAC would be used in the final 

purification scheme. 

Since the concentration of imidazole had to be kept low to ensure ADAM33 binding 

to the IMAC column, the purity of recombinant protein eluted from the column was 

poor. In order to optimise the protocol for the purification of ADAM33, several 

fractionation techniques were assessed to precede separation on the IMAC column. 

In the first instance an increasing concentration of ammonium sulphate salt was used 
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as a quick and crude method of "salting out" proteins from the conditioned medium. 

Having found it difficult to recover the enzyme from the lipid rich medium using this 

technique, lectin affinity chromatography using Concanavalin A, and cation exchange 

chromatography were explored. Cation-exchange was shown to be effective in the 

published protocols (above), but in this study using cation-exchange as a preceding 

step to IMAC was less effective, as a protein of -70kDa co-purified with ADAM33. 

This discrepancy was likely to be a consequence of differences in the relative levels 

of ADAM33 protein present in the conditioned medium. Chromatography columns 

function more efficiently as the proportion of the protein of interest relative to 

contaminating proteins capable of binding to the resin increases in the sample to be 

purified. It follows that if the Schering Plough Institute S2 transfectants secreted 

higher levels of ADAM33 in to the medium, the competitive effect of the 

contaminating -70kDa protein would have been less problematic than in a system in 

which the relative proportions of ADAM33 to contaminating protein was lower. In 

contrast, Concanavalin A chromatography worked well as a preceding step to IMAC. 

It selected out glycosylated proteins including ADAM33, and when these were 

subsequently purified on the IMAC column the ADAM33 eluted as the predominant 

protein in the fraction. 

Having selectively concentrated the ADAM33 protein on the Concanavalin A and 

IMAC columns, a subsequent cation exchange step was used to improve the purity of 

the preparation. The protein eluted from the Sepharose FF column was 

concentrated by passage through an IMAC column, then ADAM33 fractions were 

loaded on to a Superose 12 gel filtration column, a polishing step used to remove 

high molecular weight contaminants and aggregated proteins. Two peaks were 

observed in the chromatogram trace following the absorbance at 280nm of the eluate 

from the Superose 12 gel filtration column. The first peak eluted at 9ml post loading 

represented proteins that were unable to penetrate the pores of the Superose 12 

matrix. As a result these proteins were not retarded and flowed directly out of the 

column in the void volume. The second peak eluted at -15ml post loading 

represented the pure ADAM33 fraction. The Superose 12 column did not 

discriminate between fractions containing free MP domain, and those containing Pro

MP complexes like that reported by lou et al. Superose 12 has a higher resolving 

power than Superdex75 (used by lou et al). So either the column used by lou had 

been much longer, since longer columns give better resolution, or more likely in this 

study only very low levels of free ADAM33 MP domain was present. This is 

supported by the fact that free mutant MP domain can be observed during the 
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purification of ADAM33 Pro-MP(E346A)-His, and typically there is more recombinant 

protein in the conditioned medium from the mutant transfectants. 

3.7.6 Yield of recombinant ADAM33 Pro-MP-His 

A respectable yield of -200ug/L of wild type ADAM33 protein was recovered from 

conditioned insect medium after complete purification. This included the Pro and MP 

domains, as well as any unprocessed Pro-MP domain complexes. Compared to the 

5mg/L of purified MP domain routinely obtained by Schering Plough Institute, there is 

approximately 25-50 fold difference in yield obtained in this study. There are several 

plausible explanations. Firstly, the ADAM33 transfectant cell lines used for these two 

studies were generated independently by transfection and were therefore different 

cell lines. The DNA transfection technique randomly inserts vectors into host cells. 

The number of copies accepted by each cell varies, giving rise to"8 heterogeneous 

population of cells that show differing levels of recombinant protein expression. 

Smaller vectors tend to transfect into cells more efficiently and at the same time exert 

a lower metabolic load on the host cell. In this study, the transfectants were not 

made from single progenitor cells, or assessed for the level of protein expression. It 

is possible that stable transfectants generated for this study did not have as many 

copies of the DNA insert as the Schering Plough Institute's clone. During the 

selection and expansion stages of generating S2 transfectants, it was also possible 

that clones which were low to medium expressors were more favourably selected. 

Secondly, during protein expression phase, in which the stable transfectants are 

induced, the cells used were grown in 175cm2 tissue culture flasks, rather than 

spinner flasks like those used by the Schering Plough Institute researchers. Spinner 

flasks ensure more efficient aeration and mixing of the nutrients in the medium, which 

leads to increased growth rates and cell density of a culture. It was likely that the cell 

density in 175cm2 flasks never reached the same density achieved in spinner flasks. 

Fewer cells, equates to decreased net protein production. 

Thirdly, there are more chromatographic steps in the purification scheme devised for 

this study, than in the commercial studies. It is rare that any chromatographic 

procedure is 100% efficient, and some loss is to be expected from each step. The 

more chromatographic steps involved in a purification scheme, the less efficient the 

whole scheme becomes. In this study a greater degree of purity was chosen at the 

sacrifice of a higher yield, and the specific activity of the ADAM33 Pro-MP-His 

preparation was increased by at least 20 fold, Table 3.2. This was essential, for 
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accurate assessment of ADAM33 activity in the absence of other proteases, since 

even small amounts of a contaminating protease could adversely affect downstream 

biochemical and functional characterisation. The purification table indicated that only 

-0.5% of ADAM33 activity was recovered from the purification, but this is likely to be 

an underestimate. The conditioned medium is protease rich and since the FRET 

peptide used for the activity assays can be cleaved by non ADAM33 proteases it is 

probable that the starting activity level reflects the total activity of several proteases, 

therefore elevating the starting activity figure. Also, although it appeared that the 

recovery from the IMAC step was poor, there was some suggestion that the high 

concentration of imidazole in the sample was not removed effectively by dialysis, and 

this may have resulted in a decreased level of activity in the FRET peptide assay, 

since the imidazole can coordinate the zinc ion in the active site. 

3.7.8 The association between the Pro and MP domains of purified ADAM33 

The ADAM33 pro and MP domains were found to co-elute during all stages of 

purification, but migrated as separate species on SDS PAGE gels. This strongly 

suggested that they remained associated, even after being processed. A similar 

association has been reported for murine ADAM15 248. Biotinylated ADAM15 from 

the cell surface was immunoprecipitated using pro domain antibodies, from ADAM15 

transiently transfected COS-7 cells. The pro domain co-precipitated with the 

ADAM15 species that can also be detected with an anti-cytoplasmic tail antibody, 

even after it had been processed. 

The extent of the association between ADAM33 pro and MP domains may be 

exaggerated in the absence of the other ADAM protein domains usually found in the 

full length species. Gonzalez et al. have reported that the disintegrin domain of 

ADAM17 has a role in the removal of the pro domain249
. They found that the pro 

domain of ADAM17 had an inhibitory effect on the ADAM17 MP domain, when the 

two separate species are co-incubated. In peptide cleavage studies, a 30 fold 

reduction in the inhibitory effect is achieved when the pro domain was co-incubated 

with ADAM17 MP-disintegrin-cysteine rich domain in the assay. The ability of the 

disintegrin-cysteine rich domain to facilitate the removal of the pro domain was 

further demonstrated by its rapid ability to restore proteolytic activity to inactive 

ADAM17 Pro-MP complexes when added exogenously. It follows that the lack of the 

disintegrin-cysteine rich domain in this ADAM33 expression system may contribute to 

the continued association between the two domains. 
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Since the Pro domains of ADAMs are well known to exert an inhibitory effect on 

protease activity, the initial concern was that the purified protease would be inactive. 

However, using the a2-Macroglobulin assay and the FRET peptide assay the purified 

ADAM33 Pro-MP-His was shown to be active. It may be postulated that the removal 

of the Pro domain would further increase protease activity. The generation of the 

ADAM33 Pro-PM-Disintegrin-Cysteine rich-His domain or just the disintegrin-cysteine 

rich domain could provide more insight in to this. 

3.7.9 Molecular weight of purified ADAM33 

The SDS PAGE banding pattern and molecular weight profiles of ADAM33 Pro-MP 

were comparable to previous publications. Both the Pro domain and MP domains 

were separated out into multiple bands, with the Pro domain bands migrating at 

-25kDa, and the MP bands -33kDa. These were larger than the predicted molecular 

weight, and are a consequence of glycosylation of the Pro and MP domains, and 

confirmed with SELDI-TOF mass spectroscopy. The E346A wild type gave a similar 

banding pattern to the wild type protein, however all the MP domain bands migrated 

marginally faster than expected. This could be an effect arising from the slight 

decrease in molecular weight and also partially due to the substitution of a charged 

residue for an uncharged residue. 

Analyses of the molecular weight of the purified ADAM33 wild type and E346A 

mutant proteins by SELDI-mass spectroscopy also highlighted the apparent disparity 

between the predicted and observed mass for the wild type protein. The wild type 

MP domain was consistently flying at a lower molecular weight than predicted. It is 

therefore interesting to speculate whether ADAM33 could be auto-catalytic and auto

activating like many other MMPs and ADAMs. It is likely that such cleavage occurs 

at the N terminus of ADAM33 since the C terminus is the 6xHis tag which was 

necessary for the IMAC purification step and therefore must be intact. The ability of 

ADAM33 to cleave itself, may be tested by determining whether the wild type 

proteinase can cleave the mutant form when co-incubated together. In addition the 

introduction of metalloproteinase inhibitors during the protein expression and 

harvesting steps could be used to see if auto-catalytic cleavage of ADAM33 can be 

prevented, and if so whether this protein is as active as the fully processed form. 

Cleavage of N terminal residues may also explain the apparent spread in the pi of 

the MP domain highlighted in the 20 PAGE western blots. The first four residues of 

the N terminus of the MP domain are EARR, one acidic and two basic residues. 

Losing these charged residues would have an effect on the observed pI. 
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3.7.10 Proteolytic activity 

Having satisfactorily removed insect derived gelatinase and caseinolytic activity from 

the ADAM33 as demonstrated by zymography, the activity of ADAM33 was assessed 

using the alpha2-macroglubulin (a2-M) assay. a2-M functions as a key proteinase 

inhibitor in plasma, covalently trapping active proteinases. High molecular weight 

complexes were observed with the purified wild type proteinase but not the E346A 

mutant. This gave confidence that the purified ADAM33 was active. Although it was 

expected that the complex would consist of the -1 OOkDa a2-M subunit plus the 

molecular weight of the ADAM33 Pro-MP domain -50kDa, the complex observed in 

the western blot appears to be greater than this, and two bands rather than one were 

observed. A simple explanation would be that some high molecular weight proteins 

migrate in to high percentage gels with difficulty, so the molecular weight seen could 

be an overestimate of the true molecular weight. The presence of multiple a2M

proteinase species have been reported before. It is thought that the trapped 

proteinase can, under some conditions bridge two a2-M subunits together, although 

the mechanism by which this occurs is still unclea~50. 

3.7.11 Summary 

The insect cell expression system was found to produce high levels of stable 

recombinant ADAM33 protein in contrast to the mammalian expression systems 

tested. Using this system stable transfectants expressing ADAM33 Pro-MP-His were 

produced, the recombinant protein harvested and purified to a high standard using a 

newly devised purification scheme. The most suitable control for ADAM33 Pro-MP

His activity, an inactive mutant ADAM33 was engineered using site directed 

mutagenesis, and transfected into the same insect expression system and the 

mutant protein purified similarly to the wild type protein. Initial characterisation 

studies have demonstrated the retention of proteolytic activity of the purified wild type 

ADAM33 protein and the inactivity of the mutant protein using the a2-Macrogblulin 

assay. In addition, the proteins were shown to be glycosylated and whilst the mutant 

ADAM33 protein was confirmed to be the predicted molecular weight, the wild type 

protein was found to be less than the predicted, suggesting that the wild type protein 

is more susceptible to N-terminal cleavage. Sufficient amounts of recombinant 

ADAM33 Pro-MP-His and the ADAM33 Pro-MP(E346A)-His have been generated to 

facilitate further investigation into the biochemical and functional behaviour of this 
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proteinase, which may then shed light onto its role in the airway and why it is 

implicated in asthma susceptibility. 
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Chapter 4 Biochemical Characterisation of ADAM33 

Using the recombinant ADAM33 Pro-MP-His and ADAM33 Pro-MP(E346A)-His 

proteins described in chapter 3, the biochemical characteristics of ADAM33 could be 

investigated. These studies were necessary for understanding the preferred 

environment in which the ADAM33 enzyme could function. The optimum reaction 

conditions under which ADAM33 activity assays should be carried out in vitro, could 

also established. The availability of the recombinant enzyme also allowed synthetic 

and natural inhibitors to be assessed for their ability to abrogate the proteolytic 

activity of ADAM33, in biochemical assays. Inhibitors were of particular interest for 

their potential therapeutic implications. 

Biochemical characterisation studies are difficult to perform with a method like the 

o2-Macroglobulin binding assay. In this assay, enzyme activity is not analysed in 

real-time and it is not easy to quantify substrate turnover. Therefore, it was more 

practical to use an assay in which the rate of the cleavage of a substrate could be 

accurately quantified. Although the physiological substrate for ADAM33 has not 

been identified, ADAM33 has been reported to digest peptides derived from common 

metalloproteinase substrates such as KL-1, insulin 13 chain or APp205
. These 

peptides can be fluorescently labelled (FRET peptides) and be used as reporters for 

metalloproteinase mediated cleavage events. The fluorescence emission resulting 

from ADAM33 digestion of such FRET peptides could be quantified in real-time to 

assess enzyme activity under different conditions. The aims of this chapter were to 

(i) assess the proteolytic activity of the purified ADAM33 in vitro, by determining the 

effect of different biochemical parameters and to compare the activity profiles 

obtained for ADAM33 with the published literature. 

(ii) identify synthetic inhibitors which can inhibit ADAM33 proteolytic activity in vitro, 

which may be useful reagents in studying ADAM33 mediated proteolysis in vitro and 

in vivo. 

4.1 Assessing ADAM Pro-MP-His activity 
To re-confirm that the purified ADAM33 Pro-MP-His was active and that ADAM33 

Pro-MP(E346A)-His was proteolytically dead, the purified proteins were incubated 

with FRET peptide (DABCYL-YRAVFQKLAE(FAM)K-NH2)235 at 25°C over a period of 
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2 hours. The fluorescence emission at 530nm was recorded using an iCycier (Bio

Rad, Hertfordshire, UK), Fig. 4.1. All the FRET peptide assays were carried out in 

96 well plates typically used for qPCR. This enabled the volume of each reaction to 

be kept low (20IJI), and therefore minimal quantities of the enzyme and peptide 

reagents were required. This reaction volume is smaller than that typically required 

for standard 96 well plates, and matches that required for standard 384 well plate 

formats. 

As expected ADAM33 Pro-MP-His was able to cleave the peptide and the detected 

fluorescence of the reaction increased over time. The increase was steady, and the 

linear rate remained similar over the course of the assay. The proteolytic activity of 

ADAM33 could be inhibited by the addition of the zinc chelator 1,10, phenanthroline 

monohydrate to the reaction at a concentration of 10mM. In contrast, the reaction 

with the mutant protein and peptide showed no increase in fluorescence over time, 

and the profile was similar to that seen when peptide was incubated in the absence 

of enzyme. This lack of fluorescence increase, indicated that the FRET peptide was 

not cleaved therefore the purified ADAM33 Pro-MP(E346A)-His does not exhibit 

proteolytic activity. The rate of proteolysis observed was dependent on the enzyme 

concentration, Fig. 4.2. 

4.2 Optimising the FRET peptide cleavage assay 

4.2.1 Varying divalent cation concentration and ionic strength 

The FRET peptide cleavage assay was optimised to yield maximum enzyme activity. 

The level of free Zn2
+ and Ca2

+ ions are known to be important factors in determining 

metalloproteinase activity. Therefore the concentration of zinc chloride and calcium 

chloride in the assay buffer were titrated, to study their effects on enzyme activity. 

In agreement with the previous ADAM33 activity test (Fig.4.1), it was found that 

when a zinc chelator was added to the reaction to remove free Zn2
+ ions from the 

FRET peptide assay, no ADAM33 activity was detectable. If no exogenous zinc 

chloride is added to the reaction then ADAM33 activity remains low at approximately 

73 RFU/minute. ADAM33 activity could be enhanced by -3 fold by the exogenous 

addition of zinc chloride at concentrations as low as 10IJM, Fig. 4.3(a). 
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Fig. 4.1. A quantitative ADAM33 activity assay. Purified ADAM33 Pro-MP-His and 
ADAM33 Pro-MP(E346A)-His were tested in a FRET peptide cleavage assay. 80nM of 
purified wild type or mutant protein was incubated with 44.4~M of FRET peptide 
(DABCYL-YRVAFQKLAE(FAM)K-NH2) in 20mM HEPES pH7.0, O.5M NaCI and 
O.2mg/ml BSA at 25°C. The fluorescence emitted at 530nm over time was measured 
using the Bio-Rad iCycier. 1 OmM of 1,10 Phenanthroline monohydrate was used as an 
inhibitory control. 
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Fig. 4.2. The effect of varying ADAM33 Pro-MP-His concentration on the 
proteolytic rate. A range of ADAM33 Pro-MP-His concentrations (22-352nM) was 
tested in the FRET peptide cleavage assay in standard assay buffer at 3rC. The rate 
of proteolysis in each reaction was measured as a change in the fluorescence at 530nm 
over time. The above graph represents one experiment carried out in duplicate, the 
mean of the two values is shown. 
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Fig. 4.3. The effect of Zn2+, Ca2+, and sodium chloride on ADAM33 Pro-MP-His 
activity. The enzymic rate of ADAM33 was measured using a FRET peptide cleavage 
assay under different buffering conditions. (a) 20mM HEPES pH7.0, O.5M NaCI, 
O.2mg/ml BSA with varying concentrations of ZnCI2 (black). The rate in the presence of 
10mM phenanthroline monohydrate, a Zn2+ chelator is also shown (red marker) . Assay 
carried out in duplicate, n=2 (b) 20mM HEPES pH7.0, O.5M NaCI, O.2mg/ml BSA with 
varying concentrations CaCI2. The rate in the presence of 5mM EGT A, a divalent cation 
chelator is also shown (red marker) . Assay carried out in duplicate n=2 (except for 
OmM CaCI2, where n=1) (c) 20mM HEPES pH7.0 with varying concentrations of sodium 
chloride. Assay carried out in quadruplicate, n=1. Mean values plotted ± 1 std. 
deviation. 130 



Although the spread in the data values for each individual condition was quite large, 

when each of the four individual runs were plotted, it can be seen that they all 

followed a similar trend. The addition of low concentrations of exogenous zinc 

chloride increased enzyme activity but when the concentration went above 10-20 IJM 

the enzyme activity declined. 

The effect of Ca2
+ ions on ADAM33 activity was similar to that observed with Zn2

+ 

ions. When EGTA, a divalent cation chelator was used to chelate free Ca2
+ from the 

reaction, the enzyme activity fell dramatically and was only just within the detection 

limits of the assay. This may reflect the importance of Ca2
+ ions but may also re

emphasize the importance of Zn2
+ ions which can also be sequestered by EGT A. 

When no exogenous calcium chloride was added to the assay, the enzymic rate was 

low at -124RFUlminute. With the addition of 10mM of calcium chloride the enzymic 

rate increased to -217RFU/minute, Fig. 4.3(b). Increasing the concentration of 

calcium chloride maintained the enzymic rate at a high level. 

It was found that increasing the ionic strength of the assay buffer by the addition of 

sodium chloride, also had a slight favourable effect on enzymic activity at 

concentrations between 75 and 600mM, Fig.4.3(c). 

