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Summary 

Protein misfolding is associated with a range of diseases and occurs when a protein 

meanders from its normal folding pathway resulting in the formation of a non-native state 

that can self-associate. One protein superfamily commonly associated with misfolding 

and disease are the serpins (serine proteinase inhibitors). Several members of this 

superfamily are prone to self-association which is linked to a range of diverse disorders 

including emphysema, liver disease, angioedema, neurodegeneration and thrombosis. The 

serpins are particularly susceptible to misfolding and aggregation as they are metastable 

which means their native state is not the thermodynamic minimum for the polypeptide 

chain. The inherent tension sustained in the native state is necessary for protease 

inhibition, however, mutations can easily result in conformational rearrangements which 

lead to polymeric states with significantly increased stability.  

α1-Antitrypsin (α1AT) is the serpin most commonly associated with misfolding 

and aggregation as there are several naturally occurring variants linked to disease. Z α1AT 

is the most common pathological variant of α1AT characterised by a glutamate to a lysine 

substitution at amino acid position 342 (Glu342Lys) which results in the loss of a salt 

bridge to Lys290. In healthy individuals, α1AT is expressed in hepatocytes and secreted 

into circulation to control the proteolytic activity of neutrophil elastase in the lower 

respiratory tract. The Z mutation leads to an increased propensity of α1AT to polymerise 

at its place of synthesis, the endoplasmic reticulum of hepatocytes, which is associated 

with loss-of-function and gain-of-toxic-function mechanisms. 

Why the Z mutation renders α1AT prone to polymerisation is not known and the 

data available on Z α1AT is limited and conflicting. This thesis has therefore focused on 

the in vitro characterisation of Z α1AT to determine the effect of the Z mutation on the 

α1AT molecule. An extensive biophysical analysis of Z α1AT was conducted and revealed 

that the molecule adopts an altered but functional conformation. In order to map the 

conformational change induced by the Z mutation onto the α1AT molecule single 

tryptophan mutants were created and subjected to an extensive fluorescence spectroscopic 

analysis. The single tryptophan data indicate that the Z mutation leads to a conformational 

rearrangement in the top of β-sheet A whereas the structural integrity of β-sheet B is 

unaffected. This structural rearrangement of β-sheet A does, however, not result in a 
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significant destabilisation of Z α1AT in comparison to the wild-type. This observation is 

further supported by molecular dynamics simulations which suggest that the Z mutation 

results in the formation of new interactions that compensate for the lost interactions. 

Analysis of the role of the side chain charge of amino acid 342 revealed that it is not 

solely the loss of the 290-342 salt bridge but also the positive charge of Lys342 in Z α1AT 

that leads to the adoption of an alternative conformation and its increased propensity to 

polymerise. Together, the data presented in this thesis suggest that the Z mutation results 

in a decrease in the barrier height to aggregation-prone species and consequently in 

increased polymer formation. 
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1.1 Protein folding and misfolding 

Protein folding is the process by which a polypeptide chain adopts its characteristic three-

dimensional structure. The question of how the functional native state of a protein is 

obtained with such high fidelity considering the vast amount of possible conformations 

the polypeptide chain could fold into has intrigued scientists for many decades. That 

protein folding cannot be completely random was pointed out by Levinthal in 1969 who 

noted that if a folding polypeptide chain was to search randomly through all possible 

conformations the correct native fold could not be attained in a realistic time frame [1]. 

That it is the amino acid sequence that dictates the folding process became evident from 

pioneering work of Anfinsen. In 1973, he showed that ribonuclease can refold 

spontaneously into its functional native conformation after denaturation and cleavage of 

disulphide bonds [2]. A corollary to Anfinsen’s work is that protein folding is under 

thermodynamic control and research has since progressed to determine the rules that 

govern protein folding.  

 

1.1.1 Classical models of protein folding 

Several models have been proposed to describe the mechanisms by which a folding 

polypeptide chain adopts its native conformation. According to the nucleation-growth 

model the folding process is based on a nucleation event; the formation of structural units 

that form a scaffold for the remaining structure to rapidly fold on [3]. The framework 

model assumes the formation of secondary structural elements followed by their docking 

in the rate-limiting step to give rise to tertiary interactions [4, 5]. The hydrophobic 

collapse model is based on the idea that the driving force of protein folding is the collapse 

of the polypeptide chain to exclude water in a nonspecific manner, followed by the 

rearrangement of the compacted state in the rate-limiting step [6, 7]. According to the 

jigsaw puzzle model, there is not a unique folding mechanism but evolution has produced 

multiple routes for a folding polypeptide chain to adopt its native conformation [8]. This 

folding model shares some similarities with the diffusion-collision model [9], a model 

that was reconsidered nearly two decades after its proposal in order to include more 

recent experimental data [10]. The diffusion-collision model proposes that several 

fluctuating portions of incipient secondary structure or hydrophobic clusters, so-called 
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microdomains, move diffusely and collide with each other repeatedly resulting in their 

coalescence into larger units. Several diffusion-collision encounters therefore result in a 

structure with parts of the backbone close to the native conformation which, in the final 

folding step, then folds into the exact tertiary structure.  

Some of these classical folding models have been subject to controversy as they 

cannot accommodate all of the experimental data obtained over time. The nucleation-

growth model, for example, has been contradicted by the observation of folding 

intermediates: partially organised states, which have been identified on the folding 

pathways of a large number of proteins [11, 12]. On the other hand, the discovery that 

protein folding can occur via a simple two-state transition [13] and that secondary and 

tertiary structural elements can form simultaneously as the protein undergoes a general 

collapse as shown by Φ-value analysis of the transition state [14] led to criticism of some 

of the other folding models including the hydrophobic collapse, the framework and the 

diffusion-collision model. As an alternative, the more recent nucleation-condensation 

model was proposed [15]. This model is generally accepted and assumes that otherwise 

weak secondary structural units are stabilised through long-range and other native 

hydrophobic interactions in the transition state. It has been suggested that the hydrophobic 

collapse and the framework models present two extreme situations of the nucleation-

condensation model and that the folding of most proteins corresponds to a mechanism in 

between the two [16]. While there are several different models for protein folding, each of 

which is supported by experimental data, they might still all be true as different proteins 

could fold via different mechanisms and it remains to be elucidated whether a unifying 

folding mechanism actually exists [16]. 