4.2.2 Varying pH 

Enzymes often have a preferred pH at which they can perform at maximum capacity. 

This pH is frequently reflective of the environment in which an enzyme performs its 

function in vivo. To investigate what the optimal pH range was for purified ADAM33 

Pro-MP-His, its activity was assessed using the FRET peptide cleavage assay. 

Assays were carried out in buffers of varying pH (between pH 4.0,5.0,6.0,7.0,7.5, 

8.0 and 9.0). The reactions were allowed to progress for a set duration of time 

before being quenched with EDTA and neutralised to pH7.0. The rate of the 

reactions were calculated by subtracting the average fluorescence of the reactions 

quenched at time=O from those quenched at 16 minutes, followed by division by the 

time interval. The quenching and neutralisation was necessary to ensure that the 

changes in fluorescence observed were true reflections of the amount of FRET 

peptide cleaved and not biased by the pH at which the measurements were made. 

This was necessary because the fluorescence of FAM (the reporter dye on the FRET 

peptide), varies with changes in pH Fig.4.4(a). Under low pH conditions, the level of 

fluorescence emitted by FAM is very low, but this progressively increases with 

increasing pH, and is high when measured at pH7.0-9.0. 
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Fig.4.4. The effect of varying pH on reporter fluorescence and the proteolytic 
activity of ADAM33 Pro-MP-His. (a) Fluorescent cleaved FRET peptide was mixed 
1:2 with buffer containing 0.5M NaCI and 100mM of one of the following buffers, 
sodium acetate pH 4 or 5, MES pH 6.0, HEPES pH 7.0, 7.5 or 8, or Tris-HCI pH 9.0 
in triplicate. The emission at 530nm was measured, the mean ± 1 standard 
deviation is shown (b) 65nM of ADAM33 Pro-MP-His was used per reaction in a 
FRET peptide assay. Reactions were carried out in 20mM of one of the above 
buffers and 0.5M NaCI, 0.2mg/ml BSA, 10mM CaCI2, 10IJM ZnCI2. Graph 
represents one experiment carried out in triplicate, mean ± 1 standard deviation is 
plotted. The data point for pH7.5 is the average of a duplicate, thus standard 
deviation bars could be displayed for this point. 
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The plot of enzymic rate against pH showed that the proteolytic activity of the 

ADAM33 was the lowest under extreme pH conditions, in this case pH4 and 9 

Fig4.4(b). Otherwise it has a surprisingly broad pH range in which it can function, 

with an optimal pH range between 5 and 7.5. 

4.3 Enzyme Kinetics 
The purified ADAM33 Pro-MP-His was tested to establish whether its proteolytic 

activity followed typical Michaelis-Menten kinetics. A preparation of ADAM33 was 

dialysed into typical FRET assay buffer without BSA, and then its activity was tested 

at varying concentrations of FRET peptide substrate. The activity was measured 

during the initial linear phase of the reaction. The rate obtained in RFU/minute was 

converted to a function of substrate concentration by the use of a substrate 

calibration curve. This curve was generated by using the RFU values for trypsin 

digested FRET peptide at known concentrations, Fig. 4.S(a). The saturation plot 

shows the measured rate of the enzyme activity as a function of peptide 

concentration, Fig.4.S(b). ADAM33 Pro-MP-His showed typical saturation kinetics 

with peptide concentrations between 0.71JM and 22.2 IJM. Enzymic activity rapidly 

increased with substrate concentration, and then gradually reached a plateau. At the 

highest concentration of peptide tested the enzymic rate unexpectedly decreased. 

This trend was seen in several experiments (data not shown). This decrease 

probably reflected some inhibitory effect at high substrate concentration rather than a 

decrease in intrinsic enzyme activity. To establish the kinetic constants of the 

enzyme the data from the saturation plot was transformed into a linear form and 

plotted as a Line-weaver-Burke graph, Fig. 4.S(c). The anomalous data point for the 

highest substrate concentration was omitted since it was likely to reflect an 

underestimate of enzyme activity. The data point for the lowest substrate 

concentration was also omitted, since the Lineweaver-Burke model has a tendency 

to exaggerate error at low substrate concentrations, in which the enzymic rates are 

slower. A line of best fit was drawn through the data points, and the equation of the 

line was calculated. The kinetic constants were calculated from the x and y axis 

intercepts. The x-axis intercept indicated the -1/km value, and the y intercept gave 

the value for 1 Nmax. The calculated values for the apparent Km and Vmax for 

ADAM33 Pro-MP-His were 70IJM and 120nM/minute. Using these values Kcat is 

calculated to be -2.3x1 0-2 
S-1 and KcatlKm to be -3.3x1 02 M-1s-1

-. 
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Fig. 4.5. AoAM33 Pro-MP-Ris enzyme kinetics. (a) Trypsin was used to digest known 
quantities of FRET peptide to completion. The resulting fluorescence read ings were used 
to construct a calibration curve to show how fluorescence varies with cleaved peptide 
concentration . This was used to determine the rate at which ADAM33 cleaved the 
peptide in the kinetic assays. (b) Plot showing how ADAM33 activity varies with 
substrate concentration. (c) The data from (b) is transformed and used to construct a 
Lineweaver-Burke plot. 
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4.4 The potency of metalloproteinase inhibitors 

4.4.1 Synthetic inhibitors 

Many synthetic metalloprotease inhibitors are commercially available. The selectivity 

of these inhibitors is influenced by the interaction between the residues in the 

protease that are in close proximity of the Zn2
+ ion and the chemical groups on the 

inhibitor. These interactions stabilise the inhibitor enzyme complex. In this study, a 

set of four synthetic inhibitors were tested for their potency against ADAM33. These 

four inhibitors were (i) (2R)-2-[4(-Biphenylylsulfonyl)amino]-3-phenyl propionic acid, 

the zinc binding group of this compound is the carboxylate ion, (ii) N-lsobutyl-N-(4-

methoxyphenylsulfonyl)-glycylhydroxamic acid, (iii) (3R)-(+)-[2-(4-

methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-3-hydroxymate 

and (iv) GM6001; the latter three are hydroxamate compounds. The inhibitors were 

serially diluted to cover a concentration range of 1.6nM to 5IJM and used in a FRET 

peptide cleavage assay to measure their effect on ADAM33 activity, Fig.4.6(a). 

Three of the inhibitors, (2R)-2-[4(-Biphenylylsulfonyl)amino]-3-phenyl propionic acid, 

N-lsobutyl-N-(4-methoxyphenylsulfonyl)-glycylhydroxamic acid and GM6001 were 

shown to be poor inhibitors of ADAM33, with inhibition achieved only at the highest 

concentration tested. At this concentration, ADAM33 activity could be inhibited by 

-40% for (2R)-2-[4(-Biphenylylsulfonyl)amino]-3-phenyl propionic acid and GM6001, 

and -60% for N-lsobutyl-N-(4-methoxyphenylsulfonyl)-glycylhydroxamic acid. In 

contrast, a good dose response was observed for (3R)-(+)-[2-(4-

methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-3-hydroxymate. The IC50 of 

this potent inhibitor was estimated from the fitted inhibition curve as 327nM, 

Fig.4.6(b) and at the highest concentration tested (5 IJM) it inhibited ADAM33 activity 

by 90%. 

4.4.2 Tissue Inhibitors of Metalloproteinases (TIMPS) 

In addition to synthetic inhibitors of metalloproteases, natural inhibitory proteins that 

regulate metalloproteases in vivo were also tested for their potency against ADAM33. 

TIMP-1, N-TIMP2 and N-TIMP3 were a kind gift from Prof. Gillian Murphy at the 

University of Cambridge. In experiments similar to those used to assess synthetic 

inhibitors, the TIMPs were incubated with ADAM33 and then the proteolytic activity 

was assessed using a FRET peptide cleavage assay. TIMP-1 was tested at 1.81JM 

to 28nM, N-TIMP-2 was tested at 7.61JM to 28nM, N-TIMP-3 was tested at 1.4IJM to 

23nM. At the concentrations tested neither TIMP-1 nor N-TIMP-2 were able to inhibit 

ADAM33 activity, Fig 4.7(a). 
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Fig. 4.6. Inhibition of ADAM33 Pro-MP-His using synthetic inhibitors. (a) Four 
compounds were tested for their ability to inhibit the proteolytic activity of ADAM33 in the 
FRET peptide assay. Serial dilutions of the compounds covering the range between 
1.6nM-5I-JM were used against 130nM of ADAM33 Pro-MP-His. The assay was carried 
out in triplicate, and the rate as a percentage of the non inhibited control was plotted 
using the mean ± 1 standard deviation. The compounds tested were (i) (2R)-2-[4(
Biphenylylsulfonyl)amino]-3-phenyl propionic acid (blue line), (ii) N-lsobutyl-N-(4-
methoxyphenylsulfonyl)-glycylhydroxamic acid (green line), (iii) (3R)-(+)-[2-(4-
methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-3-hydroxymate] (red line) and 
(iv) GM6001 (black line) . The grey lines on the graphs represent 100% activity (non 
inhibited controls, mean ± 1 standard deviation). (b)Data from the most potent inhibitor 
(40nM to 51-JM) re-plotted on a linear scale, a curve has been fitted to the data, the 
equation and R2 co-efficient is displayed . 
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Fig . 4.7. Inhibition of ADAM33 Pro-MP-His by tissue inhibitors of 
metalloproteinases (TIMPs). TIMP-1, N-TIMP-2 and N-TIMP-3 were tested for their 
ability to inhibit the proteolytic activity of ADAM33 in the FRET peptide assay. Serial 
dilutions of the TIMPS were used against 88nM of ADAM33 Pro-MP-His. (a) Graphs 
showing the data from TIMP-1 (blue line), N-TIMP-2 (green line) and the synthetic 
inhibitor (3R)-( + )-[2-( 4-methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-3-
hydroxymate] (red line). The assay was carried out in triplicate (n=3) ; the mean ± 1 SEM 
are plotted . (b) Graph showing the data from N-TIMP-3 (blue line) and the synthetic 
inhibitor (3R)-( + )-[2-( 4-methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-3-
hydroxymate] (red line). The mean ± 1 standard deviation has been plotted, the graph is 
representative of one assay carried out in triplicate. TIMPs were kind gifts from Prof. G. 
Murphy, University of Cambridge. 
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At the highest concentration tested (1.45 !-1M) N-TIMP3 was able to inhibit ADAM33 

by -30%. However it appears to a less potent inhibitor in comparison with the potent 

synthetic inhibitor (3R)-(+)-[2-(4-methoxybenzenesulfonyl)-1 ,2,3,4-

tetrahydroisoquinoline-3-hydroxymate, Fig. 4.7(b). 

4.5 Discussion 

4.5.1 Activity of the purified ADAM33 Pro-MP-His and the ADAM33 Pro

MP(E346A)-His mutant 

The ADAM Pro-MP-His protein purified in this study has now been demonstrated to 

be active by two methods. In the first instance, it was shown that it could cleave the 

non-specific active protease inhibitor a2-Macroglobulin and subsequently capture 

one of its subunits to form high molecular weight complexes. This activity was further 

confirmed using a validated FRET peptide cleavage assay as described in the 

materials and methods, section 2.21. In both assays no activity was detected from 

the ADAM33 Pro-MP(E346A) mutant protein. This demonstrates that the glutamic 

acid residue at position 346 is critical for the mechanism by which substrates are 

hydrolysed. This is in agreement with the literature for MMPs and 

ADAMs205;21 0;251;252. This glutamic acid residue lies within the conserved motif 

(HEXXHXXGXXH) that is a hallmark of active metalloproteinases. The histidines in 

this sequence are responsible for co-ordinating the zinc ion. The zinc ion has a 

coordination number of 6, therefore allowing it to co-ordinate incoming substrate 

molecules. In crystallisation studies, the zinc ion has been shown to coordinate one 

molecule of water and also forms a bi-dentate interaction with marimastat, a synthetic 

inhibito~34. In vivo, the glutamic acid residue is thought to promote a nucelophilic 

attack by the water molecule against the carbonyl bond of the peptide bond of the 

substrate253. By changing this residue to an uncharged alanine residue the enzyme's 

ability to catalyse the hydrolysis of peptide bonds is abolished. 

4.5.2 The effect of cations and ionic strength on enzyme activity 

Given the central role of the zinc ion in the catalytic mechanism of ADAM33, the 

effect of exogenously added zinc ion concentration on enzyme activity was 

determined. Low concentrations of exogenous zinc chloride in the assay buffer 

increased ADAM33 activity, but further increases over 10!-lM had minimal effect. 

There was a gradual decrease in the level of activity with zinc chloride concentrations 

above 20 !-1M, but the spread in the data means that it was not significant in this 
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study. The study by lou et al. showed a similar trend, with enzyme activity falling 

with increasing zinc chloride concentration. However, in their study they did not 

observe an increase in activity at low concentration of zinc chloride. This maybe in 

part explained by the treatment of the enzyme preparation before use. In this study, 

ADAM33 protein purified on the final gel filtration step was stored in the elution buffer 

containing imidazole. Imidazole can co-ordinate the zinc ion and therefore a high 

concentration imidazole may sequester the zinc ion. This had the advantageous 

effect of preventing autocatalytic degradation of the ADAM33, but by reducing its 

activity in this manner, additional zinc chloride may have been required to overcome 

the inhibitory effect of the imidazole. In the study by lou et al. the concentrated 

ADAM33 enzyme stock was diluted in a dilution buffer containing 20 ~M of zinc 

chloride before being used in the activity assays. This dilution step may have 

provided enough zinc ions to overcome the effects of imidazole and thus eliminated 

the need for further increases of zinc chloride in the assay235. 

The crystal structure of ADAM33 identified a calcium binding site on the 

metalloproteinase domain of the enzyme. The calcium ion is co-ordinated by 

residues Asp296, Asn407, Glu213, and the backbone carbonyl oxygen of Cys404234. 

This calcium binding motif is highly conserved among ADAMs and is present in 

ADAM33's closest related family members, ADAM13 and ADAM19254. It is thought 

that this binding motif increases the stability of the protease234. In addition, it can be 

speculated that the binding of a calcium ion may alter the interaction between the 

substrate and the enzyme in a favourable manner despite it being some distance 

from the active site, Fig. 4.8. This may explain the improvement in activity in 

ADAM33 as the availability of calcium ions was increased to 10mM or more. In the 

study by lou et al. they found that calcium concentration below 10mM inversely 

affected enzymic rate, and above 1 OmM the effect was proportional to the enzyme 

activity. However, this initial adverse effect on enzymic rate was not observed in this 

study, though the reasons why this is the case, is not completely clear. 

Increasing the ionic strength around ADAM33 also improved its activity, possibly by 

stabilising the charges of some of the residues in the FRET peptide at pH7.0. The 

trend seen in this study is in agreement with the that reported in the literature over 

the range of sodium chloride concentration tested235. 
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Fig. 4.8. Ribbon structure of the ADAM33 metalloproteinase domain. The 
metalloproteinase domain of ADAM33 complexed to the inhibitor marimastat (ball and 
stick) in its active site. The Zn2+ ion and the Ca2+ ion are depicted as red and yellow 
spheres respectively. The image was generated using Kinemage software, version 
1.39. The 1 R55 PTS file depositied by Orth et a/. (published 2004) was used to create 
the image. 
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The optimal ion concentrations that have been determined for ADAM33 can be 

applied to this particular FRET peptide substrate, but since these conditions have 

implication not only for the enzyme but also the substrate, different peptide or protein 

substrates identified in the future may exhibit altered activity profiles. So, whilst the 

conditions we have found are useful and the most suitable for our immediate studies, 

the optimal parameters for differing substrates will have to be empirically determined. 

4.5.3 The effect of pH on enzyme activity 

It is thought that ADAM33 functions on the extracellular surface under normal 

physiological conditions. Therefore it is logical that the proteinase should function 

around physiological pH at pH7 to 7.5. In this study the enzyme also showed 

considerable activity at pH5.D. This was unexpected and differs from the study by 

Zou et a/.235
. The ability of ADAM33 to function at low pH leads one to speculate 

whether it could be active in the acidic secretory vesicles after having undergone 

furin mediated maturation. The activity of ADAM19 (the closest human family 

member to ADAM33) has been shown to be upregulated by autocatalytic processing 

in the cysteine rich domain251 . This processing is thought to take place in the 

secretory pathway. Based on the increasing evidence to suggest that 

metalloproteinases can be directly influenced by proteolysis other than during Pro 

domain processing, in addition with the mass spectroscopy data in Chapter 3, 

(Fig.3.20) that shows that mature ADAM33 Pro-MP-His is smaller than the expected 

size, it is interesting to speculate whether ADAM33 is also under the influence of 

similar regulatory mechanisms. 

4.5.4 Enzyme Kinetics 

It was apparent from the saturation plots that high substrate concentration had an 

adverse effect on ADAM33 activity, under the experimental conditions used for the 

FRET peptide cleavage assay. At the highest substrate concentration tested, 

ADAM33 activity decreased relative to that seen at a lower substrate concentration. 

It is therefore likely that this inhibitory effect reduced the observed activity of 

ADAM33 at high concentrations. This may explain why the calculated values for Km 

and Vmax are greater than that estimated directly from the saturation plot alone. The 

Km value observed was -14 fold smaller than the reported value for a poorer 

substrate, the wild type APP peptide (EVHHOKLVFF)205. This shows that the 

modified APP peptide (YEVAHOKLVF) interacts with ADAM33 with higher affinity as 

expected since it was designed to be a better substrate235. The KcatlKm constant 
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can be used as a measure of enzyme efficiency. The apparent KcatlKm that was 

found in this study -3.3x1 02 M-1s-1 was -100 times less than the reported value in 

another study235. This may be a result of underestimating Kcat in our system, 

because of the suppressed activity observed at high substrate concentration, since 

Kcat is calculated by dividing Vmax by the enzyme concentration. 

4.5.5 ADAM33 sensitivity to inhibitors- synthetic MMP inhibitors 

The ability and potency of a synthetic inhibitor to inhibit a metalloproteinase is largely 

determined by its ability to bind to the zinc ion in the active site, and make it 

unavailable for binding substrate. Synthetic inhibitors with a hydroxamate zinc 

binding group are more potent inhibitors than those which use the carboxylate group 

to co-ordinate the zinc ion. Although both zinc binding groups can form bi-dentate 

interactions with the zinc ion, the distance between the two oxygens of the 

hydroxamate group are ideally spaced to interact with the zinc ion255. Therefore this 

may explain why the carboxylate inhibitor (2R)-2-[4(-Biphenylylsulfonyl)amino]-3-

phenyl propionic acid was a poor inhibitor of ADAM33. The order of potency for the 

three hydroxamate inhibitors were found to be GM6001 < N-lsobutyl-N-(4-

methoxyphenylsulfonyl)-glycylhydroxamic acid < (3R)-(+)-[2-(4-

methoxYbenzenesulfonyl)-1 ,2, 3,4-tetrahydroisoquinoline-3-hydroxymate. The ability 

of the latter inhibitor to be a good inhibitor probably stems from the ability of the 

residues from the ADAM33 to interact with chemical groups on the inhibitor which 

could have stabilised the interaction. 

One difficulty in using synthetic metalloproteinase inhibitors as research reagents in 

in vitro and in vivo systems is that they are not always specific to one 

metalloprotease, making it hard to assign observed effects to the function of one 

particular enzyme. In the absence of a more specific inhibitor, it then becomes useful 

to use several inhibitors of varying overlapping specificities. The involvement of one 

particular metalloproteinase can then be distinguished from another by studying the 

sensitivity of the observed effect to different inhibitors. 

This study has identified a new inhibitor for ADAM33 with an IC50 value of 327nM, 

whilst demonstrating that a broad spectrum inhibitor GM6001 at comparative 

concentrations was not particularly effective. GM6001 is a broad spectrum inhibitor 

which can inhibit MMP1 ,2,8 and 9 (Ki <0.6nM), MMP-3 (Ki=27nM) 256 as well 

inhibiting the cleavage of auto-peptide by ADAM19 (IC50=447nM)257 and the 
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hydrolysis of recombinant CD40258 in vitro by ADAM17 258. Therefore the use of 3R)

(+ )-[2-( 4-methoxybenzenesulfonyl)-1 ,2,3, 4-tetrahydroisoq uinoline-3-hydroxymate in 

parallel with GM6001 will be extremely useful in further inhibition studies in cell based 

systems and potentially in vivo, to distinguish the effects mediated by other 

metalloproteases and ADAMs from those of ADAM33. To make this even more 

effective it would be advantageous to establish the potency of 3R)-(+)-[2-(4-

methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-3-hydroxamate against 

other ADAMs. 

4.5.6 ADAM33 sensitivity to inhibitors- Tissue Inhibitors of Metalloproteinases 

(TIMPS) 

Tissue inhibitors of metalloproteinases (TIMPs ) inhibit metalloproteinase activity by 

binding to MMPs in a 1:1 ratio via the N-terminal domain. To date, four TIMPs have 

been identified TIMP-1 ,-2,-3 and- 4. In vivo, the activities of the MMPs are very 

much dependent on the balance between the relative levels of MMPs and TIMPs. 

TIMPs have different specificity profiles against MMPs, and it is reported that they 

are can also differentially inhibit ADAM proteins259
. Given the similarity between the 

MP domain of ADAM proteins and the MMPs this was not wholly unexpected. 

Studies using in vitro cleavage assays show that TIMP-1 and TIMP-3 were able to 

inhibit ADAM10 mediated cleavage of MBp244
, and that ADAM17 cleavage of a 

peptide derived from TNFa can be inhibited strongly by TIMP-3 and only very weakly 

by TIMP-2 and TIMP-4 260. In addition recent studies have shown that although 

TIMP-1 could not inhibit ADAM33, TIMP2 was weakly inhibitory with 

ki=660nM±150nM, and TIMP-3 and -4 were good inhibitors with Ki= 7nM±1 nM and 

40±10nM. 

In line with the literature, out of the three TIMPs which were tested (TIMP-1, N-TIMP-

2 and N-TIMP-3) in this study, N-TIMP3 was the most potent at inhibiting the purified 

ADAM33 enzyme activity. On the contrary, the tested concentrations of TIMP-2 did 

not show any inhibition. Since it is a supposedly less potent inhibitor, it could be that 

its concentration needs to be increased before an effect can be observed. It was 

somewhat surprising that TIMP-3 could inhibit both ADAM33 and ADAM17, since the 

two ADAMs are distantly related in the ADAM family and are known to have relatively 

different substrate specificity profiles. ADAM33 is unable to cleave TNFa and EGF 

superfamily derived peptides unlike ADAM17 205. TIMP-3 is unusual amongst the 

TIMPs, TIMP-1 ,-2 and -4 are soluble but once TIMP-3 is secreted it becomes 
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strongly associated with the extracellular matrix (ECM)261. It is therefore in a prime 

position to influence the storage and release of growth factors from the ECM, and 

also modulate the migratory and adhesive behaviour of cells secreting MMPs in 

tissues, as well as general matrix homeostasis. This leaves open the possibility that 

TIMP-3 could be an important functional inhibitor of ADAM33 catalytic activity in vivo. 

4.5.7 Summary 
The FRET peptide cleavage assay has been used successfully to re-confirm the 

activity of purified recombinant ADAM33 enzyme. The optimal conditions for in vitro 

enzyme activity in terms of concentration of divalent metal ions (Ca2+ and Zn2+), salt 

concentration (NaCI) and pH have been determined. The hydroxamate compound 

(3R)-( + )-[2-( 4-methoxybenzenesulfonyl)-1 ,2, 3,4-tetrahydroisoquinoline-3-

hydroxymate has been described as a potent inhibitor of ADAM33 for the first time. 

TIMP-3 has also been confirmed as an inhibitor of ADAM33, in agreement with the 

published literature. Using the information gained regarding the biochemical activity 

of ADAM33 and the identified inhibitors, the study of ADAM33 can now 

be directed towards the functional relevance of ADAM33 using cellular models. 

144 



Chapter 5 A functional role for ADAM33 

A study by Lee et al. has demonstrated the presence of ADAM33 in bronchoalveolar 

lavage (SAL) fluid of both healthy and asthmatic individuals (n=10 and 35 

respectively). The level of ADAM33 found was markedly increased in asthmatics in 

comparison with the normal controls and correlated with decreased lung function 

(FEV1). The form of ADAM33 detected was of an unusually low molecular weight at 

55kDa and was speculated to be a soluble form of ADAM33 containing the MP 

domain232
. This suggested that soluble ADAM33 may be involved in asthma 

pathogenesis. The purification and characterisation of a recombinant form of 

ADAM33 has been described in chapter 3 and 4. Like the form of soluble ADAM33 . 

found in vivo, the recombinant form contains the MP domain but lacks the 

cytoplasmic tail. Using the recombinant ADAM33 protein as a model of soluble 

ADAM33, the biological relevance of ADAM33 could be examined in more detail. 

This chapter was aimed at widening the scope of the study to demonstrate whether: 

(i) ADAM33 Pro-MP-His mediated proteolysis could exert a functional effect in a 

cellular model in vitro, and importantly whether the effect seen might be relevant to 

asthma pathogenesis and airway remodelling. 

(ii) the synthetic inhibitors that can antagonise ADAM33 activity in biochemical 

assays could also interfere with ADAM33 activity in a cellular model. 

5.1. Exogenous addition of ADAM33 to epithelial cells 
The presence of ADAM33 in the SAL fluid indicated that in vivo ADAM33 is in 

contact with the lumenal surface of the airways. Its increased presence in the 

asthmatic airway led to the speculation that epithelial cells may be a proteolytic target 

for soluble ADAM33, and this was the basis for studying the effect of exogenous 

ADAM33 Pro-MP-His treatment of epithelial cells. 

5.1.1 Epithelial cells cultured on tissue culture plastic 

In a preliminary experiment, exogenous ADAM33 Pro-MP-His was added to epithelial 

cells to observe if it could mediate an observable effect. When A549 cells derived 

from lung carcinoma were seeded onto tissue culture plastic, the cells grew as a 

typical monolayer with a cobblestone appearance. When these cells were treated 
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with either buffer, ADAM33 Pro-MP-His (150ng/ml) or ADAM33 Pro-MP(E346A)-His 

on a daily basis, no marked differences in organisation or morphology of the cells 

were observed between any of the treatment groups, Fig.5.1. 

5.1.2 Epithelial cells cultured on matrigel 

To simulate a culture environment that bears a little more resemblance to what might 

occur in vivo, instead of seeding the A549 cells directly onto plastic, cells were 

cultured on growth factor reduced matrigel, a basement membrane like substance 

derived from the EHS tumour cell line. The A549 cells seeded onto growth factor 

reduced matrigel were maintained in DMEM containing 1 % serum and treated daily 

with buffer, ADAM33 Pro-MP-His (150ng/ml) or ADAM33 Pro-MP(E346A)-His 

(150ng/ml). It was found that the A549 epithelial cells that were seeded onto matrigel 

did not grow as a typical monolayer like that seen when these cells were grown on 

tissue culture plastic. On matrigel, the epithelial cells adhered and migrated to form a 

mesh-like network. Over a three day treatment period in which the treatments were 

renewed daily, the morphology of the cells was observed using light microscopy. 

The morphology and organisation of the cells were similar regardless of whether cells 

were treated with ADAM33 Pro-MP-His or the ADAM33 Pro-MP(E346A)-His inactive 

control, Fig. 5.2. However in all cases the epithelial cells gradually changed their 

organisation and became more aggregated over the course of the experiment. 

5.1.3 Differentiated epithelial cell cultures 

As A549 cells are alveolar in origin, studies were also undertaken to investigate the 

effects of ADAM33 on bronchial epithelial cells since asthma is thought to be a 

disease of the large airways. Primary human epithelial cells derived from bronchial 

brushings can be grown in transwells as an air-liquid interface (ALI) culture. Under 

these conditions primary epithelial cells differentiate and cilia can be seen to beat on 

the apical surface. This is an established in vitro model used to mimic the airway 

epithelium in vivo262
. ALI cultures of differentiated epithelial cells from a healthy 

individual were provided courtesy of Synairgen Research Ltd (Southampton, UK). 

Cells were treated both apically and basally with either buffer, ADAM33 Pro-MP-His 

or ADAM33 Pro-MP(E346A)-His, with treatments being replenished every 1-2 days. 

Cells were checked daily by light microscopy for changes in cell morphology or 

organisation, but very little change was observed in the cells from day to day, and 

between the different treatments. 
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Fig. 5.1. A549 epithelial cells treated with ADAM33. A549 cells were seeded into a 
12 well plate and allowed to adhere overnight. The following day, the cells were serum 
starved in Ultraculture medium for 24 hours, after which they were treated with 20IJM 
of zinc chloride with either a buffer control , ADAM33 Pro-MP-His (150ng/ml) or 
ADAM33 Pro-MP(E346A)-His (150ng/ml). Cells were re-treated with enzyme daily. 
Cells were viewed using phase contrast on a inverted Leica light microscope. The 
panels show the cells at day 3 after the initial treatment and are representative of one 
experiment carried out in duplicate. 
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Fig. 5.2. ADAM33 treated epithelial cells grown on matrigel. A549 cells were 
seeded at 2x1 04cells/well (96 well plate) onto growth factor reduced matrigel in 
complete M199 medium containing 1 % serum with 20IJM ZnCI2 , in addition to one of the 
following, buffer control, ADAM33 Pro-MP-His (150ng/ml) or ADAM33 Pro-MP(E346A)
His. Treatments were replenished on the second day post treatment. Cells were viewed 
using phase contrast on a inverted Leica light microscope. Panels show images taken 1 
and 3 days post treatment. Panels are representative of two experiments, each carried 
out in duplicate. 
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As allergen derived proteases have been reported to disrupt the tight junctions 

between epithelial cells, the possibility that ADAM33 might also affect the epithelial 

barrier permeability was evaluated. Trans-epithelial resistance (TER) measurements 

were taken for each of the epithelial layers under the different treatments to assess 

the permeability and integrity of the epithelial barrier. Typically healthy epithelial cells 

form tight junctions between adjacent cells and can collectively function as a good 

barrier and will therefore give high TER readings. In this experiment, the TER 

readings from the cells treated with ADAM33 Pro-MP-His were similar from those 

treated with ADAM33 Pro-MP(E346A), although the readings taken between different 

days could be quite variable, Fig. 5.3. Based on the collective experiments carried 

out on epithelial cells, it was concluded that soluble ADAM33 had little or no effect on 

the morphology or barrier permeability of epithelial cells. 

5.2 Exogenous addition of ADAM33 to endothelial cells 
In the remodelled airway, an increase in vascularity is necessary to support the 

increased fibroblast and smooth muscle mass. Endothelial cells are the central cell 

type involved in angiogenesis. Initial studies using RT-PCR on primary pulmonary 

artery lung endothelium indicated that endothelial cells do not express ADAM33181
. 

This has since been confirmed in the Brooke Laboratory (University of 

Southampton,UK) using TaqMan qPCR carried out on human vascular endothelial 

cells (HUVECs) (HM Haitchi and I Puxeddu, personal communication). In the 

airways, the blood vessels are in close proximity with mesenchymal cells such as 

fibroblasts and smooth muscle cells which do express high levels of ADAM33. The 

potential for a secreted form of ADAM33 suggests that endothelial cells can be 

adjacent to cells releasing a soluble form of ADAM33232
. So despite their lack of 

ADAM33 expression, endothelial cells may still encounter ADAM33 and be a target 

for its proteolytic activity. Thus, the effect of exogenous ADAM33 Pro-MP-His 

treatment on endothelial cells in vitro was evaluated. All the endothelial cell work 

was carried out with Dr lIaria Puxeddu who contributed equally to the study. 

5.2.1 The endothelial cell differentiation model 

HUVECs routinely passaged on gelatin coated plastic in complete growth medium 

grew to become a confluent monolayer, and had a cobblestone-like appearance. 

When grown on top of growth factor reduced matrigel and maintained in medium 

containing 20% serum, the HUVECs differentiated and distinct changes in their 

morphology and organisation were apparent. As the HUVECs differentiated they lost 
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Fig. 5.3. Primary differentiated epithelial cell cultures treated with ADAM33. 
Bronchial epithelial cells from a normal subject were grown as a differentiated culture 
using an air-liquid interface differentiation model. Cells were apically and basally 
treated with either a buffer control, ADAM33 Pro-MP-His (1S0ng/ml) or ADAM33 Pro
MP(E346A)-His (1S0ng/ml) in the presence of 20IJM ZnCI2 every 1-2days. Cells were 
checked daily, but very little variation was observed in the organisation or appearance of 
the cells . (a) Representative photographs taken at day 2 post treatment under phase 
contrast on an inverted Leica light microscope (x20 objective). (b) Trans-epithelial 
resistance was measured across the epithelial layer at several time points using an 
epithelial voltohmmeter (World Precision Instruments Inc. Hertfordshire, UK). Mean 
values for buffer (blue), ADAM33 Pro-MP-His (red) and ADAM33 Pro-MP(E346A)-His 
(black) treated cells have been plotted. Results are representative of one experiment 
carried out in duplicate. 150 



their flat rounded shape and the cells became elongated and connected to each 

other at a number of branch points forming a mesh-like network of tubes, Fig. 5.4 

(top panels). This phenotypic change is well documented and is thought to mimic the 

events that occur in vivo. This kind of in vitro assay is well established and has been 

used to test for novel pro and anti-angiogenic factors263-265. 

By reducing the level of serum in the culture medium from 20% to 1 % or substituting 

serum for 1 % BSA, the endothelial cell differentiation could be suppressed. A 

reduction in tube formation and hence mesh formation was observed, and in some 

cases tube and mesh formation were non-existent. The exogenous addition of a pro

angiogenic stimulus such as bFGF-2 into the low serum culture medium was 

sufficient to promote the cells to become differentiated, Fig. 5.4 (lower panels). 

Therefore this in vitro system was determined to be a good model in which potential 

pro-angiogenic factors could be tested. 

5.2.2 Exogenous addition of ADAM33 to endothelial cells 

In a similar experiment to the epithelial experiment, primary human vascular 

endothelial cells (HUVECs) were seeded onto growth factor reduced matrigel and 

treated with ADAM33 Pro-MP-His or ADAM33 Pro-MP(E346A)-His in complete M199 

medium containing 1 % serum, to observe whether the proteolytic effect of the 

enzyme could affect the behaviour of the cells. It was found that the addition of 

ADAM33 Pro-MP-His was able to drive HUVECs to differentiate in the absence of 

any other exogenously added pro-angiogenic growth factors or stimuli. ADAM33 

Pro-MP-His treated cells formed a distinct mesh-like network with tube structures 

connected at multiple branch points, similar to what was observed when cells were 

treated with bFGF, Fig. 5.5. In contrast, the cells treated with ADAM33 Pro

MP(E346A)-His did not differentiate to the same extent as the wild type treated cells. 

Occasionally cell elongation and branching were observed, but in the majority of 

cases these went on to form far fewer tubes and incomplete meshes could 

sometimes be seen. A complete mesh was considered to be a closed ring, in which 

several endothelial tubes connected to form an unbroken perimeter. Generally cells 

treated with ADAM33 Pro-MP(E346A)-His appeared to be similar to the buffer treated 

controls, but in a number of cases it was noted that the level of cell elongation and 

spontaneous differentiation was reduced to below that seen in the buffer control. The 

tube promoting effect of the ADAM33 Pro-MP-His was reproducible in HUVEC cells 

of differing passages and also confirmed using cells derived from a second donor 

(data not shown). ADAM33 Pro-MP-His was able to induce differentiation at all three 
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1% Gelatin, M199 20% serum GF reduced matrigel, M199 20% serum 

GF reduced matrigel, M199 1% serum GF reduced matrigel, M199 1% serum + bFGF-2 

Fig. 5.4. Cultured primary human vascular endothelial cells. Primary HUVECs 
cultured under different conditions organise themselves differently. Cells grown on 
1% gelatin coated plastic and maintained in complete M199 serum containing 20% 
serum grew as monolayers (top left). Cells maintained in the same medium but 
grown on growth factor reduced matrigel instead of gelatin differentiated into a 
network of tubes (top right). By reducing the level of serum in the medium from 20% 
to 1 % the differentiation of the HUVECs was minimised (bottom left). The 
exogenous addition of a pro-angiogenic factor bFGF-2 into the medium containing 
1 % serum, induced the HUVECs to differentiate into tubes (bottom right) . 
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Fig. 5.5. ADAM33 induction of human vascular endothelial cell tube formation. 
HUVECs were seeded at -4x104 cells/well onto growth factor reduced matrigel coated 
plastic (96 well plate). Cells were seeded in compete M199 medium containing 1 % 
serum in addition with 20IJM ZnCI2 and one of the following treatments: ADAM33 Pro
MP-His (50, 100, 150ng/ml), ADAM33 Pro(E346A)-MP-His (50, 100, 150ng/ml) or bFGF-
2 (30ng/ml) . Tube formation was allowed to take place overnight. Cells were then 
viewed under phase contrast on an inverted Leica microscope. Panels are representative 
of 2 experiments, each carried out in duplicate. 
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of the concentrations tested (50ng/ml, 1 OOng/ml and 150ng/ml). There was an 

indication of a dose response, with the two higher concentrations promoting more 

complete mesh formation than the lower concentration tested. 

Time lapse microscopy was used to observe the kinetics of the tube formation 

process. The HUVECs were seen to be a very dynamic cell type. It was observed 

that the ADAM33 Pro-MP-His treated endothelial cells began to organise within the 

first hour of being seeded. The network of tubes that formed was very stable and 

tubes were supported by many cells. The majority of tubes that connected to each 

other remained connected throughout the remaining hours of the experiment, 

resulting in a well defined mesh. Initially, the endothelial cells treated with the 

inactive mutant enzyme also showed signs of organisation, however fewer tubes 

formed and those that did appeared to be thinner, supported by fewer cells and 

generally less robust in comparison with those cells treated with the active enzyme. 

Over time connections between tubes were less stable Fig. 5.6. 