 

1.1.2 The energy landscape view of protein folding 

Experimental evidence suggests that the folding pathway of a polypeptide chain may 

include numerous transition states and intermediates on the way to the native state (Figure 

1.1). A two-state folding mechanism has been proposed for many small proteins (less than 

100 amino acids) as no stable intermediate species can be detected experimentally (Figure 

1.1a) [15]. Larger proteins commonly sample intermediate states that can be productive or 

obstructive during the folding process (Figure 1.1b) [17]. 
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Figure 1.1. Free energy diagrams of protein folding. The higher energy unfolded state proceeds through 

at least one transition state ensemble, an array of unstable states, before attaining the energetically more 

favourable native conformation. (a) A two-state folding pathway diagram representing folding via a single 

transition. (b) A three-state folding pathway diagram representing folding via the formation of an 

intermediate ensemble, a transiently stable, partially folded state populated on the way to the native 

conformation. 
 

 

Folding funnels have been used to describe the theoretical energy landscape of 

protein folding (Figure 1.2) [18]. This view of protein folding assumes that the folding 

process is driven by the requirement to minimise the free energy as the number of native 

contacts increases [19]. The ensemble of unfolded conformations, stabilised by the 

conformational entropy of the unfolded chain, adopt the native structure possibly via 

multiple parallel pathways [20]. The formation of native contacts, which are generally 

energetically more favourable than non-native ones, restrict the conformational space of 

the folding polypeptide chain and result in a reduction in free energy [21]. Under 

physiological conditions the difference in free energy between the native and unfolded 

states of most proteins averages between 5-15 kcal/ mol [22]. An idealised smooth 

folding funnel describes the energy landscapes of a protein that folds via a two-state 

transition from the unfolded to the native state (Figure 1.2a). For most proteins energy 

landscapes of folding are rugged with kinetic traps caused by local energy barriers which 

can lead to intermediate populations and multistate folding mechanisms (Figure 1.2b) 

[19].  
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Figure 1.2. Examples of folding funnels. Folding funnels guide the transition from the unfolded state, an 

ensemble of conformations high in free energy, to the native conformation which is low in free energy. (a) 

A smooth folding funnel with no deep dips or barriers to interrupt the transition to the native state depicts a 

two-state folding transition. (b) A rough folding funnel represents a rugged energy landscape which can 

lead to the formation of transiently stable folding intermediates populated on the way to the native state. In 

a folding funnel intermediate ensembles would appear as dips and transition state ensembles as peaks. 

Adapted from [19]. 

 

 

1.1.3 Metastable proteins 

Some proteins adopt metastable native states, whereby the native state is essentially a 

kinetically trapped folding intermediate. The finding that the native conformation is not 

always the state with the lowest possible free energy suggests that protein folding is under 

thermodynamic and kinetic control. Metastability occurs when the energy landscape of 

folding contains minima that are lower in free energy than the native state but the kinetic 

barrier to attain these states is too high to be overcome. Changes to the system such as a 

decrease in pH, the binding of a pro region or the cleavage of a peptide bond can allow 

access to these thermodynamically more favourable states and therefore mestastability 

often plays a regulatory role in the biological function of those proteins [23, 24]. 

Metastable protein folding has been observed for several proteins including α-lytic 

protease [25], influenza haemagglutinin [26], subtilisin [27, 28], gp120 and gp41 [29], 

luciferase [30, 31] and most serine proteinase inhibitors (serpins) [32]. 
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1.1.4 Protein misfolding 

Even though folding into the functional native state takes place with high fidelity, protein 

folding in the reactive cellular environment, where folding occurs cotranslationally, can 

be challenged by several factors including macromolecular crowding, temperatures of

37 °C and above and the presence of heavy metals and oxygen free radicals [33, 34]. The 

competition between intra-molecular and inter-molecular contacts results in a drastic 

increase in landscape ruggedness and conformational space of a folding polypeptide chain 

(Figure 1.3) [35]. In order to ensure efficient protein folding under these conditions 

evolution has produced several protein quality control systems that assist the protein 

folding process or are involved in the clearance of misfolded proteins.  

 

 

 

Figure 1.3. Combined energy landscape of protein folding and aggregation. (a) The light grey area 

shows the multitude of conformations available to a folding polypeptide chain via intra-molecular linkages 

on the way to the native state and the dark grey area the multitude of conformations available via inter-

molecular linkages during aggregate formation. Cytotoxic oligomers may occur as off-pathway 

intermediates during the formation of fibrils [17]. (b) Proposed pathways that link the conformational states 

depicted in (a). Adapted from [35]. 
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Molecular chaperones, for example, are helper molecules which are able to bind to 

regions of client proteins that are prone to aggregation such as hydrophobic stretches 

thereby promoting proper folding and preventing misfolding [36]. The unfolded protein 

response (UPR) is activated in response to increasing amounts of unfolded or misfolded 

proteins in the endoplasmic reticulum (ER) and involves the upregulation of multiple 

quality control systems [37]. ER-associated degradation (ERAD) ensures the recognition 

and targeting of misfolded proteins in the ER and their export and degradation in the 

cytoplasm [38]. The two major pathways that lead to the degradation of cytosolic and 

misfolded proteins are the ubiquitin-proteasome system (UPS) and the autophagy-

lysosome pathway (ALP) [39]. The UPS is a multi-enzyme degradation system and 

involves the conjugation of ubiquitin molecules to misfolded or aberrant proteins to target 

them for degradation [40]. The ALP leads to degradation of cytoplasmic components 

inside autophagolysosomes. Macroautophagy, microautophagy and chaperone-mediated 

autophagy are the three distinct pathways via which the substrates are delivered [39]. All 

of these protein quality control systems play an essential role in ensuring cell viability and 

their failure can lead to increased protein misfolding and disease. Misfolding diseases 

ultimately result from the inability of a protein to attain or to remain in its functional 

three-dimensional state and include conditions where a specific protein is unable to fold 

correctly, where the native state of a protein is destabilised, where a protein folds into an 

aberrant native state that is not trafficked correctly or where intermolecular linkages and 

thus protein aggregates are formed [22].  