5.3 Inhibition of the ADAM33 mediated effect on endothelial 

cells using synthetic compounds 

Synthetic carboxylate and hydroxamate compounds that were found to have different 

potencies against ADAM33 proteolytic activity in biochemical assays in Chapter 4 

were tested for efficacy at abrogating the ADAM33 mediated differentiation of 

HUVECs. Initially, 5IJM of the potent ADAM33 inhibitor (3R)-(+)-[2-(4-

methoxybenzenesulfonyl)-1 ,2, 3,4-tetrahydroisoquinoline-3-hydroxymate was tested 

to see its affect on endothelial cell differentiation, Fig. 5.7. It was demonstrated that 

the inhibitor was able to disrupt ADAM33 induced differentiation of HUVECs and 

returned the level of tube formation to the spontaneous level seen in the buffer 

control. In addition, the inhibition appeared to be selective as it did little to inhibit the 

differentiation induced by the pro-angiogenic factor bFGF-2. A dose response for 

this inhibitor was demonstrated when 50nM, 500nM, 5IJM and 50IJM of this inhibitor 

was tested against 150ng/ml of ADAM33 Pro-MP-His in the HUVEC differentiation 

assay, Fig. 5.8(a). It was found that at the two lower concentrations the HUVECs 

were still able to differentiate into tube like structures but the walls of the mesh 

appeared to be more fragile with decreased thickness than those seen in the no

inhibitor control. When the inhibitor was present at 51JM, not only were the walls of 

the mesh thin, the number of complete meshes formed was also markedly 

decreased. This resembled the ADAM33 Pro-MP(E346A)-His treated cells. At an 
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inhibitor concentration of 50j..lM, the effect of the exogenous ADAM33 treatment was 

completely antagonised and the level of endothelial cell differentiation was below that 

expected from spontaneous differentiation (by comparison with the buffer treated 

control). The intrinsic ability of the endothelial cells to differentiate however, was not 

substantially affected by this inhibitor and differentiation could be induced when cells 

were treated simultaneously with bFGF-2 and the inhibitor. 

The efficacy of three other protease inhibitors «2R)-2-[4(-Biphenylylsulfonyl)amino]-

3-phenyl propionic acid, N-I sobutyl-N-( 4-methoxyphenylsulfonyl)-glycylhydroxamic 

acid and GM6001 at inhibiting the effects of ADAM33 in this in vitro assay were also 

determined. The inhibitors were tested at 5j..1M and 50j..lM against 150ng/ml of 

ADAM33 Pro-MP-His, see Fig. 5.8(b)(c). It was found that (2R)-2-[4(

Biphenylylsulfonyl)amino]-3-phenyl propionic acid could inhibit the ADAM33 

mediated effect, but it was less potent than (3R)-(+)-[2-(4-methoxybenzenesulfonyl)-

1,2,3,4-tetrahydroisoquinoline-3-hydroxymate. The inhibitory effects of N-Isobutyl-N

(4-methoxyphenylsulfonyl)-glycylhydroxamic acid and GM6001 were even less 

pronounced. 

5.4 Quantification of endothelial cell tube formation 

Assessment of endothelial cell tube formation experiments has been for many years 

largely descriptive and subjective. More recently, computer assisted image analysis 

of the experiments has become available to allow increased consistency in 

assessmenf66. Based on the results shown in Figures 5.5 - 5.8, the number of 

complete meshes was the parameter which was most influenced by ADAM33, 

therefore further experiments were performed to quantify the effect of ADAM33 Pro

MP-His and the mutated enzyme on endothelial tube formation in the absence or 

presence of (3R)-( + )-[2-(4-methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-

3-hydroxymate. When the Leica Qwin v3 software package became available in our 

laboratory, images taken at the endpoint of these experiments were analysed for 

mesh formation, Fig. 5.9. This revealed that ADAM33 Pro-MP-His (150ng/ml) 

significantly (p<O.01) promoted endothelial cell tube formation whereas the mutant 

was without effect. As suggested in preliminary experiments, (3R)-(+)-[2-(4-

methoxybenzenesulfonyl)-1 ,2, 3,4-tetrahydroisoq uinoline-3-hydroxymate (5j..1M) 

significantly (p<O.01) inhibited the pro-angiogenic effect of ADAM33 Pro-MP-His, but 

had no effect on the activity of FGF2, Fig.5.9. 

155 



ADAM33 Pro MP(E346A) -His ADAM33 Pro MP-His 

Ohrs 

Fig. 5.6. Time lapse of ADAM33 induced HUVEC tube formation. HUVECs were seeded 
onto a layer of polymerised growth factor reduced matrigel in complete M199 medium 
containing 1 % serum (in a 96 well plate). The cells were treated at the time of seeding with 
ADAM33 Pro-MP-His or ADAM33 Pro-MP(E346A)-His at 150ng/ml in the presence of 20~M 
zinc chloride. The cells were put in a heated chamber (3rC) with 5% CO2 and imaged over 
a period of 12 hours, with one image being taken every 5 minutes (Olympus IX81 microscope 
with a motorised stage, ORCA-AG firewire digital camera). The panels above show the 
images of the cells taken at time = 0, 4,8, 12 hours and are representative of one 
experiment. 156 



Fig. 5.7. Inhibition of ADAM33 mediated tube formation by the hydroxamate 
com pou nd (3 R)-( + )-[2-( 4-methoxybenzenesu Ifonyl)-1 ,2,3,4-tetrahyd roisoq u i noli ne-
3-hydroxymate]. HUVECs (passage 3) were seeded at 2x104/well (96 well plate) onto 
growth factor reduced matrigel coated wells. Cells were seeded in complete M199 
medium containing 1 % serum, in addition with 20l-lM ZnCI2 , with or without the 
hydroxamate compound and one of the following treatments ; buffer (negative control) , 
ADAM33 Pro-MP-His (150ng/ml) , ADAM33 Pro-MP(E346A)-His (150ng/ml) or bFGF-2 
(30ng/ml). Tube formation was allowed to take place overnight and then images were 
captured under phase contrast on an inverted Leica microscope. Data are representative 
of one experiment carried out in duplicate. 157 



Fig. S.8(a) Inhibition of ADAM33 mediated tube formation with carboxylate and 
hydroxamate compounds. HUVECs (passage 4) were seeded in M199 medium containing 1% 
serum in addition with 20(.JM ZnCI2, and one of the following treatments; buffer (negative control) , 
ADAM33 Pro-MP-His (1S0ng/ml) , ADAM33 Pro-MP(E346A)-His (1S0ng/ml) or bFGF-2 
(30ng/ml). The inhibitor (3R)-( + )-[2-( 4-methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-3-
hydroxymate was tested in the range of SOnM-SO(.JM. Tube formation was allowed to take place 
overnight and then the cells were imaged under phase contrast on an inverted Leica microscope. 
Data representative of one experiment carried out in duplicate. 158 
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ADAM33 Pro-MP-His bFGF-2 Inhibitor 
5JJM 

(2R)-2-[4( -
Biphenylylsulfonyl) 
amino]-3-phenyl 
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N-lsobutyl-N-(4-
methoxyphenylsulfonyl) 
-glycylhydroxamic acid 

GM6001 

Fig. 5.8(b) Inhibition of ADAM33 mediated tube formation with carboxylate and 
hydroxamate compounds. Cells were seeded as described in (a) . Cells were treated with 
20IJM ZnCI2 and ADAM33 Pro-MP-His (1S0ng/ml) in addition to one of the following synthetic 
compounds (2R)-2-[4(-Biphenylylsulfonyl)amino]-3-phenyl propionic acid , N-lsobutyl-N-(4-
methoxyphenylsulfonyl)-glycylhydroxamic acid or GM6001 at (b) SIJM or (c) SOIJM (see next 
page). Tube formation was allowed to take place overnight and then imaged using phase 
contrast on a Leica inverted microscope. (For non controls and comparison with (3R)-(+)-[2-(4-
methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-3-hydroxymate see Fig. S.9(a) . 
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(b) 

ADAM33 Pro-MP-His bFGF-2 Inhibitor 
50IJM 

(2R)-2-[4(
Biphenylylsulfonyl) 
amino]-3-phenyl 
propionic acid 

N-lsobutyl-N-(4-
methoxyphenylsulfonyl) 
-glycylhydroxamic acid 

GM6001 

Fig. S.8(c) Inhibition of ADAM33 mediated tube formation with carboxylate and 
hydroxamate compounds. See legend of Fig . 5.8(b). This experiment was 
performed once in duplicate where only one field of view was photographed per well. 
Therefore quantification of the images and statistical analyses of the data were not 
carried out. 
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Fig. 5.9. Quantification of ADAM33 mediated endothelial cell tubulogenesis . 
Endothelial cell tube formation induced by ADAM33 Pro-MP-His (150ng/ml) and 
bFGF-2 was quantified using computer assisted image analysis (Leica Qwin v3) . The 
tubes and branch points were identified by the software (top panels). Mesh formation 
was chosen as the parameter to assess the angiogenic activity of ADAM33. A mesh 
was considered to be where the endothelial tubes form an unbroken perimeter 
around an open area. The effect of the (3R)-(+)-[2-(4-methoxybenzenesulfonyl)-
1 ,2,3,4-tetrahydroisoquinoline-3-hydroxamate (5IJM) to inhibit tube formation was 
also assessed. The graph shows the mean and standard deviation of three 
experiments carried out in duplicate, n=3. Statistical test used was the parametric 
ANOVA test, with Tukey-Kramer multiple comparisons test correction. ** P<O.01 . 
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5.5 DISCUSSION 

5.5.1 Effect of ADAM33 on epithelial cells 

In an initial simple experiment, A549 epithelial cells which do not express ADAM33227 

were grown as monolayers on tissue culture plastic, and treated with either ADAM33 

Pro-MP-His, ADAM33 Pro-MP(E346A)-His or buffer. No indications of phenotypic 

changes were observed. A different culture model which allowed the A549 epithelial 

cells to grow to resemble the in vivo situation more was also tested. Epithelial cells 

typically grow on top of a basement membrane predominantly formed from lam in in 

and collagen IV which allows epithelial cells to polarise. To mimic the presence of a 

basement membrane, A549 cells were seeded onto growth factor reduced matrigel, a 

matrix with many common components found in the basement membrane. In a 

preliminary experiment, A549 epithelial cells seeded on matrigel grew as a mesh-like 

network which started to form aggregates over the duration of the experiment. 

Epithelial cell aggregation on matrigel has been reported for epithelial cells from 

different species and origin. Interaction with the basement membrane like matrigel 

can promote the organisation of the epithelial cells into structures in which the 

epithelial cells become polarised, and in some instances a central lumen may form 

through the aggregate267-269. Treatment of A549 cells with ADAM33 Pro-MP-His or 

the inactive mutant failed to highlight any phenotypic changes in the behaviour, cell 

morphology or organisation of the cells. This lack of a difference between ADAM33 

treated and control treated cells, prompted speculation as to whether ADAM33 could 

exert its effect on differentiated primary human bronchial epithelial cells rather than 

on undifferentiated alveolar epithelial cells. However, differentiated epithelial cells 

grown as air-liquid interface cultures262 treated with ADAM33 Pro-MP-His did not 

show macroscopic differences in their morphology or organisation or epithelial 

integrity when compared with the mutant enzyme and buffer treated controls. Having 

obtained no functional evidence to suggest a role for ADAM33 Pro-MP-His in 

epithelial cell models, further investigation using other types of functional readouts or 

microscopic changes were not pursued. However, this has not excluded the 

possibility that ADAM33 may exert an effect on epithelial cells, and other assays may 

be needed to examine the treated cells. For example, gene expression studies or 

ELlSAs may be used to assess the release of growth factors and cytokines from 

epithelial cells treated with ADAM33. Considering the sheddase activity of ADAMs, it 

is conceivable that ADAM33 may influence the release of growth factors and 

cytokines which epithelial cells are capable of producing such as FGF, ET-1, PDGF, 
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IGF, TGFj3, IL-6 and IL-8 88, and changes in their levels may contribute to airway 

inflammation and the airway remodelling processes. 

5.5.2 Effect of ADAM33 on endothelial cells 

The remodelling features in the airway, such as increased smooth muscle mass can 

only occur when supported by increased vascularisation of the tissue. In a study 

carried out by Hoshino et al., immunohistochemical analysis of bronchial biopsy 

sections from 16 asthmatic individuals showed increased vessel formation in 

comparison with 9 normal controls8o
. Another study by Hashimoto et al. showed that 

this increased vascularity in asthmatics was not confined to the large airways, but 

also extended into the medium and small airways in lung specimens obtained from 

surgery270. 

In vivo, an endothelial cell monolayer lines the lumenal surface of every blood vessel. 

Like epithelial cells, these reside on top of a basement membrane. Beneath this 

basement membrane are cell layers consisting of fibroblasts, pericytes and smooth 

muscle cells. It was speculated that their close proximity to the mesenchymal cells 

which do express ADAM33227;227;229 may make them a target for membrane bound 

and soluble ADAM33232 released from smooth muscle cells and fibroblasts. To 

address this, a well established in vitro model of angiogenesis, the HUVEC 

differentiation assay was taken to test for angiogenic properties of ADAM33. 

Endothelial cells are central to angiogenesis and their differentiation is fundamental 

for the process. Using this model, a functional effect of ADAM33 was demonstrated 

for the very first time. ADAM33 mediated proteolysis stimulated endothelial cell 

differentiation into a network of tubes in the absence of any pro-angiogenic stimulus. 

The ability of ADAM33 to promote endothelial cell differentiation has since been 

shown to extend beyond umbilical vein derived endothelial cells. Preliminary studies 

show that ADAM33 is able to promote angiogenesis in murine micro-vascular cells 

and also in human embryonic lung explant tissues where vessel formation is in the 

context of stromal cells (Pang, Puxeddu and Haitchi unpublished). 

The mechanism by which ADAM33 proteolysis mediates its pro-angiogenic effect is 

not yet clear. Although ADAM proteins are not typical growth factors, they do 

possess sheddase activity which could cleave growth factors from the surface of 

cells. It is therefore possible that the release of pro-angiogenic growth factors which 

promote angiogenesis and vessel formation may be responsible for the ADAM33 
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mediated effect. Or alternatively, ADAM33 may be able to remodel the immediate 

extracellular matrix environment to facilitate angiogenesis. Many matrix 

metalloproteinases including MMP2 and 9 and MT1-MMP have been shown to play 

important roles in assisting the formation of new vessels 271;272. The extracellular 

matrix (ECM) needs to be re-modelled as cells invade into the tissue during the initial 

vessel formation process. Degradation of the matrix can also release growth factors 

sequestered in the ECM such as members of the pro-angiogenic fibroblast growth 

factor (FGF) and vascular endothelial growth factor (VEGF) families which can go 

onto promote angiogenesis273
;274. Although the exact pathway in which ADAM33 

mediated proteolysis exerts its function is yet to be determined, time lapse 

microscopy used to track the formation of the tubes in vitro, suggests that the 

apparent increase in tube formation in ADAM33 Pro-MP-His treated cells may stem 

from its ability to stabilise the tubes. ADAM33 Pro-MP(E346A)-His treated 

endothelial cells also appear to begin to organise into tubes at the earlier time points, 

but the structures are fragile and unstable with a tendency to regress unlike those 

formed in the presence of active ADAM33. 

ADAM33 is not the first ADAM capable of promoting angiogenesis to be identified. 

ADAM15, the closest relative to ADAM33 after ADAM19 and ADAM12 in humans 

has also been shown to facilitate the process. Knock-out mice deficient in Adam15 

have a normal phenotype under standard conditions. However, under pathological 

conditions, its pro-angiogenic properties can be unmasked. Under a hypoxic stress 

model of retinopathy, the retinas of the mice formed significantly fewer vessels than 

in the wild type mice. Furthermore, in a tumour model the Adam15 knockout mice 

carried a much lower tumour burden than the wild type mice, consistent with 

decreased angiogenesis275
. In human disease, ADAM15 has been found to be 

constitutively expressed in the synovial tissues from rheumatoid arthritis patients with 

a direct linear correlation with the vascular density in the synovial tissues. ADAM15 

expression can also be regulated by VEGF signalling through VEGFR-2 in both 

HUVECs and synovial fibroblasts276
, suggesting that it may have a role downstream 

of VEGF signalling. Although such studies have yet to be carried out with ADAM33, 

it is known that metalloproteinases often have distinct but overlapping specificities 

and it may be speculated that ADAM33 and ADAM15 may have overlapping 

functions either under normal or pathological conditions. 

In the HUVEC differentiation assays, the cells treated with the mutant ADAM33 

enzyme can in some instances show less spontaneous differentiation when 
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compared with the buffer treated control. Although not the only explanation, it is 

interesting to speculate whether this may suggest that the mutant can act as a 

dominant negative form of the protein, reducing basal activity further. The closest 

homolog to ADAM33; Xenopus ADAM13 also exhibits a similar dominant negative 

effect when the critical glutamic acid residue has been substituted by an alanine 

residue. Proteolytically active ADAM13 is required for neural crest cell migration, but 

the presence of mutant ADAM13 inhibits this migration210. It could be envisaged that 

the mutant may bind to the target substrate and in doing so mask the proteolytic 

cleavage site making it unavailable to any other active proteases. Whether the 

ADAM33 Pro-MP(E346A)-His is a true dominant mutant could be determined by 

simultaneously treating HUVECs with both the wild type and inactive mutant 

ADAM33 and observing whether tube formation occurs under such conditions. If it is 

proven to be such, the mutant enzyme may become a useful inhibitor against 

ADAM33 mediated proteolysis. 

5.5.3 Inhibition of ADAM33 mediated endothelial cell differentiation 

Inhibition of ADAM33 activity by (3R)-(+)-[2-(4-methoxybenzenesulfonyl)-1,2,3,4-

tetrahydroisoquinoline-3-hydroxymate could be translated from biochemical studies 

into a functional HUVEC differentiation assay. The inhibitory effect was dose 

dependent and reproducible. It did not affect the intrinsic ability of cells to 

differentiate, since cells treated with this inhibitor were still able to respond to bFGF-

2. It would therefore be of interest to study its specific effects further, and to evaluate 

whether this inhibitor is effective in in vivo models of angiogenesis and if it has the 

potential to slow the progress of the remodelling events seen in some cases of 

asthma. However, it must be noted that the problem with hydroxamate inhibitors is 

that they are often capable of inhibiting a number of MMPs. In this case, the inhibitor 

is also known to inhibit MMP_S277. MMPS is the neutrophil collagenase, but it can 

also be expressed by fibroblasts and endothelial cells278. However, to date there is 

no evidence yet to suggest that MMPS is involved in angiogenesis. 

In one experiment the other inhibitors, ((2R)-2-[4(-Biphenylylsulfonyl)amino]-3-phenyl 

propionic acid, N-lsobutyl-N-(4-methoxyphenylsulfonyl)-glycylhydroxamic acid and 

GM6001 were found to be capable of inhibiting ADAM33 mediated endothelial cell 

differentiation at 51lM and 50IlM. However these inhibitors were not as potent as 

(3R)-( + )-[2-( 4-methoxybenzenesulfonyl)-1,2,3,4-tetrahydroisoquinoline-3-

hydroxymate. When cells were treated simultaneously with bFGF-2 and the 

inhibitors tube formation was still observed, suggesting that they were not acting on 
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the same pathway as the bFGF-2 induced response. However, the results with these 

inhibitors were not always consistent, and a previous pilot experiment showed that 

whilst (3R)-( + )-[2-( 4-methoxybenzenesulfonyl)-1 ,2, 3,4-tetrahydroisoquinoline-3-

hydroxymate could inhibit endothelial cell differentiation the other inhibitors had no 

inhibitory effect (data not shown). 

Some caution is necessary when interpreting the data, since MMPs, and in particular 

MMP2 and 9 which are also important in the process of angiogenesis279 can also be 

inhibited by some of these synthetic inhibitors. ((2R)-2-[4(-Biphenylylsulfonyl)amino]-

3-phenyl propionic acid is a potent inhibitor of MMP2 and MMP9, and GM6001 is a 

broad spectrum MMP inhibitor, but neither inhibit the ADAM33 mediated response as 

effectively as (3R)-( + )-[2-( 4-methoxybenzenesulfonyl)-1 ,2, 3,4-tetrahydroisoquinoline-

3-hydroxymate. It is therefore apparent that the pro-angiogenic response can be 

largely attributed to ADAM33 activity and not by other MMPs. In the future it would 

be worth testing a lower concentration of inhibitor, for example 1 jJM. The 

biochemical data from suggests that at this concentration, (3R)-(+)-[2-(4-

methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-3-hydroxymate would inhibit 

ADAM33 by -80%, whereas the other inhibitors would show minimal inhibition of 

ADAM33 at this concentration, see chapter 4, Fig. 4.6. 