 

1.1.5 The conformational diseases 

The conformational diseases are a class of disorders caused by protein self-association 

and subsequent tissue deposition [41]. Various prevalent neurodegenerative disorders 

such as Alzheimer’s disease and Parkinson’s disease, but also conditions that do not 

affect the nervous system such as Type II diabetes and α1-antitrypsin (α1AT) deficiency 

have been associated with protein aggregation (Table 1.1). Often, genetic predispositions 

are linked to these diseases, for example certain mutations in the gene encoding α1AT 

have been associated with α1AT deficiency [42], in the gene encoding α-synuclein with 

Parkinson’s disease [43-45] and in the genes encoding the amyloid precursor protein
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Table 1.1. Examples of conformational diseases and the proteins associated. 
 

Aggregate type Protein 
Predominant native 

secondary structure 
References 

Fibrils 

Alzheimer’s disease 
Amyloid β (Aβ) peptide 

derived from APP 
random coil [46, 47] 

Dialysis-related amyloidosis β2-Microglobulin β-sheet [48] 

Huntington’s disease Huntingtin (htt) 
α-helical (full length) or 

random coil (exon 1) 
[49, 50] 

Machado-Joseph disease Ataxin-3 
α-helical, β-sheet and 

random coil 
[51, 52] 

Parkinson’s disease α-Synuclein random coil  [53] 

Transthyretin Amyloidosis Transthyretin (TTR) β-sheet [54] 

Type 2 diabetes mellitus 
Islet amyloid polypeptide 

(IAPP, amylin) 
random coil [55-57] 

Polymers 

α1-Antichymotrypsin (α1ACT) 

deficiency 
α1ACT β-sheet and α-helical [58, 59] 

α1AT deficiency α1AT β-sheet and α-helical [42, 60, 61] 

Antithrombin deficiency Antithrombin β-sheet and α-helical [62, 63] 

Familial encephalopathy with 

neuroserpin inclusion bodies 
Neuroserpin β-sheet and α-helical [64, 65] 

 

 

 

(APP) or the presenilins-1 and -2 (PS1 and PS2), which have a role in APP processing, 

with Alzheimer’s disease [66, 67].  

Many proteins can form amorphous aggregates which lack long-range order and 

are often observed in the form of inclusion bodies when working with over-expressed 

recombinant proteins. The disease states discussed above, however, are associated with 

the formation of ordered aggregates. Extensive in vitro studies of aggregates formed from 

pathological proteins suggest that two classes of ordered aggregates can be formed. These 

are classified as fibrillar and polymeric aggregates (Figure 1.4) [68]. Disease-associated 

proteins commonly form fibrils which have a highly stable, unbranched, β-sheet rich 

structure (Figure 1.4a). In most cases, fibrils are composed of several protofibrils which 

twist around each other to form the major fibril [68]. Even though fibrillar aggregates are 

characterised by a significant β-sheet content the proteins that associate to form these 

aggregates often have no β-sheets in their native conformation (Table 1.1). On the other 

hand, polymerisation is an aggregation mechanism which does usually not involve a 

significant conformational rearrangement of self-associating units (Figure 1.4b). Protein 

polymerisation forms the molecular basis of a group of disorders termed serpinopathies 
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which are associated with several devastating disease states such as emphysema, severe 

liver disease, dementia, angioedema and thrombosis [41]. The self-associating units that 

result in the serpinopathies are a group of proteins termed serpins which are the main 

focus of this thesis. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Electron micrographs of ordered aggregates. (a) Full-length IAPP fibrils with linear 

unbranched morphology. Adapted from [69]. (b) α1AT polymers with “beads on a string” morphology. 

Adapted from [70]. 
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1.2 The serpins  

The serpins are a superfamily of proteins with diverse functions that all share a similar 

structure. More than 3000 serpins have been identified so far most of which are proteinase 

inhibitors. Serpins have been shown to play a role in every taxonomic phylum and 

typically have a size of 350 to 400 amino acid residues and a molecular weight of 40 to 

50 kDa [71, 72]. They were first described in 1980 when Hunt and Dayhoff proposed to 

group ovalbumin, α1AT and antithrombin into a superfamily based on the homology of 

their carboxyl-terminal regions [73]. This superfamily was then named the serpins as 

most members initially identified were serine proteinase inhibitors such as the plasma 

serpins α1AT, α1ACT and antithrombin [74].  

The acronym “serpin" is deceiving as this is not a superfamily solely composed of 

serine proteinase inhibitors. Some serpins are cross-class inhibitors targeting cysteine 

proteinases as for example the squamous cell carcinoma antigen 1 (SCCA1) [75] and the 

Myeloid and Erythroid Nuclear Termination stage-specific protein (MENT) [76] and 

some serpins are dual-class inhibitors which are able to inhibit both serine and cysteine 

proteinases such as the serpins SRP-2 [77], endopin 2 [78], SQN-5 [79] and the cytokine 

response modifier A (CrmA) [80]. Additionally, there are serpins without any known 

inhibitory function including the storage protein ovalbumin [81], the tumour suppressor 

maspin [82], the collagen binding chaperone heat shock protein 47 (Hsp47) [83] and the 

hormone transporters thyroxine binding globulin (TBG)
 
and cortisol binding globulin 

(CBG) [84]. 

 

1.2.1 Serpin nomenclature 

Based on their phylogenetic relationships the serpins were recently categorised into 16 

clades denoted A to P (Figure 1.5). This study renamed the serpins according to their

clade and their membership within the clade which, for example, led to the alternative 

name SERPINA1 for α1AT as it was denoted the first member of clade A. Ten serpins 

could not be grouped into any other clade and remained unclassified “orphans” [85].  

 

 



Introduction                                                                                                         Chapter 1 

 

 

 

12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.5. Large-scale phylogenetic tree of the serpin superfamily. The overall relationship between 

serpins was determined from sequence comparison as described in [85]. The ten orphans are shown at the 

bottom of the phylogenetic tree. Adapted from [85]. 
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The human serpins are members of clade A to I and most of them are inhibitory 

(Table 1.2). Like all serpins in higher eukaryotes, the human serpins can broadly be 

separated into intracellular serpins or so-called ov-serpins and extracellular serpins [85]. 

The name ov-serpins was coined based on the sequence and structural homology of these 

serpins to ovalbumin [86]. The ov-serpins are ancestral to the extracellular serpins and 

constitute clade B [85]. In humans, they play essential roles in several physiological 

processes including the inhibition of apoptosis (e.g. PAI-2) and the prevention of 

metastasis (e.g. maspin) [82, 87].  

The remaining eight clades of human serpins (A, C-I) comprise extracellular 

serpins with clade A being the largest [85]. They are involved in the inflammatory 

response (e.g. α1AT and α1ACT), hormone transport (e.g. thyroxine binding globulin and 

cortisol binding globulin) and the regulation of fibrinolysis (PAI-1), the coagulation 

cascade (e.g. antithrombin) and the complement system (e.g. C1 inhibitor) [84, 88, 89]. 

There is also evidence that certain intracellular serpins assist in extracellular roles 

including apoptosis and cytoprotection (e.g. PI6 and PI9) [90, 91]. It has been proposed, 

based on their phylogenetic relationship, that neuroserpin or antithrombin may be a linker 

between intracellular and extracellular serpins [85]. 

 

1.2.2 Serpin structure 

Even though serpins may have very different physiological roles and amino acid sequence 

identities as low as 17 % they all share a similar structure consisting of three β-sheets (A-

C) and eight to nine α-helices (A-I) (Figure 1.6) [92]. The largest of the three β-sheets is 

the central β-sheet A which is composed of five strands. β-sheet B and C lie above β-

sheet A and consist of six and four strands, respectively. Whereas the strands of β-sheet B 

and C run anti-parallel to each other, β-sheet A is composed of parallel and anti-parallel 

strands. The helices are arranged around this β-sheet scaffold with most of them being 

located at the back of the molecule (relative to β-sheet A). Only one helix is located at the 

front of the serpin: helix F. Helix F runs across β-sheet A and its role has been implicated 

in serpin folding, misfolding and proteinase inhibition [93, 94]. 
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Table 1.2. Clade classification of the human serpins.  
 

Serpin Synonyms Target  proteinases or function 

SERPINA1 α1-Antitrypsin (α1AT), α1PI Inhibits neutrophil elastase 

SERPINA2 α1AT-related protein Probably pseudogene 

SERPINA3 α1-antichymotrypsin (α1ACT) Inhibits cathepsin G, chymase and prostate 

specific antigen 

SERPINA4 Kallistatin, kallikrein inhibitor, PI4 Inhibits tissue kallikrein 

SERPINA5 Protein C inhibitor (PCI), PAI-3 Inhibits active protein C, uPA, plasma 

kallikrein and acroin 

SERPINA6 Corticosteroid binding globulin (CBG) Non-inhibitory, cortisol binding 

SERPINA7 Thyroxine binding globulin (TBG) Non-inhibitory, thyroxine binding 

SERPINA8 Angiotensinogen (AGT) Non-inhibitory, N-terminal cleavage by renin 

releases angiotensin I 

SERPINA9 Centerin Maintenance of naive B cells 

SERPINA10 Protein Z-dependent proteinase inhibitor 

(ZPI) 

Inhibits activated factors Z, Xia and Xa 

SERPINA11 XP_170754.3 Not characterised 

SERPINA12 Vaspin Insulin-sensitising adipocytokine 

SERPINA13 XM_370772 Not characterised 

SERPINB1 Monocyte neutrophil elastase inhibitor 

(MNEI), leukocyte elastase inhibitor (LEI), 

PI2, EI, ELANH2 

Inhibits neutrophil elastase, cathepsin G and 

proteinase 3 

SERPINB2 PAI-2, placental PAI Inhibits uPA 

SERPINB3 Squamous cell carcinoma antigen-1 (SCCA1) Inhibits cathepsins K, L, S and V 

SERPINB4 Squamous cell carcinoma antigen-2 

(SCCA2), leupin 

Inhibits cathepsins G and chymase 

SERPINB5 Maspin, PI5 Non-inhibitory, metastasis suppressor 

SERPINB6 Placental thrombin inhibitor (PTI), PI6, 

cytoplasmic antiprotease (CAP) 

Inhibits cathepsin G, thrombin, plasmin and 

chymotrypsin 

SERPINB7 Megsin Megakaryocyte maturation 

SERPINB8 Cytoplasmic antiproteinase 2 (CAP2), PI8 Inhibits furin, thrombin and subtilisin A 

SERPINB9 Cytoplasmic antiproteinase 3 (CAP3), PI9 Inhibits granzyme B, caspase 1 and subtilisin A 

SERPINB10 Bomapin, PI10 Inhibits thrombin and trypsin 

SERPINB11 Epipin Not characterised 

SERPINB12 Yukopin Inhibits trypsin and plasmin 

SERPINB13 Headpin, hurpin, PI13 Inhibits cathepsins L and K 

SERPINBP1 PI8-like1 Not characterised, probably pseudogene 

SERPINC1 Antithrombin (AT), Antithrombin III (ATIII) Inhibits thrombin, factors Xa and IXa 

SERPIND1 Heparin cofactor II (HCII), leuserpin 2 Inhibits thrombin 

SERPINE1 PAI-1, endothelial PAI Inhibits thrombin, uPA, tPA, plasmin and 

activated protein C 

SERPINE2 Protease nexin 1 (PN1), glia derived nexin 

(GDN), PI7  

Inhibits uPA, tPA, thrombin, acrosin and factor 

XIa 

SERPINE3 Hs.512272 Not characterised 

SERPINF1 Pigment epithelium derived factor (PEDF), 

EPC-1 

Non-inhibitory, potent anti-angiogenic factor 

SERPINF2 α2-Antiplasmin (α2AP), A2AP Inhibits plasmin 

SERPING1 C1 inhibitor (C1 INH) Inhibits C1r, C1s and plasma kallikrein  

SERPINH1 Hsp47, collagen-binding protein 1 (CBP1), 

colligin 1 

Non-inhibitory, chaperone for collagens 

SERPINH2 collagen binding protein 2 (CBP2), colligin 2 Rheumatoid arthritis-related antigen 