5.5.4 Summary 

The first functional role for ADAM33 mediated proteolysis has been described here. 

Soluble ADAM33 containing the MP domain has been shown to cause the rapid 

induction of endothelial cell differentiation in vitro. A potent ADAM33 inhibitor (3R)

(+ )-[2-( 4-methoxybenzenesulfonyl)-1 ,2,3,4-tetrahydroisoquinoline-3-hydroxymate that 

was identified in chapter 4 was capable of selectively inhibiting the ADAM33 induced 

endothelial cell differentiation in vitro. No effects of ADAM33 treatment were 

observed on epithelial cells and suggested the effects of ADAM33 are cell type 

specific. This is exciting since an increase in vascularity of the airway has been 

associated with asthma and disease severity. The potential for ADAM33 to 

contribute to this process implies that ADAM33 may playa role in disease 

progression via a 'gain of function' effect. The exact mechanism by which ADAM33 

mediates its effect will be clearer once its relevant target substrate has been 

identified. 
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Chapter 6 Profiling ADAM33 Pro-MP-His specificity 

Following on from the demonstration of a role for ADAM33 in angiogenesis, the 

research effort was focused on trying to explain the mechanism by which it mediated 

the effect. Being a proteolysis-dependent effect, the identification of the target 

substrate(s) was key to understanding the mechanism. Finding the physiological 

substrate(s) for an orphan proteinase is a difficult process. One commonly employed 

strategy is the screening of candidate peptides and proteins based on the specificity 

of closely related proteinases. Although this method of screening is useful, it is 

biased in favour of pre-identified substrates and may reduce the likelihood of 

identifying novel substrates, since not all peptide sequences are considered equally. 

The candidate approach has already been undertaken for ADAM33 by Zou and 

colleagues. Although peptide substrates were identified, efficient cleavage of these 

in recombinant cell models could not be confirmed205
. The relevant substrate is 

therefore yet to be found. To increase the breadth of the search for substrate 

proteins and eliminate some of the initial bias, a high throughput screening process 

can be put into place before the selection of potential proteins for testing. This 

involves screening a large random library of peptides to identify cleaved peptides. 

These peptides can then be aligned to produce a cleavage consensus sequence. 

Candidate proteins containing this consensus sequence can then be tested as 

substrates. This kind of approach is the basis for the work carried out for this 

chapter. Thus the aims of this chapter were to: 

(i) identify a cleavage consensus for ADAM33 using a high throughput screen. 

(ii) validate candidate substrates which may have a relevance to asthma and 

angiogenesis. 

6.1 Screening the 10,000 member PNA-FRET peptide library 

A PNA-FRET peptide library was developed by Prof. Mark Bradley's research group 

at the University of Edinburgh. This is described in more detail in materials and 

methods section 2.22. The library consists of 10 000 members, each member of the 

library has a 6 amino acid peptide. The Nand C terminal amino acids were fixed to 

be serine and alanine respectively, and the four remaining residues were random 

sequences chosen from 10 amino acids which were chosen to be biochemically 

representative of the 20 amino acids. To establish whether ADAM33 was capable of 
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degrading some of the peptides in the library, the enzyme and library were incubated 

together in solution, and the net fluorescence of this mixture was monitored at 

several time points, Fig 6.1. The fluorescence of the FAM was shown to increase 

gradually over time. A similar increase in fluorescence was not observed when the 

library was incubated in the absence of ADAM33, or when ADAM33 was incubated 

with a smaller subset of peptides (data not shown). This demonstrated that ADAM33 

had activity that was specific towards members of the 10,000 PNA-peptide library. 

However, in this solution based system it was not possible to determine the 

sequence of the cleaved peptides, since the peptide emitting the fluorescence could 

not be distinguished from any other peptide in the library. 

6.2 PNA-peptide Microarray 

To identify which of the peptides in the PNA- FRET peptide library were cleaved, a 

similar solution based assay was carried out as before with an incubation time of 1 

hour at 3rC. The library was subsequently hybridised onto a DNA microarray, 

transforming the solution based assay into an analysable 20 platform. Each member 

of the library bound to its own unique spot on the DNA microarray as dictated by their 

PNA tag, and allowed the fluorescence emitted from both the reporter dye (FAM) and 

quencher dye (TAMRA) of each member to recorded using a microarray scanner. 

The library treated with the ADAM33 Pro-MP(E346A)-His was used as a negative 

control. A global normalisation was applied to the data (which assumes that overall 

the fluorescence in the two channels should be similar) from the treated and control 

libraries and the two microarrays were subsequently compared. Poorly hybridised 

members of the microarray were manually excluded (382 spots, including 5 in which 

both duplicate spots of a library member were excluded). The FAMITAMRA ratio of 

the spots on the treated and control microarrays were plotted against each other, 

Fig.6.2. The majority of spots fell close to the hypothetical identity line which 

indicated that the FAMITAMRA ratio was the same or similar in both the ADAM33 

and mutant treated samples. The absence of change in the fluorescence ratio 

detected between the two fluorescent channels showed that the majority of peptides 

(corresponding to these spots) had not been cleaved. For spots falling further away 

from the identity line there was an overall tendency to fall just below the line which 
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Fig. 6.1. ADAM33 Pro-MP-His cleaves PNA-FRET peptide library in solution. 
-155nM of ADAM33 Pro-MP-His was mixed with -400nM of PNA-peptide library in a 
quartz cuvette. This was placed into a Fluormax fluorescent spectrophotometer. The 
sample was excited at 490nm, and the emission spectrum of the sample was recorded 
at time (t) = 0,1,2,4,9 minutes and again after an overnight incubation at 3rc. The 
emission peaks (*) are shown in the graph above. The initial peak observed at 490nm 
was typical of bleed through from the excitation wavelength. (n=1) 
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Fig. 6.2. PNA-FRET peptide microarray analysis. The PNA-peptide library 
treated with ADAM33 Pro-MP-His or ADAM33 Pro-MP(E346A)-His was 
hybridised onto DNA microarrays. The slides were scanned for FAM and TAMRA 
emission. Global normalisation was appl ied to the data from each of the slides 
and the ratio of FAM to TAMRA fluorescence was found for each spot on each 
array. The resulting ratios for the two slides have been plotted. The identity line 
represents the hypothetical line on which data points would lie if the signal from 
both the ADAM33 and mutant samples were equivalent. The peptides which 
show the greatest difference between the two slides in favour of more reporter 
fluorescence in the ADAM33 treated samples have been highlighted (red circles) , 
the corresponding variable residues from the peptide sequence is written below 
each circle.(n=1) 

Pe~tide A33/E346A Pe~tide A33/E346A 

1.DDKD 2.25 11. SKFV 1.64 

2. FLFF 2.13 12. NFYF 1.63 

3.DKKL 1.98 13. PNLP 1.62 

4.NFSN 1.91 14. KPAF 1.62 

5. LLYF 1.75 15. PSDP 1.61 

6. PVFL 1.75 16. FKLV 1.61 

7. SVFS 1.72 17. NNVY 1.61 

8. PADY 1.72 18.NKFD 1.61 

9. LYNL 1.67 19.LFAY 1.60 

10. DLKF 1.65 20. SAAA 1.58 

Table 6.1. Top 20 cleaved peptides from the PNA-FRET peptide microarray 
screen. The 20 peptides that fell furthest away from the identity line (Fig. 6.2) are 
listed. The FAMITAMRA ratio from the ADAM33 Pro-MP-His treated microarray 
was divided by the FAMITAMRA ratio from the ADAM33 Pro-MP(E346A)-His 
treated array to give an ind ication of distance from the identity line. The larger the 
value the further the deviation from the line. 
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suggested that proteolysis of members of the PNA-FRET peptide library had 

occurred as expected. The members of the library with the peptide sequences 

SNFSNA, SDDKDA, SFLLFA, SSYFDA, SPVFLA and SLLYFA fell the furthest below 

the identity line and were possibly the most efficiently cleaved by ADAM33 relative to 

the other peptides. The top 20 sequences of the peptides that fell the furthest away 

from the identity line have been tabulated, Table 6.1. 

6.3 Establishing a specifity profile 

To establish the cleavage preferences for ADAM33, the top 1 % of library members 

from the PNA-FRET peptide microarray was profiled. 1% (108 members) was an 

arbitrarily chosen cut off. In the absence of a well defined threshold to specify the 

distance from the identity line that represented genuine cleavage events, it was 

decided that only the peptides which fell the furthest below the identity line would be 

considered and used to generate a consensus sequence. 

Using these peptides, the frequency at which an amino acid occurred at each of the 

variable positions was recorded, Fig. 6.3. The variable N-terminal residue was found 

to be frequently occupied by both the hydrophobic residues phenylalanine and valine, 

but tyrosine was rarely present. In the adjacent position the hydrophobic residue 

phenylalanine and positively charged residue lysine were found to frequently occupy 

this position, with a small preference for the former. In the third variable position, 

very hydrophobic amino acids such as phenylalanine and leucine were found the 

most often, with other hydrophobic residues and uncharged and non polar residues 

preferred over charged and polar residues. The amino acid profile for the fourth 

amino acid position was again dominated by the hydrophobic residues phenylalanine 

and leucine. This data suggested that the ADAM33 cleavage consensus sequence 

may be (FN - F/K - F/L - F/L). It was noted that since the cleavage site of the 

peptides were not known, this linear alignment of the peptides based purely on their 

amino acid sequence may not necessarily reflect the exact consensus sequence. To 

obtain the true consensus sequence the peptides should be aligned in accordance to 

the ADAM33 cleavage site within them. Nevertheless the consensus obtained gave 

an indication that hydrophobic residues in the substrate are important for ADAM33 

mediated cleavage. 
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Fig. 6.3. Amino acid sequence analysis of top 1 % of cleaved peptides from the 
PNA-FRET peptide library. 108 peptides from the PNA-peptide library that were 
cleaved most efficiently by ADAM33 were analysed. The frequency that a particular 
amino acid occurred in a specific position in the peptide was plotted . X denotes the 
amino acid position that corresponds to the adjacent graph. The members of the 
library were 6 amino acids in length, the first and last amino acids were fixed to be 
serine and alanine respectively, the remaining four residues were variable. 
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6.4 Database search of proteins containing the peptide 

sequences identified from the PNA-FRET peptide microarray 

It was necessary to confirm the cleavage of the peptide sequences identified by the 

PNA microarray in subsequent experiments. Assays involving the cleavage of 

purified peptide or proteins with the corresponding sequences in vitro can be used. 

Several of the most efficiently cleaved sequences from the microarray were taken to 

be verified as substrates using these assays. The sequences that were tested were 

chosen on the basis of whether the putative sequence could be found in proteins that 

were potential ADAM substrates and those capable of influencing angiogenesis. 

The variable amino acid sequence from the top eight peptides that were highlighted 

from the PNA-peptide-microarray screen were used to search the Swiss prot protein 

databank to find human proteins which contained these sequences, Table 6.2. For 

each protein that was returned, the information from its databank page were 

checked. Due to the high number of hits obtained from such a search, to make the 

data more manageable, only potential cell surface membrane and secreted proteins 

(as stated in its databank pages) were subsequently considered. This was based on 

the assumption that ADAM33 acts on the cell surface, or in the case of soluble 

ADAM33, in the extracellular space. It was acknowledged that by limiting the 

proteins considered by the information on the databank pages, membrane proteins 

that lacked a signal sequence, or those inserted into the cell membrane not via the 

conventional secretory pathway, may have been excluded unintentionally. For 

identified cell membrane proteins, predicted protein topology data was used to find 

the protein domain in which the four amino acid peptide sequence was embedded. It 

was found that the sequences could be located in the extracellular, transmembrane 

or cytoplasmic regions of the proteins. Not surprisingly, the very hydrophobic 

sequences were often found in the transmembrane region of membrane spanning 

proteins. Proteins in which the peptide sequences were found to be embedded in the 

extracellular domain or secreted domain were believed to be more probable target 

substrates, since the peptide sequence was likely to be more accessible than regions 

buried within the transmembrane region or cytoplasmic tails which were unlikely to 

encounter the active ADAM33 proteinase. Some of the proteins found by this search 

fitted the profile of suspect metalloproteinase targets such as extracellular matrix 

components and cell surface growth factors and their receptors. The extracellular 

matrix components highlighted included collagen type IV, V, XI and laminin. The 

growth factors, their receptors and cell surface proteins included EGF, 
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Table 6.2. Proteins containing amino acid sequences taken from the microarray. 
Human proteins containing the peptide sequences specified were found by using the NCBI protein BLAST program 
to search the SWissprot protein sequence databank. Secreted and plasma membrane proteins were identified. 
Where possible the protein domain in which the peptide sequence was found and tissue expression were noted down. 
ECO, TM, and Cyt represent the extracellular, transmembrane and cytoplasmic domains respectively. 
The amino acid sequence of the peptides have been written in single letter code. 

Proteins containing OOKO 
CSa anaphylatoxin chemotactic receptor 

Cadherin·11 

Chondroitin sulfate proteoglycan 5 

Neuropilin·2 

Roundabout homolog 1 

Sodium/potassium·transporting ATPase alpha·3 chain 

Region 
ECO 

ECO 

ECO 

ECO 

ECO 

Cyt 

Transient receptor potential cation channel subfamily M(7) Cyt 

Anion exchange protein 3 

Tolilinterieukin-' receptor B 

G protein-coupled receptor kinase 7 

Dentin matrix acidic phosphoprotein 1 

Thrombospondin·1 

Potassium voltage-gated channel subfamily A member 1 

Proteins containing FLLF 
Aquaporin-O 

Hephaestin 

IgG receptor FcRn large subunit p51 

Inactive dipeptidyl peptidase 10 

Low-density lipoprotein receptor-related protein 4 

Low·density lipoprotein receptor-related protein 5 

Low-density lipoprotein receptor'related protein 6 

Nodal modulator 1 

Nodal modulator 3 

Olfactory receptor 5P2 

Pro-epidermal growth factor 

Retinoic acid early transcript 1 G 

Vomeronasal type-1 receptor 1 

ATP-binding cassette sub-family G member 4 

Olfactory receptor 4K17 

Olfactory receptor 5V1 

Olfactory receptor 10H5 

Acetylcholine receptor subunit delta 

Activin receptor type 1 B 

ADAM 20 

Adenylate cyclase type 4 

Aquaporin-12A 

ATP·binding cassette sub-family A member 3 

ATP-binding cassette sub-family A member 7 

Bestrophin-4 

Choline transporter·like protein 3 

Choline transporter-like protein 4 

Corticotropin-releasing factor receptor 2 

Endothelin B receptor-like protein 1 

Equilibrative nucleoside transporter 2 

Gamma-aminobutyric-8cid receptor subunit gamma-3 

Gap junction alpha-10 

Glucose transporter type 4 

Limb region 1 protein homolog 

Mannose-P-dolichol utilization defect 1 

Melatonin-related receptor 

Motile sperm domain-containing protein 3 

Neuronal voltage-gated calcium channel gamma-like subunit 

Olfactory receptor 10A4 

Olfactory receptor 10H1 

Olfactory receptor 10H2 

Olfactory receptor 10Q1 

Olfactory receptor 10S1 

Cyt 

Cyt 

lipid anchor 

Secreted 

Secreted 

not in TM 

Region 
ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECOITM 

ECOITM 

ECOITM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

Note 

Brain 

Brain 

Widely except kidney 

Failing ventricle 

Lung, Gut, Kidney (epithelial tissues) 

Retina 

Teeth 

Note 
Lens fiber gap junctions 

Breast, colon, bone, fibroblasts 

Brain, Serum, Pancreas, Spinal cord, Adrenal gland 

Brain 

Widely including liver 

Cuts in 2 sites 

Colon tumour 

Tongue 

Cuts in LOL class region 

Colon 

Olfactory mucosa, Brain, lung, kidney 

Widely 

Testis 

Pancreas 

Lung, Brain, Kkeletal Muscle, Pancreas, Heart 

Leulocytes, Spleen, Thymus, Lymph nodes, Brain 

Colon, weakly In other tissues 

Brain, Spinal cord 

Placenta, Brain, Heart, Ovary 

Skeletal and Cardiac muscle, Fat 

Widely, highly in Heart, P+OBBancreas 

Brain 

Tongue 
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Olfactory receptor 1 E1 

Olfactory receptor 2A 12 

Olfactory receptor 2L 13 

Olfactory receptor 2T3 

Olfactory receptor 2T34 

Olfactory receptor 4A4 

Olfactory receptor 4A47 

Olfactory receptor 401 

Olfactory receptor 4Q3 

Olfactory receptor 5L 1 

Olfactory receptor 5L2 

Olfactory receptor 5T1 

Olfactory receptor 5T3 

Olfactory receptor 6B2 

Olfactory receptor 6B3 

Olfactory receptor 6K6 

Olfactory receptor 7A10 

Olfactory receptor 7G 1 

Olfactory receptor 8A 1 

Olfactory receptor 8B4 

Olfactory receptor 801 

Olfactory receptor 802 

Olfactory receptor 8G 1 

Olfactory receptor 8G2 

Olfactory receptor 9K2 

Olfactory receptor 9Q1 

Organic cation transporter 3 

Palmitoyltransferase ZOHHC15 

Palmitoyltransferase ZOHHC2 

Phosphatidylserine synthase 1 

Polycystic kidney disease and receptor for egg jelly-related 

Potassium voltage-gated channel subfamily 0 member 1 

Potassium voltage-gated channel subfamily 0 member 2 

Potassium voltage-gated channel subfamily 0 member 3 

Probable G-protein coupled receptor 1 

Probable G-protein coupled receptor 144 

Probable palmitoyltransferase ZOHHC20 

Prostaglandin E2 receptor 

Protein phosphatase 1 regulatory subunit 3A 

Putative euronal cell adhesion molecule 

Putative Taste receptor type 2 member 12 

Rhomboid-related protein 1 

Secretory carrier-associated membrane protein 1 

Sodium/hydrogen exchanger 3 

Sodium/hydrogen exchanger 5 

Sodium-dependent dopamine transporter 

Sodium-dependent noradrenaline transporter 

Sodium-dependent phosphate transport protein 4 

Sodium-dependent serotonin transporter 

Solute carrier family 13 member 4 

Sterolin-1 

Sulfonylurea receptor 1 

Sulfonylurea receptor 2 

Taste receptor type 2 member 13 

Taste receptor type 2 member 38 

Thyrotropin-releasing hormone receptor 

Trace amine-associated receptor 8 

Trace amine-associated receptor 9 

Transmembrane protein 17 

Transmembrane protein 41A 

Tumor necrosis factor receptor superfamily member 9 

Voltage-dependent N-type calcium channel subunit alpha-1 B 

Vollage-dependent P/Q-type calcium channel subunit alpha-1A 

Voltage-dependent R-type calcium channel subunit alpha-1 E 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 
TM 
TM 