SERPINI1 Neuroserpin, PI12 Inhibits tPA, uPA and plasmin 

SERPINI2 Myoepithelium-derived serine proteinase 

inhibitor, MEPI, pancpin, PI14 

Suppression of cancer metastasis 

Abbreviations: PI= proteinase inhibitor, uPA = urokinase-type plasminogen activator, tPA = tissue-type 

plasminogen activator, PAI = plasminogen activator inhibitor. Adapted from [81, 95].  
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Figure 1.6. Comparison of the front view (a) and back view (b) of the serpin structure. Ribbon 

diagram of the archetypal serpin α1AT (Protein Data Bank ID: 1QLP) with β-sheet A in blue, β-sheet B in 

green, β-sheet C in yellow, the RCL in red and helices (h) in grey.  

 
In the native state β-sheet A supports an exposed reactive centre loop (RCL) that 

extends from strand five of β-sheet A (s5A) to strand one of β-sheet C (s1C). That the 

RCL can adopt a helical conformation became evident from the crystal structure of 

ovalbumin, the first native serpin structure to be solved [96]. A helical RCL conformation 

has also been observed for an engineered variant of α1ACT [97], however, this is not a 

general feature of the serpins. The RCL of α1AT, for example, is in a canonical β-strand 

conformation [98, 99] and the crystal structures of heterodimeric antithrombin suggest 

that the RCL exists in an extended conformation with its N-terminal part inserted between 

strand three and five of β-sheet A [100-102].  

 

1.2.3 Serpin mechanism of proteinase inhibition 

In inhibitory serpins the RCL contains the cleavage site for the target proteinase and it 

became already evident from the first serpin structure to be crystallised, cleaved α1AT, 

that RCL cleavage must be accompanied by a significant conformational rearrangement 

[103]. This crystal structure revealed that upon cleavage the N-terminal part of the RCL 

(a) (b) 
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inserts into β-sheet A separating the cleaved residues by approximately 67 Å and turning 

β-sheet A anti-parallel (Figure 1.7a). Accordingly, the strands of β-sheet A are numbered 

one to six with the RCL becoming strand four of β-sheet A (s4A) upon insertion (Figure 

1.6a).  

The crystal structure of cleaved α1AT together with subsequent extensive 

biophysical and biochemical studies led to the conclusion that a serpin’s inhibitory 

mechanism involves insertion of the RCL into β-sheet A and translocation of the 

covalently attached proteinase to the opposite pole of the serpin [104-111]. This was 

confirmed by Huntington et al. in 2000 when the first crystal structure of a serpin-

proteinase complex was published (Figure 1.7b) [112]. In this complex between α1AT and 

trypsin the serpin showed full insertion of the RCL N-terminal to the cleavage site into β-

sheet A between strand 3 and strand 5 similar to the structure of cleaved α1AT. The 

proteinase, which remained attached to the RCL during loop insertion, had been moved 

approximately 71 Å and ended up crushed against the base of the serpin. This 

translocation process resulted in a loss of approximately 37 % of the native structure of 

the proteinase therefore suggesting inhibition occurs via deformation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Ribbon diagrams of RCL cleaved α1AT. (a) Crystal structure of cleaved α1AT (Protein Data 

Bank ID: 7API). (b) Crystal structure of the covalent complex of α1AT and trypsin (Protein Data Bank ID: 

1EZX). Both structures show full insertion of the cleaved RCL (red) into β-sheet A (blue) of α1AT. Trypsin 

is shown in magenta. 

(a) (b) 
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The product of a serpin’s inhibitory process is hence a covalent complex between 

the cleaved serpin and the catalytically inactivated proteinase. Dissociation of the serpin-

proteinase complex occurs over time as the trap is kinetic [113, 114], however, the 

complex is usually cleared from the system prior to breakdown [115-117]. A serpin’s 

mechanism of proteinase inhibition therefore differs significantly from the so-called 

“standard mechanism” in two points: Firstly, the serpin does not regain its inhibitory 

function after completion of the inhibitory process and secondly, the covalent complex 

formed between the serpin and the proteinase is essentially irreversible [118]. Based on 

their extraordinary mechanism of inhibition, serpins have therefore also been described as 

“molecular mousetraps” [119] and “suicide inhibitors” [120]. 

The initial steps of proteinase inhibition by a serpin are equivalent to the initial 

steps of substrate hydrolysis by the target proteinase (Figure 1.8). The RCL, which 

protrudes from the body of the serpin, essentially acts as bait. It contains the scissile bond 

denoted P1-P1’ according to the nomenclature of Schechter and Berger [121] which is 

recognised as substrate by the target proteinase. There is, however, evidence that not only 

the P1-P1’residues mediate this specificity but also other RCL residues are involved [122-

125]. The inhibitory process is initiated by the formation of a non-covalent Michaelis 

complex between serpin and proteinase followed by the formation of a covalent serpin-

acyl-proteinase complex which involves an ester bond formation between the P1 residue 

and the active site of the proteinase and cleavage of the scissile bond.  