TM 

TM 

TM 

TM 

Tongue 

Tongue 

Widely 

Lung, Placenta, Kidney, Liver, Heart, Brain 

Ubiquitous 

Testis 

Widely 

Brain 

Heart, Brain, Pancreas, Kidney, Skeletal muscle 

Brain 

Kidney, Lung, Spleen, Skeletal muscle 

Heart and Skeletal muscle 

Tongue, Palate Epithelium 

Heart, Brain, Kidney, Skeletal muscle 

Widely including Brain 

Brain, Testis, Spleen, Skeletal muscle 

Placenta, Testis, Heart 

Liver, Small intestine, Colon 

Tongue, Palate epithelium 

Tongue 

Kidney, Brain 

T cells-activaled 

Central nervous system 

Brain 

Neurones, Kidney 175 



Sodium/potassium-transporting ATPase alpha-2 

Sodium/potassium-transporting ATPase alpha-3 

Olfactory receptor 1203 

Probable G-protein coupled receptor 119 

B7 homolog 2 

C019 

C01e 

CTLA-4 

Gamma-aminobutyric-acid receptor subunit alpha-2 

Kremen protein 2 

Surface IgM associated protein 

NKG20 ligand 1 precursor 

NKG20 ligand 3 

Phosphorylase kinase alpha L subunit 

Intelectin-1 

Arylsulfatase F 

Coagulation factor VIII 

Complement C1 q subcomponent subunit B 

Complement C1q subcomponent subunit C 

Complement C1q tumor necrosis factor-related protein 3 

Complement factor I precursor 

Guanylin 

Hepatic triacylglycerol lipase 

Intelectin-2 

Interleukin-24 

Mesothelin 

Microfibrillar-associated protein 2 

NKG20 ligand 2 

Phospholipase A 1 member 

Serine protease 23 

Sushi repeat-containing protein SRPX2 

Tenascin-X 

Thyroglobulin 

Receptor expression-enhancing protein 6 

Protein containing SYFD 
Atrial natriuteric peptide-converting enzyme 

Cadherin-23 

Potassium channel subfamily K member 13 

Probable G-protein coupled receptor 156 

Short transient receptor potential channel 1 

Short transient receptor potential channel 3 

Short transient receptor potential channel 5 

Short transient receptor potential channel 7 

Toll-like receptor 10 precursor 

Group XIIB secretory phospholipase A2-like protein 

Platelet-derived growth factor receptor-like protein 

von Willebrand factor 

Proteins containing DKKL 
C0320 antigen 

Fibroblast growth factor receptor 3 

Gamma-aminobutyric-acid receptor subunit gamma-3 

Glutamate receptor delta-2 subunit 

Low-density lipoprotein receptor-related protein 1 B 

ATP-binding cassette transporter 2 

Transmembrane protein 111 

XK-related protein 9 

Probable G-protein coupled receptor 157 

AOAM17 

Brain-specific angiogenesis inhibitor 1 

Brain-specific angiogenesis inhibitor 3 

Gap junction alpha-9 protein 

Myoferlin 

Sodium/potassium/calcium exchanger 3 

TMflumenal 

lumenal 

Cyl 

Cyl 

Signal peptide Widely 

Signal peptide B cells 

Signal peptide Thymocyles 

Signal peptide Lymphoid tissues 

Signal peptide 

Signal peptide 

Signal peptide B cells 

lipid anchor 

lipid anchor 

lipid anchor 

lipid anchor 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

not in TM 

Region 
ECO 

ECO 

TM 

Cyl 

Cyl 

Cyl 

Cyl 

Cyl 

Cyl 

Secreted 

Secreted 

Secreted 

Region 
ECO 

ECO 

ECO 

ECO 

ECO 

TM 

TM 

TM 

TM/Cyl 

Cyl 

Cyl 

Cyl 

Cyl 

Cyl 

Cyl 

widely 

Liver 

Widely, specifically Intestine 

Plasma 

Plasma 

Plasma 

Plasma 

Plasma 

Ileum, Colon, Plasma 

Small intestine 

upregulated in melanoma 

Lung, Heart, Placenta, Kidney 

Secreted 

Cancer tissues 

Placenta, Prostate, Liver 

2 Cut sites. Foetal adrenal galnds, Testis, Muscle 

Thyroid 

Note 
Heart myocyles 

Retina, Cochlea 

Ubiquitous 

Ubiquitous, high in brain and testis 

Ubiquitous 

Brain, Lung, Ovary, Colon, Small intestine, Prostate, Placenta,Testis 

Brain 

Spleen, Lymph nodes, Thymus, Tonsil, Lung 

Uver, Kidney, Small intestine 

Colon, Lung, Liver 

Cuts in col type I and III binding domain. Plasma 

Expression I Comment 
Follicular dendritic cells 

Brain, Kidney, Testis, Embryonic lung, Kidney, Brain, Intestine 

Central nervous system 

Brain, Salivary gland, Thyroid 

Ubiquitous 

Brain 

Brain, Heart 

Neurons 

Skeletal muscle, Lung, Kidney, Brain, Placenta 

Brain, Aorta, Uterus, Intestine 176 



Carbonic anhydrase 4 

GPI-anchored membrane protein 1 

Wnt-16 

Angiogenic factor with G patch and FHA domains 1 

Apolipoprotein B-100 

Coagulation factor XIII B 

Ectonucleotide pyrophosphatase/phosphodiesterase family(5) 

ER degradation-enhancing alpha-mannosidase-like 2 

FAM20C 

Laminin subunit alpha-1 

Signal peptide, CUB and EGF-like domain-containing protein 1 

Signal peplide, CUB and EGF-Iike domain-containing protein 2 

Signal peplide, CUB and EGF-Iike domain-containing protein 3 

Tumor suppressor TSBF-1 

Proteins containing NFSN 
AOAM15 

G protein coupled receptor 64 

P2X purinoceptor 5 (ATP receptor) 

C01a anligen 

Toll-like receptor 8 

Toll-like receptor 5 

C01 c antigen 

GPR155 

Taste receptor type 2 member 10 

Taste receptor type 2 member 44 

Taste receptor type 2 member 45 

Aquaporin 1 

FAM74A1 

Proteocadherin beta 1 

Taste receptor type 2 member 47 

Taste receptor type 2 member 14 

Taste receptor type 2 member 43 

Taste receptor type 2 member 46 

Taste receptor type 2 member 50 

Taste receptor type 2 member 48 

Coagula lion factor V 

Ligand-binding protein RYA3 

Granzyme B 

Slit homolog 2 protein precursor 

Interphotoreceptor matrix proteoglycan 1 

Granzyme H 

lipid anchor 

lipid anchor 

Secreted 

Secreted 

Secreled 

Secreted 

Secreted 

Secreled 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Not in TM 

Region 
ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

TM 

TM 

TM 

TM 

TM 

TM 

cyt 

cyt 

cyt 

cyt 

cyt 

cyt 

Cyt 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Endothelium (in eyes) 

Peripheral lymphoid organs, Kidney 

Endothelial, Vascular smooth muscle cells, Osteoblasts 

Plasma 

Plasma 

Associated with ECM. Endothelial cells 

Broad including endothelial cells 

Osteoblasts 

Note 
Ubiquitous, Endothelium, Smooth muscle 

Epididymis 

Brain, Immune system 

Tcells 

Brain, Heart, Lung, Liver, Placenta, Immature OCs and Monocytes 

Ovary, Blood leukocytes 

Thymopcytes, T cells 

Eye, Brain 

Tongue, Palate epithelium 

Tongue 

Tongue 

Kidney, Heart, Lung, Pancreas 

Tongue 

Tongue, Palate epithelium 

Tongue 

Tongue 

Tongue 

Tongue 

Nasal septal epithelium 

T cells NK cells 

Foetal lung and Kidney, Spinal cord weaker In other tissues 

Retina 

Tcells 

epidermis of infiamed skin with psorasis Bactericidal/permeability-increasing protein-like 2 

Peptidyl-glycine alpha-amidaling monooxygenase 

Thromboxane-A-synthase 

Secreted or on membrane 

Proteins containing LL YF 
Abhydrolase domain-containing protein 13 

Adrenomedullin receptor 

C0109 

Choline transporter-like protein 4 

Low-density lipoprotein receptor-related protein 2 

Lymphocyte antigen 75 precursor 

Sarcospan isoform 1 

Voltage-dependent T-type calcium channel subunit alpha-11 

Not in TM 

Region 
ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECOfTM 

Solute carrier organic anion transporter family member 1A2 TM 

Transmembrane 4 L6 family member 18 TM 

Calcium-activated potassium channel subunit alpha 1 

cGMP-gated cation channel alpha 1 

C-type leclin domain family 5 member A 

Cysteinyl leukotriene receptor 1 

Excitatory amino acid transporter 1 

Excitatory amino acid transporter 5 

Frizzled-6 

Immunoglobulin superfamily member 2 

NIPA-like protein 2 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

Platelets, Lung, Kidney, Macrophages and Lung fibroblasts 

Note 

Heart, Skeletal muscle, Immune system, Liver, Adrenal gland 

widely 

Absorplive epithelia 

Spleen, Thymus, Lymphocytes 

Heart, Skeletal muscle 

Brain 

Widely except myocytes 

Retina 

Peripheral blood monocytes 

Widely 

Brain 

Retina, lower in Brain, Liver, Heart 

Widely 

OCs, T cells, Monocytes, Granulocytes, Epithelial cells 

only partially in TM 177 



NIPA-like protein 3 

Olfactory receptor 6K3 

P2X purinoceptor 2 

Polycystic kidney disease 2-like 2 protein 

RING finger protein 103 

RING finger protein 182 

SI01 transmembrane family member 2 

Signal peptide peptidase-like 2A 

Sodium/potassium/calcium exchanger 1 

Sodium-dependent dopamine transporter 

Solute carrier organic anion transporter family member 1 81 

Solute carrier organic anion transporter family member 183 

Taste receptor type 2 member 3 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

only partially in TM 

Neurons 

Controversial. Brain, Kidney, widely 

Brain 

Retina 

Neurones 

Liver 

Liver 

Tongue, Stomach, Gut 

Transient receptor potential cation channel subfamily V (4) TM 

Transmembrane 4 L6 family member 1 

Transmembrane 9 superfamily protein member 4 

Voltage-dependent T-type calcium channel subunit alpha-1G 

Voltage-dependent T-type calcium channel subunit alpha-1H 

Transient receptor potential cation channel sUbfamily M (4) 

Glutamate receptor, ionotropic kainate 1 

Semaphorin-6A precursor 

Apolipoprotein M 

Bone morphogenetic protein 15 

Collagen alpha-2(IV) chain 

Complement C4-A precursor 

Complement C4-B precursor 

Growth/differentiation factor 3 

Phosphatidylcholine-sterol acyltransferase 

Polypeptide N-acetylgalactosaminyltransferase 1 

Multidrug resistance-associated protein 9 

Transmembrane protein 145 

Proteins containing PVFL 
C08 alpha chain 

OnaJ homolog subfamily C member 16 

Ephrin type-A receptor 8 

Olfactory receptor 1 B1 

Olfactory receptor 2Y1 

Polycystic kidney and hepatic disease 1 

Protocadherin beta 1 

Protocadherin beta 12 

Protocadherin beta 13 

Protocadherin beta 2 

Protocadherin beta 7 

Protocadherin beta 8 

Protocadherin Fat 2 

Protocadherin LKC 

Protocadherin-16 

Activin receptor type 1 B precursor 

C-C chemokine receptor type 11 

Ferroportin-1 

FMLP-related receptor I 

Folate transporter 1 

Glucagon receptor 

Leukotriene C(4) transporter 

Mas-related G-protein coupled receptor member X2 

Metabotropic glutamate receptor 7 

Monocarboxylate transporter 1 

Monocarboxylate transporter 2 

Monocarboxylate transporter 3 

Monocarboxylate transporter 4 

Olfactory receptor 202 

Olfactory receptor 56B4 

Potassium channel subfamily T member 1 

Probable G-protein coupled receptor 153 

TM 

TM 

TM 

TM 

Cyt 

Endothelial cells, Carcinoma of the Lung, Breast, Colon, Ovaries 

High in Brain, moderate in Lung, Placenta, Kidney 

Kidney, Liver, Heart, Brain, (isoforrn 2 Testis) 

Widely 

Signal peptide Brain 

Signal peptide 

Secreted Plasma, Liver, Kidney 

Secreted Ovary 

Secreted Basement membrane component 

Secreted 

Secreted 

Secreted 

Secreted 

Plasma 

Plasma 

Blood 

Cut in C4 gamma chain 

Cut in C4 gamma chain 

Secreted, or golgi membrane 

Not in TM Testis, Brain, Breast cancer 

Not in TM 

Region Note 
ECO Tcells 

ECO 

ECO 

ECO 

ECO 

ECO Kidney, Pancreas 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO Liver, Kidney, Small Intestine, Colon 

ECO Fibroblast specific 

TM Widely, Lung, Brain, Kidney, Liver 

TM Heart, Lung, Small intestine, Spleen, Colon,Sskeletal muscle 

TM Placenta, Muscle, Spleen, Intestine 

TM Lung, Neutophils, Spleen, Testis 

TM Placenta, Liver, Lung 

TM 

TM Lung, Testis, Peripheral blood mononuclear cells 

TM only partially TM. Nervous system 

TM Brain 

TM Widely 

TM Testis, low in other tissues (widely) 

TM Retinal epithelium 

TM Skeletal muscle 

TM 

TM only partially TM 

TM Liver, Brain, Spinal chord, Skeletal muscle 

TM 178 



Probable G-protein coupled receptor 160 

Protein YIPF6 

Sodium- and chloride-dependent GABA transporter 2 

Sulfonylurea receptor 1 

Sulfonylurea receptor 2 

Taste receptor type 2 member 9 

Thiamine transporter 1 

Transmembrane protein 126A 

Beta cysteine string protein 

Type I inositol-1 ,4,5-trisphosphate 5-phosphatase 

CD20 antigen-like 2 

Vanilloid receptor-like channel 2 

Voltage-dependent L-type calcium channel subunit alpha-1S 

Neuronal acetylcholine receptor subunit alpha-2 

Collagen alpha-1(V) chain 

Collagen alpha-1 (XI) chain 

Interleukin-1 beta 

Laminin subunit gamma-3 (Laminin 12 gamma 3 subunit) 

Phosphatidylcholine-sterol acyltransferase 

Procollagen C-endopeptidase enhancer 1 

Membralin 

Proteins containing SVFS 
ATPase class I type 8B member 4 

Brain-specific angiogenesis inhibitor 1 

Chemokine receptor-like 1 

Contactin-2 

CUB and sushi domain-containing protein 3 

Glutamate receptor, ionotropic kainate 3 

Integrin alpha-10 

Interferon-alpha/beta receptor alpha chain 

P2X purinoceptor 2 

Plexin-B1 

Probable G-protein coupled receptor 114 

Probable G-protein coupled receptor 45 

Protocadherin gamma A2 

Receptor tyrosine-protein kinase erbB-3 

Receptor tyrosine-protein kinase erbB-4 

Visual pigment-like receptor peropsin 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

lipid anchor 

lipid anchor 

Cyt 

Cyt 

Kidney,Liver, Brain 

Heart 

Taste buds, Palate epithelium 

ubiquitous 

Testis 

Brain 

Testis, Pancreas, Heart, Brain 

Cyt Skeletal muscle 

Signal peptide 

Secreted Ubiquitous 

Secreted Cartilage, Placenta 

Secreted Inflammatory cells 

Secreted Widely including, Lung, Skin, Heart 

Secreted Plasma 

Secreted 

Not in TM 

Region 
ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

ECO 

Note 
Ubiquitous 

Brain 

Brain, Cartilage 

Neurones 

Widely 

Synapse 

Heart, Muscle, Cartilage 

Ubiquitous 

Foetal kidney, Lung, Brain, Liver 

Brain 

Brain, Epithelium 

Widely 

Eye 

Endothelial differentiation G-protein coupled receptor 5 TM 

Gamma-aminobutyric-acid receptor subunit rho-2 

Membrane-associated transporter protein 

Olfactory receptor 4B 1 

Olfactory receptor 52J3 

Olfactory receptor 7G1 

Potassium voltage-gated channel subfamily KQT (2) 

Potassium voltage-gated channel subfamily KQT (5) 

Potassium voltage-gated channel subfamily S (1) 

Sodium channel protein type 8 subunit alpha 

Sphingosine 1-phosphate receptor Edg-1 

Lysosome-associated membrane glycoprotein 2 

Tetraspan transmembrane protein L6H 

Amphoterin-induced protein 1 

Amphoterin-induced protein 2 

Basic fibroblast growth factor receptor 1 

Cadherin-21 

Fibroblast growth factor receptor 2 

Glucagon-like peptide 1 receptor 

Melatonin-related receptor 

Multidrug resistance protein 1 

OIoferlin 

Plasma membrane calcium-transporting ATPase 3 

Receptor-transporting protein 1 

Taste receptor type 2 member 41 

Calcium and integrin-binding protein 1 

Contactin-1 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

TM 

lumenal 

TM/Cyt 

Cyt 

Cyt 

Cyt 

Cyt 

Cyt 

Cyt 

Cyt 

Cyt 

Cyt 

Cyt 

Cyt 

Cyt 

lipid anchor 

Melanocytes 

Brain 

Brain, Skeletal muscle 

Widely except Skeletal muscle 

Epithelium, Endothelial celis, Vascular smooth muscle celis, Fibroblasts 

Placenta, lung, liver, kidney, brain, skeletal muscle 

Intestine, Pancreas 

Neurones 

Breast, Ovary, Cervix, Uterus, Lung, Colon, Rectum 

Brain 

Liver, Kidney, Brain, Smali intestine 

Brain, Heart, Skeletal muscle, Placenta, Kidney 

Brain, Foetal skeletal muscle 

Tongue 

Ubiquitous 

lipid anchor Neurones 179 



Alpha-2-antiplasmin 

Autoprothrombin IIA 

Collagen alpha-3(VI) chain 

Complement C1q subcomponent subunit A 

Complement C1q subcomponent subunit C 

Dystroglycan 

Mucin-2 

Nociceptin 

Reelin 

Tectonic-1 

Tenascin-X 

O-acyltransferase domain-containing protein 4 

Chloride anion exchanger 

Limbin 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

Secreted 

NotTM 
NotTM 

NotTM 

Liver, Plasma 

Liver, Plasma 

Plasma 

Plasma 

Widely 

Intestine, Colon, Bronchus, Gall bladder, Cervix 

Brain, Spinal cord 

Brain, Liver 

Adrenal gland, Testis, Muscle 
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FGFR-3 and VEGF-R2. ADAM15 Wr)S also found within the list. Collagen IV, laminin 

and ADAM15 sequences were taken for evaluation as substrates for ADAM33. 

6.5 Digestion of extracellular matrix components in solution 

In an attempt to validate the PNA-peptide microarray data, collagen type IV, laminin, 

matrigel and fibronectin were taken independently and incubated with ADAM33 Pro

MP-His in solution to study whether they could act as potential substrates of 

ADAM33. Fibronectin was not identified in the peptide library screen and was used 

as a negative control. Each peptide was incubated with ADAM33 for 8.5 hours 

before the reactions were stopped by solubilisation in reducing SDS-PAGE sample 

buffer and denaturation at 95°C. The products were analysed by SDS-PAGE and the 

separated proteins visualised by staining with EZ Blue stain to detect the more 

abundant proteins. Subsequent silver staining was used to detect the lower 

abundance protein species, Fig. 6.4. MMP-2 was used as a positive control for the 

cleavage of collagen type IV. Both the EZ Blue and silver stains detected cleaved 

fragments of collagen IV in the sample that had been incubated with MMP-2. 

However these fragments were not detected when MMP-2 was incubated with 

growth factor reduced matrigel, and may reflect the relative lower abundance of 

collagen type IV in the matrigel sample. 

The human laminin alpha 1 chain has a predicted molecular weight of -337kDa, 

cleavage within the DKKL sequence would have given rise to two fragments of -196 

and 141 kDa. The laminin gamma 3 chain has a predicted molecular weight of 

-172kDa and cleavage within the PVFL sequence would have given rise to two 

fragments of -70kDa and -101 kDa. For collagen type IV alpha 2, the predicted 

molecular weight is -168kDa and cleavage in the LL YF sequence would have given 

rise to two fragments of -146kDa and -21 kDa. Unfortunately, the protein profiles for 

the ADAM33 Pro-MP-His and ADAM33 Pro-MP(E346A)-His treated matrix proteins 

were not significantly different. No additional degradation products were observed at 

the expected molecular weights when compared with the non treated samples for 

collagen type IV, laminin, growth factor reduced matrigel or fibronectin. 

It was noted that the protein bands corresponding to the ADAM33 MP domain did run 

at a greater apparent molecular weight than the mutant ADAM33 MP domain, 

consistent with what was found in Chapter 3. 
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Fig. 6.4. Extracellular matrix components as target substrates for ADAM33. 
395nM of AOAM33 Pro-MP-His was incubated with 15IJg Collagen Type IV, 7IJg 
laminin, 15IJg growth factor reduced matrigel or 14IJg of fibronectin for 8.5 hours at 
3rC. No treatment and AOAM33 Pro-MP(E346A)-His treatment were used as 
negative controls, treatment with 10ng of active MMP-2 was used as a positive control. 
Reactions were stopped with the addition of 5x SOS-PAGE sample buffer, and half of 
each sample was analysed by SOS-PAGE on a 4-15% Criterion gradient gel (Bio
Rad). Proteins were initially visualised by staining with EZ Blue stain (a), then 
subsequently visualised by silver staining to detect low abundance proteins (b) . The 
SOS-PAGE protein profiles of purified AOAM33 Pro-MP-His and AOAM33 Pro
MP(E346A)-His are shown on the right of the experimental gel as a reference . Gels 
were imaged using the Bio-Rad GS800 scanner. Arrows point to the AOAM33 Pro 
domain, and the MP domain doublet. Note that the doublet for the mutant migrates 
faster than the wild type . (*) denotes the lanes is which multiple cleavage products can 
be observed as a result of MMP-2 mediated cleavage. 
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6.6 Digestion of DQ collagen type IV 

DQ collagen type IV is a reagent which can be used to measure collagenase activity. 

The collagen is so heavily labeled with fluorescein that an internal quenching 

phenomenon is achieved. On digestion of this reagent with collagenase or MMP, the 

internal quenching effect is gradually lost, and the emission from highly fluorescent 

peptides can be detected using a fluorimeter. Having been unable to demonstrate 

ADAM33 cleavage of unlabelled Collagen type IV protein, it was anticipated that the 

sensitivity of this DQ collagen type IV activity assay may have been sufficient to 

detect cleavage events. However, under standard FRET peptide cleavage 

conditions in which ADAM33 Pro-MP-His activity could be demonstrated, there was 

no significant increase in the fluorescence of DQ Collagen type IV over the duration 

of an hour to indicate that cleavage had occurred. The lack of any activity prompted 

the speculation as to whether the DQ collagen IV reagent itself may interfere with 

ADAM33 enzyme activity. Interestingly, one experiment showed that spiking DQ 

collagen type IV into a reaction containing ADAM33 and the modified APP FRET 

peptide (typically used to assess ADAM33 activity235) caused an apparent decrease 

in the activity of ADAM33 by approximately 9 fold, Fig 6.5. A dose response has not 

been attempted in this case, but could be carried out to verify the effect. 

6.7 Digestion of FRET peptides suggested by the PNA

peptide microarray 

In a further attempt to demonstrate ADAM33 activity against suspect substrates, it 

was decided that the robust FRET peptide assay which was known to work well with 

ADAM33 should be used. Using Table 6.2 three candidate proteins were chosen, 

these were Collagen type IV, laminin and ADAM15 from which FRET peptides similar 

to the one used in previous activity assay (chapter 4) were to be synthesised 

(Severn Biotech). These candidates were chosen on the basis that the predicted 

cleavage sites were expected to lie in the accessible extracellular space. In addition, 

these candidates fitted in with the profile of typical ADAM family substrates. 

Furthermore, interactions with these proteins are known to be critical in 

angiogenesis, or in the case of ADAM15, has been shown to playa known role in 

angiogenesis under pathological conditions. Unfortunately, the laminin peptide was 

problematic for synthesis and could not be tested within the time frame of this study, 

therefore only the ADAM15 and collagen type IV peptides were investigated. 
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Fig. 6.5. Cleavage assay using DQ collagen type IV. DQ Collagen type IV 
(Invitrogen) was incubated at a concentration of 0.1mg/ml with 174nM of ADAM Pro
MP-His or ADAM33 Pro-MP(E346A) at 3rC for 1 hour using a iCycier (Bio-Rad). 
The fluorescence emission at 520nM was recorded every minute throughout the 
duration of the experiment. DQ Collagen type IV incubated alone was used as a 
negative control, active MMP-2 (15nM) and collagenase (8IJg/ml) from Clostridium 
histolyticum were used as positive controls for DQ collagen type IV digestion. 
ADAM33 Pro-MP-His was also incubated with FRET peptide DABCYL
YRVAFQKLAE(FAM)K-NH2 to demonstrate that the enzyme was active. The graph 
represents mean rates ± 1 S.d. obtained from one experiment carried out in 
triplicate. One data point was excluded from the ADAM33 + DQ Col + peptide data 
due to an anomalous result. The lack of ADAM33 Pro-MP-His mediated collagen 
type IV digestion is also representative of another two similar experiments. 
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6.7.1 ADAM15 FRET peptide 

The amino acid sequence NFSN was identified from the PNA-FRET peptide 

microarray. It corresponded to a sequence found in ADAM15. The NFSN sequence 

was elongated to span more of the ADAM15 sequence and the following FRET 

peptide was synthesised DABCYL-FLPGLNFSNCSRRAK-FAM. This peptide was 

incubated with ADAM33 Pro-MP-His or ADAM33 Pro-MP(E346A)-His in a typical 

FRET-peptide cleavage assay. An increase in fluorescence of this ADAM15 

substrate was not observed and indicated a lack of ADAM33 mediated cleavage. In 

contrast, the ADAM33 was able to cleave the modified APP FRET peptide efficiently 

demonstrating that the enzyme had not been inactivated during storage. In all the 

reactions containing the ADAM 15 FRET peptide, the level of fluorescence decreased 

slowly over the duration. of the experiment, perhaps indicating a gradual bleaching of 

the fluorophore, Fig.6.6(a). 

6.7.2 Collagen type IV alpha 2 FRET peptide 

In a similar manner to the above, the amino acid sequence LL YF was identified from 

the peptide microarray and was found to correspond to a sequence found in collagen 

type IV alpha 2. The LL YF sequence was elongated at the Nand C-terminus to 

match the collagen type IV sequence, and the following FRET peptide was 

synthesised DABCYL-WSGYSLL YFEGEGKK-FAM. This peptide was incubated with 

ADAM33 Pro-MP-His or ADAM33 Pro-MP(E346A)-His in a typical FRET-peptide 

cleavage assay. A slow rate of fluorescence increase was observed when this 

collagen FRET peptide was incubated with either ADAM33 Pro-MP-His or ADAM33 

Pro-MP(E346A)-His. The rate of the increase did not differ significantly between the 

two treatments or from the rate observed when the collagen FRET peptide was 

incubated in the absence of any enzyme, Fig. 6.6 (b). It is unclear why the 

fluorescence of the peptide should increase, but from the data it appears that the 

peptide may have limited stability and perhaps be susceptible to non-enzymic 

degradation. 

6.7.3 Varying pH 

Each peptide substrate will have its own individual biochemical preferences for the 

conditions in which it can be cleaved by an enzyme. One of these parameters is pH. 

To test whether ADAM33 could be made to cleave ADAM15 or collagen type IV 

FRET peptide under different pH, FRET assays were carried out under the standard 

conditions, but in a range of buffers differing in pH (pH4, 5, 6, 7, 7.5, 8, and 9) in the 
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Fig. 6.6. Testing ADAM15 and Collagen IV FRET peptides as substrates for 
ADAM33. FRET peptide cleavage assays were carried out by incubating 88nM of 
ADAM33 Pro-MP-H is (solid lines) or ADAM33 Pro-MP(E346A)-His (dashed lines) 
with 4.4IJM peptide at 3rC in assay buffer (20mM HEPES pH7.0, O.5M NaCI, 10mM 
CaCI2, 1 OIJM ZnCI2, O.2mg/ml BSA). Fluorescence was measured over time using a 
Bio-Rad iCycler. (a) The ADAM15 FRET peptide DABCYL-FLPGLNFSNCSRRAK
FAM and the (b) Collagen IV FRET peptide DABCYL-WSGYSLLYFEGEGKK-FAM 
were tested as substrates for ADAM33. Data obtained when the test peptides were 
incubated in the presence of enzyme are shown in red. FRET peptides incubated in 
the absence of enzyme were used as a control and are shown in grey. The APP 
modified peptide (see chapter 4) was used as a positive control to demonstrate 
enzyme activity and are shown in black. These graphs are plotted from one 
experiment for each test peptide (carried out in at least duplicate), and the trends 
observed are representative of two independent experiments. 
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same manner as the pH optimisation assays were carried out in Chapter 4. Under 

most pH conditions, the rates observed were negative indicating the absence of 

enzyme activity. However at pH7.5 the rate was apparently very low but positive for 

ADAM33 activity against ADAM 15 FRET peptide, and at pH8 and 9 the rate was 

positive for enzyme activity against collagen type IV. However, subsequent testing at 

those pHs using the mutant ADAM33 enzyme as a control revealed that the low level 

of activity observed was unlikely to be real. The FRET assay profile of FRET peptide 

incubated alone or with ADAM33 Pro-MP(E346A)-His was very similar to the profile 

of FRET peptides incubated with ADAM33 Pro-MP-His, Fig. 6.7. 

6.7.4 Increasing the solubility of the FRET peptides 
To stabilise the ADAM33 Pro-MP-His and the FRET peptide further, the addition of a 

non-ionic detergent Brij-35 (0.01 %) or DMSO (20%) to the standard FRET assay 

buffer was tested in FRET peptide cleavage assays. However, neither reagent 

appeared to have a significant effect. ADAM33 mediated cleavage of the ADAM15 

or collagen type IV alpha 2 FRET peptide was not demonstrated, Fig. 6.8. 
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Fig. 6.7. ADAM15 and Collagen IV FRET peptide cleavage assays in buffers of 
different pH. The catalytic activity of ADAM33 Pro-MP-His (88nM) against the (a) 
ADAM15 (b) collagen type IV alpha 2 peptides (4.4IJM) in a FRET cleavage assay were 
measured in 20mM buffer, 0.5M NaCI, 10mM CaCI2, 10IJM ZnCI2 and 0.2mg/ml BSA. 
The buffers used were sodium acetate pH 4.0 and 5.0, MES pH6.0, HEPES pH 7.0, 7.5, 
8.0 and Tris-HCI pH9.0. After 30 minutes at 3rC the reactions were quenched and 
neutralised to pH7.0 before the final fluorescence reading was obtained. The graphs 
represent one experiment carried out in duplicate. The conditions at which there 
appeared to be some enzyme activity, pH7.5 for ADAM15 and pH8.0 for Collagen type 
IV, were taken and typical FRET cleavage assays were set up in triplicate to verify 
whether the presence of enzyme activity was real (graphs on the right) . The data from 
FRET peptides that had been incubated in the absence of enzyme are shown in grey; 
FRET peptides incubated with ADAM33 Pro-MP-His are shown as solid lines, and 
FRET peptides incubated with ADAM33 Pro-MP(E346A)-His are shown as dashed 
lines. 
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Fig. 6.8. The effect of Brij35 and DMSO on ADAM15 and Collagen type IV FRET 
peptide cleavage assays. ADAM33 Pro-MP-His (red) and ADAM33 Pro-MP(E346A)
His (grey) enzyme (88nM)were incubated with ADAM15 or collagen type IV alpha 2 
FRET peptide (4.4I..1M) at 3rC, in 20mM HEPES pH7.0, 0.5M NaCI, 10mM CaCI2 , 

1 OI..lM ZnCI2 , 0.2mg/ml BSA in the presence of either 0.01 % Brij35 (triangles) or 20% 
DMSO (squares) . The fluorescence emission was recorded using a Bio-Rad iCycier. 
Data representative of one experiment carried out in duplicate. 
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6.8 Discussion 

6.8.1 Screening the PNA-FRET peptide library 

To maximise the likelihood of obtaining a true specificity profile for ADAM33, the 

largest peptide library that was available for screening was chosen for use in this 

study. The PNA-FRET peptide microarray approach has been previously validated 

using the proteases chymopapain and subtilisin242 in which the specificity was found 

to agree with previously identified cleavage profiles, and therefore provided a level of 

confidence that this strategy would be fruitful. This strategy reduced the time 

required for screening such a vast number of peptides, with the additional benefit of 

requiring only small amounts of purified ADAM33 Pro-MP-His enzyme. Furthermore, 

it allowed the cleavage reaction to occur with both the enzyme and the peptides in 

solution phase. Current similar methods immobilise the peptide library onto solid 

supports, this can lead to adverse interactions between the surface of the solid 

support and the enzyme. The ability of ADAM33 Pro-MP-His to cleave at least one 

member of this library was indicated in a simple solution phase experiment, in which 

the net fluorescence of the reaction was shown to increase over time. 

Subsequent analysis of the cleaved library on the microarray platform highlighted the 

amino acid preferences for ADAM33, with a suggested consenus sequence of (FN

F/K, F/L, F/L). There was a degree of flexibility in the nature of the amino acids found 

in the different positions (in particular position 1 and 2). This may reflect the 

uncertainty of the exact position in which the FRET peptides were cleaved, as 

discussed previously in section 6.3. The specificity profile obtained did bear 

similarities with previously identified substrates KL-1, APP and insulin B chain 

peptides205, with predominantly hydrophobic residues at the C terminal end of the 

peptides (*denotes cleavage site): 

KL-1 PPVAA * SSLRN 

APP 

Insulin 13 chain 

YEVHH * QKLVF 

HLVEA * LYLVC 

In addition, the hydrophobic nature of the obtained profile is in agreement with the 

profile obtained in a study where the APP peptide was subjected to positional 

scanning using alanine substitutions. In that study, position P3 in the sequence 

favoured valine, and position P1, 2' and 4' favoured hydrophobic residues235. This 

does not mean that charged residues can not be accommodated since the modified 
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APP peptide which proved to be a very good substrate for ADAM33 had the 

sequence YEVAH * QKLAE. This contains both negatively charged glutamic acid 

and positively charged lysine. The positively charged residues found to be in PNA

peptides identified from the library screen also support this. It is not known whether 

the flexibility in amino acid usage seen in the suspect peptides would translate to the 

protein substrates to the same degree. This is because the conformation of a protein 

is more constrained by the rest of the protein structure and may be less plastic than 

peptides in solution. 

It was unclear why some PNA-peptides were observed to fall above the identity line. 

This would suggest that the FAMITAMRA ratio of those particular peptides were 

higher in the mutant ADAM33 enzyme treated library than the equivalent in the 

ADAM33 wild type treated library. The results need to be verified through repetition 

of the experiment, but one interesting explanation of the results could be that the 

mutant enzyme was binding to some PNA-peptides, and in the absence of the ability 

to cleave them, it may have interfered with the FRET process leading to an increase 

of fluorescence above untreated levels during the scanning of the microarrays. 

6.8.2 Validating the substrates from the PNA-peptide library - Extracellular 

matrix proteins 

The top eight peptide sequences highlighted by the PNA-FRET peptide library screen 

were used to search the protein database. A large number of hits were returned from 

each peptide sequence due to the short length of the peptide. To identify candidate 

substrates, the list of proteins were narrowed down by eliminating the least likely 

protein substrates based on the current knowledge of ADAMs. Proteins in which the 

variable peptide sequence was found to be in an intracellular domain or within the 

transmembrane domain were not considered. Even after this process the number of 

hits was very high and it was not practical to screen every protein on the list. 

Therefore, the proteins which appeared to be highly plausible substrates and those 

which were easiest to screen were tested. Initially the proteins chosen were collagen 

type IV and laminin. 

These matrix proteins were chosen since it is becoming evident that in addition to 

ADAM proteins' ability to be sheddases, they also have the capability to re-model the 

extracellular matrix. Three members of the ADAM family, ADAM12, ADAM10 and 

ADAM15 have been reported to degrade both collagen type IV and fibronectin in 
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zymographyassays28o. ADAM12 has been implicated in pathology, although its 

function is yet to be established. Its expression is elevated in patients with breast 

and bladder cancer and correlates with disease progression280;281, and so it has been 

suggested that ADAM12 may playa role in tumour progression. Bovine ADAM10 

can cleave collagen type IV when the two are co-incubated in solution. The 

degraded fragments can be detected by silver staining of SDS-PAGE protein gels, 

and the identity of the fragments are detectable by anti-collagen IV antibodies282. In 

a similar manner, there has been one report of ADAM15 mediated degradation of 

collagen type IV283. In that study, ADAM15 was speculated to aid the migration of 

glomerular mesengial cells by degrading the local extracellular matrix during renal 

disease progression. The ability of ADAMs to influence the processes of invasion 

and matrix degradation fits in with the hypothesis that ADAM33 may have a role in 

angiogenesis and airway remodelling. The degradation of the local matrix to permit 

invasion of the endothelial cells into the surrounding tissue is a key process during 

the formation of new capillaries. 

Like collagen IV, laminin is a major constituent of the basement membrane that must 

be degraded during the initial stages of angiogenesis to allow endothelial cell 

invasion into the surrounding tissue. ADAM9 is a proteinase which again like many of 

its related family members is associated with tumour cell invasion and migration. 

Mozzocca and colleagues demonstrated that recombinant ADAM9 could degrade 

laminin using zymographl11 . 

In this study, when purified human collagen type IV, laminin and growth factor 

reduced matrigel were taken and incubated with ADAM33 Pro-MP-His, no cleavage 

of the matrix proteins was detected when the proteins were analysed by SDS-PAGE. 

Although disappointing, it did not exclude the possibility that the assay lacked the 

required level of sensitivity. Western blotting using polyclonallaminin or collagen 

type IV antibodies is more sensitive and should be considered for similar experiments 

in the future. Another possibility was that in solution phase, the folding of the matrix 

proteins were spatially different from the polymerised states that would be 

encountered in vivo, and hence may not be conducive for cleavage. In addition, it is 

not possible to exclude the possibility that protein fragments were below the 

detection limit of the SDS-PAGE method, in terms of sensitivity and molecular 

weight. 
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To increase the sensitivity of the detection, DO collagen type IV was tested as a 

substrate for ADAM33. Although this substrate could be digested by collagenase 

and MMP-2, it was not digested by ADAM33. In one experiment, it was apparent that 

some property of the reagent reduced the proteolytic activity of ADAM33 

considerably. Although the inhibitory action is still to be verified and explained, it was 

apparent that DO collagen type IV was not a good substrate for use in measuring the 

activity of ADAM33. 

6.8.3 Validating the substrates from the PNA-peptide library - FRET peptides 

Parallel to cleavage studies using purified extracellular matrix proteins, peptide 

sequences from collagen type IV and laminin were chosen to be synthesised into 

FRET peptides (Severn Biotech). Since it has previously been shown that ADAM33 

cleaves longer peptides more efficientll35
, the variable peptide sequences identified 

from the microarray were extended at both the Nand C termini to make 14-mer 

peptides corresponding to the matrix proteins. Due to the difficulty in the synthesis 

and labelling of the laminin FRET peptide, evaluating this peptide was not possible. 