From this point of the reaction onwards there are two competing pathways: the 

inhibition pathway and the substrate pathway. If the inhibitory process is successful, 

cleavage of the scissile bond leads to RCL insertion into β-sheet A and proteinase 

translocation to the opposite pole of the serpin [81, 126]. It has been proposed that 

catalytic deacylation is prevented by active site distortion of the proteinase as a result of 

the translocation process: the acyl intermediate is trapped [112]. The acyl linkage is, 

however, susceptible to hydrolytic deacylation during the translocation process and 

completion of the proteolysis reaction can occur leading to the release of the active 

protease and leaving behind the cleaved serpin. Hence, the outcome of the inhibitory 

process is determined by the competing rates of RCL insertion and deacylation [81, 126] 

and mutations that impede with efficient RCL insertion usually result in increased 

substrate behaviour of the serpin [127, 128].  
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Figure 1.8. The branched pathway mechanisms of serpin proteinase inhibition. Only the essential 

intermediates are shown with the structure of the proteinase depicted in yellow (E) and the serpin in grey 

with β-sheet A in blue and the RCL in red (I). The formation of the non-covalent Michaelis complex (EI) is 

described by the forward rate constant k1 and the back rate constant k-1. The EI complex progresses to the 

serpin-acyl-proteinase intermediate (E-I) which is thought to represent the native serpin conformation but 

with the P1-P1’ bond cleaved and the active site serine (cyan) of the proteinase linked with the P1 residue 

(green) of the serpin via an acyl linkage. The overall rate constant for this reaction is k2. Insertion of the 

RCL into β-sheet A and translocation of the proteinase leads to kinetic trapping of the serpin-acyl-

proteinase intermediate and hence the stable covalent complex between the proteinase and the cleaved 

serpin (I*) denoted E-I*. k3 is the rate constant for this translocation reaction. The competing substrate-like 

deacylation reaction, which results in cleaved serpin and free enzymatically active proteinase, is described 

by the rate constant k4. The rate constant for the slow breakdown of the E-I* complex into cleaved serpin 

and free proteinase is k5. Adapted from [129]. 

 

 

1.2.4 Serpin metastability and its role in conformational change 

The conformational change of a serpin that occurs during proteinase inhibition is 

thermodynamically driven as several studies have shown that RCL insertion into β-sheet 

A results in a significant increase in stability of the serpin [103, 106, 130-132]. This 

increase in stability upon RCL cleavage was first shown for the serpins α1AT and 

antithrombin by Carrell and Owen in 1985 [133]. Whereas both serpins precipitated out 

of solution when incubated at 60 °C no precipitation was observed upon RCL cleavage 

even if the serpins were incubated at 80 °C for two hours. The authors therefore referred 

to the metatstable native as the “stressed” (S) state which undergoes a structural 

k5 

k4 

k3 

k2 

k-1 

k1 
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rearrangement to a more ordered “relaxed” (R) state upon RCL cleavage. Even the non-

inhibitory serpin ovalbumin has been shown to be able to undergo the S to R transition 

with concomitant increase in stability if the critical P14 hinge residue is changed from the 

bulkier arginine to a threonine residue [134]. Hence, together with a high degree of 

structural flexibility, metastability of the native state is crucial for a serpin’s inhibitory 

activity but renders the molecule particularly sensitive to mutations which lead to the 

adoption of dysfunctional folds with increased stability.  

Extensive work by Yu and colleagues was able to link metastability of the native 

state to energetically unfavourable interactions distributed throughout the whole serpin 

molecule such as over-packed side chains [135], buried polar groups [136], surface 

exposed hydrophobic pockets [137] and cavities in the hydrophobic core [138] which 

impose strain. This strain is released upon RCL cleavage or the transition into the 

alternative high stability states discussed in section 1.2.5. Naturally occurring mutations, 

mutagenic studies, phylogenetic analysis and molecular modelling have led to the 

identification of regions within the serpin molecule that modulate serpin conformational 

change (Figure 1.9) [71, 85, 139, 140]. Several of these regions play an important role

 

 

 

 

 

 

 
Figure 1.9. Regions of the serpin molecule that modulate conformational change. Ribbon diagram of 

α1AT (Protein Data Bank ID: 1QLP) indicating the regions that are involved in the molecular switches with 

β-sheet A shown in blue, β-sheet B in green, β-sheet C in yellow and the RCL in red. 



Introduction                                                                                                         Chapter 1 

 

 

 

20 

during the inhibitory process and hence need to display considerable structural flexibility 

which makes them vulnerable to mutations that result in misfolding. Such mobile 

structural elements include the proximal hinge region, the breach region, the shutter 

region and the gate region whereas the so-called B/C barrel remains rather static during 

proteinase inhibition but its role has been implicated in the transition to latency and serpin 

polymers [71, 85, 140]. 

The proximal hinge region includes a portion of the RCL which is required to 

display considerable mobility in order to allow efficient RCL insertion during the 

inhibitory process. It is comprised of the residues P15 to P9 which are located N-terminal 

to the scissile bond [141]. Inhibitory serpins are usually characterised by a consensus 

sequence of residues with short side chains in the hinge region to permit the flexibility 

required for the conformational change [141]. Mutations in the hinge region often lead to 

increased substrate behaviour during the inhibitory process [85]. 

The breach region is the area at the top of β-sheet A where the RCL first inserts 

after cleavage by the proteinase. It consists of s3A, s5A, s2B, s3B and s4B [140]. The 

breach region is characterised by a high degree of sequence conservation across the serpin 

superfamily which suggests that the hydrogen bond network in this area is particularly 

important for the inhibitory process [85]. Glu342, which is mutated to a lysine in the most 

common pathological variant of α1AT, Z α1AT, is one of these highly conserved residues. 

Glu342 forms a hydrogen bond to Thr203 and a salt bridge to Lys290 which are also both 

conserved residues [85]. Disruption of these interactions by the Z mutation leads to 

increased polymerisation of α1AT [142, 143] and impaired proteinase inhibition [144, 

145]. Compromised inhibitory activity was also observed for PAI-1 upon mutation of 

Trp175, which is equivalent to Trp194 in α1AT, another highly conserved residue in the 

breach region [146]. 

The shutter region is the area in the centre of the molecule which, together with 

the breach region, facilitates β-sheet A opening and RCL insertion during the inhibitory 

process. It includes parts of s3A, s5A, s6B and the top of helix B [140]. Like the breach 

region, the shutter region is characterised by many highly conserved residues [85]. 

Mutations in this region have been associated with misfolding and disease of several 

naturally occurring serpin variants including Mmalton α1AT (Phe52 deleted) [147], 
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Siiyama α1AT (Ser53Phe) [70], the Leu55Pro mutant of α1ACT [148] and the Pro80Thr 

mutant of antithrombin [149].  

The gate region, which is also characterised by a large number of highly 

conserved residues, includes s3C and s4C [85]. This region is involved in the transition to 

latency [150, 151] and it has been proposed that the high number of conserved residues 

might play a role in maintaining the native state [85].  

Also the B/C barrel, the area between β-sheet B and C including s1B, s3B, s1C 

and s2C, has been implicated in serpin misfolding as mutation of residues in this region in 

α1AT, α1ACT and C1 inhibitor result in the formation of latent or polymeric species [71, 

152].  

 

1.2.5 Alternative high stability serpin states 

Besides the cleaved serpin conformation, there is a range of alternative high stability 

states that can be adopted by certain serpins when exposed to stressors such as elevated 

temperatures, low denaturant concentrations and acidic pH values or through the 

introduction of specific mutations [139, 142, 153-155]. Most of these alternative high 

stability states involve at least partial insertion of the RCL into the serpin either intra-

molecular forming the latent or the delta conformations or inter-molecular leading to 

serpin polymers.  

 

1.2.5.1 Uncleaved monomeric high stability states 

Latency represents the most stable uncleaved monomeric serpin conformation and has 

first been described for PAI-1 [156]. Incubation of PAI-1 in the absence of its cofactor 

vitronectin leads to spontaneous conversion to the inactive latent state [156] and latency 

might therefore play a physiological role in controlling the inhibitory activity of this 

serpin [157]. The structural basis of latency became evident in 1992 when a crystal 

structure of latent PAI-1 was solved [150]. This structure showed full insertion of the 

intact RCL into β-sheet A between s3A and s5A and dislodgement of s1C in order to 

accommodate the relocation of the RCL (Figure 1.10a). The self-inserted RCL forms new 

interactions in β-sheet A resulting in an increase in stability in comparison to the
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Figure 1.10. Alternative high stability monomeric serpin conformations. (a) Crystal structure of PAI-1 

in the latent conformation (Protein Data Bank ID: 1DVN). The RCL (red) is inserted into β-sheet A (blue) 

and the first strand of β-sheet C (yellow) is dislodged. (b) Crystal structure of α1ACT in the delta 

conformation (Protein Data Bank ID: 1QMN). The RCL (red) is partially inserted into the top of β-sheet A 

(blue) and parts of helix F (magenta) have rearranged to insert into the bottom of β-sheet A. β-Sheet B is 

shown in green in both structures. 

 

native state. The latent conformation is less stable than the cleaved conformation which 

might be due to destabilisation of β-sheet C [155, 158]. Besides PAI-1 other serpins have 

also been proposed to be capable of undergoing the transition to latency including α1ACT 

[159], α1AT [152, 155] and antithrombin [100, 160, 161].  

An alternative high stability inactive monomeric serpin conformation is the delta 

(δ) conformation which was first described for the naturally occurring Leu55Pro variant 

of α1ACT. [59]. Its crystal structure showed partial insertion of the RCL into the top of β-

sheet A between s3A and s5A (Figure 1.10b). Additionally, the last turn of helix F and the 

loop linking it to s3A had rearranged to insert into the lower part of β-sheet A. It has been 

proposed that the delta conformation might represent a structure similar to the 

intermediates adopted during complex formation and polymerisation [59]. A more recent 

study, however, which showed that wild-type α1ACT can also adopt the delta 

conformation under physiological conditions, suggests that the delta conformation is 

rather an end product in the misfolding pathway of α1ACT [162]. This study further 

(a) (b) 
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proposed that in previous work stable monomeric alternative states might have been 

mistaken for latent whereas they may have actually been in the delta conformation. 

 

1.2.5.2 Polymeric high stability states 

Serpin polymerisation is the most clinically relevant adoption of high stability states as it 

forms the basis of most serpinopathies (serpin related disorders). Tissue deposition of 

serpin polymers can lead to gain-of-toxic-function diseases and the decrease of circulating 

serpin to loss-of-function diseases [61, 68]. Electron micrograph images of serpin 

polymers show a “beads on a string” morphology (Figure 1.4b) [163, 164], however, the 

exact nature of the inter-molecular linkages formed between the monomeric units 

(“beads”) to give rise to the polymer chain remains controversial. Additionally, there is 

evidence that the polymerisation mechanism can vary depending on the conditions 

provided and the serpin involved [106, 165-167].  

Several polymerisation models have been proposed, many of which are based on 

crystallographic data. Except for the disulphide polymerisation model, which suggests 

that polymerisation occurs via the formation of disulphide-linked dimers which further 

propagate into linear polymers via surface interactions involving β-sheet A [168], all of 

these models propose that the RCL is involved in the formation of the inter-molecular 

linkages.  

Cleaved α1AT polymers were the first serpin polymers to be crystallised [169, 

170]. These structures showed polymerisation can arise when residues N-terminal to the 

cleavage site insert into β-sheet A of the same molecule and the C-terminal portion inserts 

into the partially occupied β-sheet A of another molecule (Figure 1.11a).  

A crystal structure of PAI-1 revealed serpin polymerisation can also occur via 

annealing of the RCL of a donor molecule as an edge strand to s6A of an acceptor 

molecule (Figure 1.11b) [171]. The physiological relevance of strand 7A polymers, 

however, remains questionable as the interactions formed are reversible [171] but several 

studies indicate in vivo formed serpin polymers are stable [172-174].  
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Figure 1.11. Serpin polymerisation models. (a) Cleaved polymer (Protein Data Bank ID: 18mb). Adapted 

from [170]. (b) Strand 7A polymer. Adapted from [175]. (c) Loop C-sheet polymer. Adapted from [175]. 

(d) Loop A-sheet polymer. Adapted from [176]. (e) s4A/s5A swap polymer. Adapted from [176]. (f) C-

terminal swap polymer. Adapted from [176]. 

(a) (b) (c) 

(d) 

(e) (f) 
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Loop C-sheet polymers, on the other hand, might be of physiological relevance as 

it has been proposed that the pathological Mmalton α1AT variant (Phe52 deleted) 

polymerises via this mechanism [147]. Evidence for loop C-sheet polymerisation came 

from structural data of dimeric antithrombin which showed one molecule in the latent 

conformation with s1C displaced from the molecule to allow full RCL insertion [100, 

102, 161]. Inter-molecular linkages occur via the RCL of the second molecule which 

anneals to s2C and fills the position of s1C left vacant (Figure 1.11c). Displacement of 

s1C as an initial event during polymerisation has further been supported by 

hydrogen/deuterium exchange [177] and disulphide-trapping [178] experiments. 