Instead, ADAM15, another hit from the microarray was synthesised as a FRET 

peptide and tested. As discussed in the previous chapter, ADAM15 has an identified 

role in angiogenesis in pathological conditions, although how it mediates its function 

is not fully understood. There is some indication that ADAM15 may playa role in 

capillary regression during angiogenesis. The knock down of ADAM15 using si-RNA 

can lead to delayed regression of an endothelial tube network in a collagen ge176
. 

Therefore cleavage of ADAM15 may disrupt this process and lead to the stabilisation 

of new vessels. The collagen type IV and ADAM 15 peptides were tested in standard 

FRET peptide cleavage assays to assess them as candidate substrates. Under the 

standard conditions no ADAM33 mediated cleavage was observed. Subsequently 

pH and solubility parameters were investigated, but again no ADAM33 Pro-MP-His 

activity was observed. Although cleavage of peptide sequences obtained from the 

PNA-peptide microarray screen has not been confirmed, it is worth noting that FRET 

peptides used in the microarray screen unlike those tested in this experiment had an 

additional PNA peptide tag. The pesudo-peptide nature of this tag gives it the 

potential to interact with the peptide or ADAM33 in solution to make the environment 

more conducive to cleavage, perhaps in a similar manner to how the adjacent protein 

chains of a real substrate could. Therefore, the experiments carried out here did not 

serve as a direct test to confirm the cleavage observed in the PNA microarray 

screen, and the results from these experiments do not provide conclusive evidence 

that the peptides were false positives in the peptide screen. 
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In this instance, the consensus sequence obtained was not used to identify potential 

substrates for ADAM33, which was one of the original intentions of the study. The 

flexibility of the consensus sequence and the issue with peptide alignment discussed 

previously, meant that it was necessary to confirm the cleavage of peptides used to 

construct the consensus sequence prior to the evaluation of proteins containing it. It 

is likely that a peptide possessing the consensus sequence could as expected be a 

more efficient substrate than those tested in this study. It would therefore be 

worthwhile to evaluate these as purified PNA-FRET peptides to confirm cleavage, 

and to identify potential substrates for ADAM33 from a database search for proteins 

containing the consensus sequence. 

In addition, the peptides and proteins that were selected from the PNA microarray for 

further testing were chosen on the basis that they are known to influence 

angiogenesis. In future studies it is also worth considering proteins which are 

thought to be implicated in asthma susceptibility, such as inactive dipeptidyl 

peptidase 10 (DPP10). DPP10 is an asthma susceptibility gene that was identified 

in 2003 by positional cloning. Its function is not well defined although it is expressed 

at low levels in the trachea and is capable of regulating potasssium channels. 

Whether it may be implicated in regulating smooth muscle contraction in the airway is 

yet to be investigated, but it is interesting to speculate whether ADAM33 may be able 

to influence BHR via DPP10284
;285. 

Lastly, it is also important to take into account the limitations of a biochemical 

approach to substrate identification based on peptides. Identification of a cleaved 

sequence using this approach, may not necessarily translate into a cleavable 

sequence when found within a protein, since other factors such as protein folding 

may influence accessibility to the sequence and re-iterates the need for protein 

based substrate validation. 

6.8.4 Summary 

The microarray data has brought a number of proteins of interest to light. This 

includes extracellular matrix proteins such as laminin, collagens, growth factors and 

their receptors, which are conceivable ADAM targets and other proteins implicated in 

asthma susceptibility. It can easily be envisaged how cleavage of collagen type IV 

and laminin could contribute to the pro-angiogenic effect of ADAM33 observed in the 

previous chapter. With their availability in the laboratory, these matrix proteins were 
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the first of the substrates to be investigated. Using the simplest solution based 

cleavage assay and FRET peptide cleavage assays, ADAM33 mediated cleavage of 

the matrix proteins and ADAM15 were not observed. 

Although such methods have been used in the past for other ADAM proteins, every 

proteinase is unique and it is possible that the conditions under which cleavage is 

achieved may require a very specific set of conditions which were not tested in this 

study. It is believed that the cleavage of members of the PNA-FRET peptide library 

was real, and that ADAM33 mediated cleavage is the most likely explanation for the 

increase in the fluorescence of the solution, in which the library and the ADAM33 

were co-incubated. Efforts to demonstrate cleavage of individual proteins and 

peptides have been inconclusive. However, there remains a lot of potential in 

optimising the PNA-peptide microarray screening approach and validating its results. 

Especially when the data produced contains candidate proteins which fit 

appropriately with the current understanding of ADAMs and angiogenesis and its 

potential role in asthma remodelling. 
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Chapter 7 Final discussion 

7.1 Unravelling the function of ADAM33 

At the start of this project back in 2003, a novel asthma gene, ADAM33, had been 

brought to attention. It was the first positionally cloned asthma susceptibility gene and 

rapidly became a topic of hot interest. Subsequently many genetic studies have 

shown ADAM33 to be associated with asthma in different populations 183;184;187, 

COPD196 and implicated it in the maintenance of lung function of the general 

population 192, raising the profile of this candidate. 

What is somewhat surprising is that since its discovery little progress has made in the 

understanding of the functional role of ADAM33. A correlation between the ADAM33 

level in SAL fluid and disease severity remains one of the few pieces of non-genetic 

evidence to support a role for ADAM33 in disease. Reports of a correlation between 

ADAM33 protein levels in the asthmatic airway epithelium remain controversial, and 

have not been reproducible in our lab229
;23o. An Adam33 knock-out mouse model has 

yielded no functional clues; the animals were asymptomatic with normal growth and 

developmene3
. 

To progress the understanding of ADAM33 function, a reductionist approach was 

taken in this study. With the literature strongly indicating a role for the MP domain, 

recombinant ADAM33 proteins possessing active and inactive (mutant) MP domains 

were expressed, purified and characterised. The effects of these proteins on the 

phenotype of different cell types that can be found in the airway were investigated. 

ADAM33 mediated proteolysis was shown to have a profound effect on the 

phenotype of primary endothelial cells in vitro. Treatment of cells with active 

ADAM33 enzyme rapidly induced the endothelial cells to differentiate into tube like 

structures, mimicking what occurs in vivo during angiogenesis. 

The endothelial response to treatment with ADAM33 in the absence of other cell 

types in vitro, showed that endothelial cells or the ECM were direct targets for 

ADAM33 mediated proteolysis. Endothelial cells do not express ADAM33 and in the 

airway the source of ADAM33 is likely to be a juxtaposed mesenchymal cell. Full 

length ADAM33 is a transmembrane protein that can be found on the cell surface. 

ADAM33 expressed in mesenchymal cells may be able to cleave proteins from the 

endothelial cells in trans, releasing growth factors and cytokines which are implicated 

in endothelial differentiation. Although ADAM proteins typically cleave in cis (proteins 
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on the same cell as itself), cleavage of substrates in trans has previously been 

demonstrated for ADAM 1 0, in the cleavage of ephrin-A5. Signalling resulting from 

ephrin and ephrin receptor signalling results in the repulsion between the two 

interacting cells changing cell attachment and migratory characteristics. Typically 

ADAM10 and the ephrin-A5 receptor Eph-A3 do not associate with each other when 

expressed on the same cell. However when Eph-A3 binds its ligand ephrin-A5 on an 

adjacent cell, ADAM 1 0 is able to associate with the complex with high affinity using 

its cysteine rich domain. This subsequently results in the ADAM10 mediated 

cleavage of ephrin-A5 releasing it from the adjacent ce1l286
. In this mechanism the 

cysteine rich domain brings the ADAM and its substrate into close proximity to 

facilitate cleavage. This serves as an example of the "beloved liberator" model of 

ADAM proteolysis, in which protein domains other than the MP domain serve to 

regulate proteolytic specificity. In addition to cleaving cell surface molecules in trans, 

ADAM33 may also cleave substrates in the extracellular space such as ECM proteins 

and pro-angiogenic growth factors anchored to the ECM. The degradation of the 

local ECM and adjacent basement membrane is an important initial step in 

angiogenesis, and is required to permit endothelial cell migration. A pictorial 

depicting these possible mechanisms is shown in Fig. 7.1. 

To complement the functional assays, the confirmation of a biologically relevant 

substrate was attempted as part of this study. A novel PNA-peptide microarray 

approach was used to screen peptides as potential substrates. The cleaved 

sequences were aligned and a cleavage consensus sequence was obtained for 

ADAM33. Reassuringly, the sequence bears similarity with the specificity profile 

proposed by Zou and colleagues235
. Preliminary analysis suggested that putative 

ADAM substrates such as extracellular matrix proteins and ADAMs with known roles 

in angiogenesis, contain sequences which may be cleaved by ADAM33. Initial 

experiments carried out to test these substrates have been inconclusive. Ongoing 

efforts are being made to identify the substrate as it has great importance in 

furthering the understanding of ADAM33 function, and also for increasing the 

prospect of developing an effective therapeutic. 
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Cleave cell 
surface receptors 
in trans 

Cleave cell 
surface growth 
factors/cytokines 

Cleave ECM 
proteins or release 
ECM anchored 
growth factors 

Mesenchymal cell expressing ADAM33 

Growth factor 
receptor 

Adjacent Endothelial cell 

Growth factor 

Fig. 7.1. Mechanisms by which ADAM33 expressed by mesenchymal may exert 
an effect on endothelial cells. The mesenchymal cells adjacent to endothelial cells 
are a source of ADAM33 in the airway. This pictorial represents potential ways in which 
ADAM33 proteolysis could affect the behaviour of the endothelial cells and promote 
them to differentiate. The ADAM33 may cleave endothelial cell surface growth factors , 
their receptors of cytokines in trans , or it may release pro-angiogenic growth factors 
from the surrounding extracellular matrix, or it may degrade extracellular matrix proteins 
directly to facilitate endothelial cell migration. 
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7.2 A role for ADAM33 in asthma and airway remodelling 

An increase in the vascularity seen in asthmatic airways indicates that there is an 

increase in angiogenesis in asthma which is correlated to severity 80;270. This is part 

of the remodelling process and it also supports other aspects of airway remodelling. 

For example, new blood vessels are required to supply nourishment for the increased 

numbers of fibroblasts and smooth muscle cells in the airway. The ability of ADAM33 

to influence angiogenesis in vitro suggests that it could be implicated in this process 

in vivo, in the context of asthma. Furthermore, the expression of ADAM33 in 

mesenchymal cells of the airway puts it in a strong position to influence 

angiogenesis. 

Recently, Lee and colleagues have identified a soluble form of ADAM33 which is 

present in increased levels in SAL fluid232
. It was present at only low levels in 

normal individuals but markedly higher levels in asthmatics and was correlated with 

lung function. Furthermore, the study showed that the ADAM33 in SAL fluid was a 

soluble form possessing the MP domain but lacking the cytoplasmic domain. 

Changes to the normal cellular localisation and airway distribution of ADAM33 may 

therefore result in deregulated proteolytic activity, in a 'gain of function' effect which 

contributes to disease. This may explain the lack of a disease phenotype in the 

Adam33 knockout mouse model. Knockout-mice are models that are used to 

investigate the importance of genes by switching off their expression. The resulting 

phenotypes can then be studied as 'loss of function' models. In protein families 

where there is functional redundancy such as ADAMs, the loss of one member may 

be compensated by another and obvious phenotypes will be masked. In light of this, 

knock-in mouse models which overexpress Adam33 may be more informative. 

7.3 The deregulation of ADAM33 in asthma 

ADAM33 is produced in mesenchymal cells. As discussed above, a soluble form can 

also be found in SAL fluid from asthmatic patients. This suggests that soluble 

ADAM33 can be distributed throughout the airway in the disease setting. The loss of 

normal spatial regulation of ADAM33 may allow it to cleave its physiological substrate 

in an unregulated manner. Alternatively, ADAM33 may encounter proteins, which 

are not normally ADAM33 substrates due to their spatial separation. These may be 

extracellular proteins or proteins on the surface of other cells which do not express 

ADAM33. In the airway, the close proximity between mesenchymal cells expressing 

soluble ADAM33 and endothelial cells, suggests that the latter may be subjected to 
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high levels of active ADAM33 in vivo. Given the pro-angiogenic activity of ADAM33, 

it is plausible that the increase in vascularity in asthmatic airways may be partly 

attributed to deregulated activity of soluble ADAM33. 

If the deregulation of soluble ADAM33 can contribute to the increased vascularity in 

the asthmatic airway, then the question of why it is deregulated is important. 

Although soluble ADAM33 has been described the process by which it is generated 

is yet to be elucidated. Possibilities include the alternative splicing of mRNA 

transcripts and the shedding of ADAM33 from the cell surface of the protein. There 

is evidence to support both these mechanisms in the release of soluble ADAM 

proteins. A mRNA transcript for a putative soluble form of ADAM33 has been 

described in airway fibroblasts228. In addition, soluble forms of ADAMs generated by 

differential splicing have also been reported for ADAMs, such as ADAM-9 and 

ADAM12. Xenopus ADAM13 the closest relative of ADAM33 sheds itself from the 

cell surface in a mechanism dependent on its own proteolytic activity287. It is thought 

that ADAMs may need to traffic to the cell surface in order to be shed by a sheddase 

(which are typically ADAM proteins). There is some evidence to suggest that the 

cytoplasmic tails of ADAM33 proteins can mediate ADAM33 dimerisation (Gill 

Murphy personal communication). Therefore, the dimerisation of ADAM33 on the 

cell surface may regulate the shedding of ADAM33 into the extracellular space. 

Genetically encoded changes to the cytoplasmic tail of ADAM33 may interfere with 

ADAM33 trafficking or its dimerisation and could be a potential mechanism by which 

the shedding of ADAM33 can become deregulated. Fig. 7.2 depicts how ADAM33 

deregulation may be implicated in airway remodelling. 

7.4 Can endothelial cells capture deregulated soluble ADAM33? 

In addition to the aberrant spatial localisation of ADAM33 in the airway it is interesting 

to speculate whether endothelial cells can capture the soluble ADAM33 which it 

encounters. This could increase the local concentration of soluble ADAM33, and 

direct its activity towards the endothelial cell surface proteins and its immediate ECM. 

The persistence of ADAM33 activity on the endothelial cell surface may amplify the 

effect of the presence of deregulated ADAM33 and promote the migration and 

invasion processes of angiogenesis. Although ADAM33 capture by endothelial cells 

has not been investigated in this study, recent studies by other groups provide some 

evidence that this maybe plausible. 
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Fig. 7.2. Deregulated ADAM33 proteolysis. (a) In airway fibroblasts, alternative splicing 
may generate a a splice variant coding for soluble form of ADAM33. Upregulation of this 
transcript may arise from SNP polymorphisms in ADAM33, and increase its expression in 
the airway. (b) Alternatively, aberrant trafficking of ADAM33 to the cell surface may 
increase the shedding of ADAM33, leading to the release of soluble ADAM33 (sADAM33) 
into the airway tissue. (c) In the asthmatic airway mesenchymal cells may release soluble 
ADAM33 (sADAM33). This sADAM33 gets distributed aberrantly in the asthmatic airway 
and its proteolytic activity is no longer tightly controlled. It may cleave pro-angiogenic 
growth factors from the surface of nearby endothelial cells , or release ECM anchored 
growth factors which can signal to the endothelial cells. sADAM33 may also degrade the 
ECM to facilitate the migration or invasion of endothelial cells and promote angiogenesis. 
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Bridges and colleagues have reported that the disintegrin domain of ADAM33 

preferentially binds to integrin a9131
207

. This integrin is predominately expressed on 

neutrophils and muscle cells but has also been shown to be expressed on human 

microvascular endothelial cells288
. Immunohistochemical staining for integrin a9 is 

also observed in endothelial cells from lung, brain, skin and heart tissues289
. The 

predominant integrin a9 binding partner is known to be the 131 chain. Integrin a9131 is 

known to bind to extracellular matrix components such as tenascin-C290 and 

osteopontin291
, cell surface receptors such as VCAM292 and also secreted proteins 

such as thromobospondin-1 289
. Therefore, it is reasonable to hypothesise that 

soluble ADAM33 containing the disintegrin domain maybe captured by endothelial 

cells via binding to integrin a9131. This could disrupt cell attachment to the ECM, and 

localise ADAM33 activity. 

Recently, soluble ADAM9 has been reported to behave in such a manner in cancer 

metastasis. Mazzocca and colleagues reported that the success of tumour cell 

metastases to the liver is influenced by the stromal environment of the liver itself. 

The researchers showed in vitro that a typically non invasive tumour cell line can be 

made to become invasive by transfecting the cells with soluble ADAM9. The ADAM9 

disrupted tumour cell adhesion to laminin by binding to laminin receptors (integrins 

a6134 and a2131) using its disintegrin domain and localised the soluble proteinase to the 

cell surface. This integrin-disintegrin interaction armed the tumour cells with an 

active protease that was capable of digesting laminin and therefore capable of 

remodelling the extracellular matrix. The study proposed that in the liver soluble 

ADAM9 secreted from activated hepatic stellate cells may be captured on invading 

tumour cells by their cell surface integrins. This increased their ability to remodel the 

local matrix and resulted in increased motility and invasiveness211
. 

7.5 Future work 

The original identification of ADAM33 as an asthma susceptibility gene came from 

genetic studies, hence it is necessary to reconcile the genetics with the biology of the 

disease. In the original paper that described ADAM33, both coding and non coding 

SNPs were found to be associated with asthma 181. Non-coding SNPs have the 

potential to modulate mRNA splicing patterns which may lead to the generation of 

soluble forms of ADAM33 which are no longer regulated by the cell which secretes 

them. In addition SNPs (T1 and T2) encoding amino acid substitutions in 

cytoplasmic tail of ADAM33 were found to be associated with asthma in the US 

population. It is conceivable that these SNPs may potentiate trafficking of the 
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ADAM33 proteins to the cell surface and modulate their ability to dimerise. To test 

the whether these SNPs can cause the deregulation of ADAM33, ADAM33 

engineered with these SNPs should be studied in transfected cell models in vitro. 

To complement these in vitro studies, the distribution of ADAM33 protein in the 

airway should be investigated more thoroughly. Comparisons can be made between 

the spatial localisation of the regulated transmembrane ADAM33 and the deregulated 

soluble ADAM33 in the airways of asthmatic and normal individuals. 

Immunohistochemistry data for ADAM33 carried out on bronchial biopsies could then 

be related back to specific ADAM33 SNP genotypes of the subjects, to establish 

whether the in vivo data corresponds to the in vitro data. 

The evidence for a functional role for ADAM33 in angiogenesis has been based on in 

vitro studies. In vivo, the outcome of ADAM33 mediated proteolysis on the behaviour 

of endothelial cells will be influenced by its microenvironment and the signals it 

receives from neighbouring cells, such as pericytes and smooth muscle cells as well 

as the ECM. It is now important to demonstrate that the pro-angiogenic effect 

observed is not only an in vitro phenomenon, but translates through to in vivo 

models. Many in vivo models exist including the chick chorio-allantoic membrane 

assay and tumour growth models. These can be used to study the ADAM33 effect 

further. 

7.6 Conclusion 

Research into ADAM33 and its role in asthma and bronchial hyperresponsiveness is 

now in an exciting phase. A functional role for ADAM33 has been demonstrated for 

the first time. The capability of ADAM33 to promote angiogenesis is fitting with the 

genetic studies which show that it is associated with asthma and airway remodelling. 

Furthermore, it may serve to explain the association between ADAM33 and COPD, in 

which the vascular area of the airway is significantly increased relative to normal 

controls270. The importance of angiogenesis and its regulation broadens the range of 

pathologies in which ADAM33 could be implicated, the most obvious being cancer. 
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