Until recently, one of the most accepted models for α1AT polymerisation has been 

the loop A-sheet model, which is also known as the s4A swap model. This model explains 

the formation of intermolecular linkages via the RCL of a donor molecule inserting 

between s3A and s5A of an acceptor molecule [142] (Figure 1.11d). Evidence for loop A-

sheet polymerisation came from peptide annealing studies [106, 142, 179-182], 

fluorescence resonance energy transfer (FRET) analyses [183] and hydrogen/deuterium 

exchange experiments [177]. Two common pathological α1AT variants, Z α1AT 

(Glu342Lys) and Siiyama α1AT (Ser53Phe), have been proposed to polymerise via loop 

A-sheet linkages [70, 142].  

The loop A-sheet polymerisation model was challenged in 2008 when the crystal 

structure of a self-terminating antithrombin dimer was published [184]. This crystal 

structure showed the two molecules had not just exchanged the RCL but also the adjacent 

s5A. Based on this crystal structure the s4A/s5A swap polymerisation model was 

proposed which explains polymerisation via the dual-strand insertion of s4A and s5A into 

β-sheet A of the acceptor molecule (Figure 1.11e). The authors additionally conducted 

disulphide-trapping experiments which suggest that guanidine hydrochloride induced 

α1AT polymerisation also follows this polymerisation pathway [184].  

Recently, a crystal structure of a self-terminating trimer of a disulphide variant of 

α1AT was published which suggests an even more excessive inter-molecular exchange 

during polymerisation [167]. The three α1AT molecules were linked via a C-terminal 

swap including s1C, s4B and s5B (Figure 1.11f). Based on this crystal structure the C-

terminal swap mechanism of serpin polymerisation was proposed. Notably, C-terminal 

swap polymers are recognised by the monoclonal 2C1 antibody [167] which is specific 
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for the pathogenic polymers in hepatocellular inclusions [185], suggesting that these 

polymers are of physiological relevance.  

 

1.2.6 Mechanisms of serpin folding and misfolding 

The question of how serpins attain their metastable functional conformation and avoid 

folding into the thermodynamically more favourable states discussed in section 1.2.5 has 

intrigued scientists for decades.  

 

1.2.6.1 Folding into the metastable native state 

In vitro analysis of the folding pathway of a number of serpins suggests the presence of at 

least one intermediate ensemble on the way to the native conformation which can be 

populated in low denaturant concentrations [186-190]. Conclusively, serpin folding can 

be described by the following equation: 

 

U ↔ I ↔ N 

 

where U represents the unfolded ensemble, I the partially folded, transiently stable 

intermediate ensemble and N the metastable native fold.  

Biophysical studies suggest that the intermediate ensemble contains about 80 % of 

the secondary structural elements of the native state [186] and is characterised by a 

relatively unperturbed β-sheet B, partially folded β-sheet A and β-sheet C [186-188, 191], 

a folded helix B [191] and a grossly disrupted helix F [93, 94, 191]. Based on some of 

these findings it has been proposed that the first three strands of β-sheet B together with 

helix G and helix H might serve as a nucleus for folding [188]. Also, hydrogen/deuterium 

exchange studies identified s2B and s3B as areas of local persistent structure in the 

intermediate ensemble [192]. Additionally, this study suggested that the folding 

intermediate has many of the properties of a molten globule including highly dynamic and 

transient secondary structural elements [192]. 
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Folding intermediates often retard the folding process as they form non-native 

contacts, the disruption of which presents a kinetic barrier to the native fold and 

controversy exists as to whether they exist as off-pathway or on-pathway products [20, 

193]. In regards to serpin folding it has been proposed that the formation of such non-

native contacts is productive as they restrict the conformational space available to the 

folding molecule and hence prevent misfolding into more stable alternative structures 

[68]. Particularly non-native interactions formed by helix F could play an important role 

in attaining the native serpin conformation and preventing folding into higher stability 

states. Biophysical studies [94] together with crystallographic data [59] suggest that the 

top of helix F inserts between s3A and s5A in the folding intermediate which would 

consequently prevent the intra- or inter-molecular insertion of the RCL [71]. 

 

1.2.6.2 Misfolding into polymers 

Incubation of the intermediate ensemble populated in low denaturant concentrations often 

leads to polymer formation which suggests that the intermediate species is prone to 

polymerisation [142, 143, 167, 194-196]. In addition to low denaturant concentrations, 

elevated temperatures [93, 94, 154, 167, 197] and altered pH values [153, 175] can lead to 

serpin polymerisation in vitro. Together with the observation that destabilising mutations 

in the serpin molecule often result in polymer formation [139], this suggests that 

disruption of the native state plays a significant role in the polymerisation process. 

Spectroscopic analysis of the heat-induced polymerisation reaction of α1AT 

revealed the formation of a non-native species in a fast, concentration-independent 

reaction. This non-native species was termed M* and is considered to be the polymeric 

monomeric species which is capable of the formation of inter-molecular linkages. 

Subsequent polymerisation was observed in a slower, concentration dependent second 

reaction [198]. These data suggest the following kinetic scheme of serpin polymerisation: 

 

M + M ↔ M* + M* → P 

where M represents the native monomeric conformation, M* the polymerogenic non-

native monomeric species and P the polymeric species. The transition of M to M* 

k2 k1 
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(represented by k1) is approximately tenfold faster than the transition of M* to P 

(represented by k2) [198].  

According to this kinetic scheme, serpin polymerisation is dependent on the 

concentration of M* and therefore the rate of M* formation. Mutations that either lead to 

destabilisation of the native fold and hence favour the formation of M* or that decrease 

the kinetic barrier to attain M* will result in an increased polymerisation rate.  

Similar to the heat-induced polymerisation reaction of α1AT discussed above also 

pH-induced polymerisation of α1AT [153], pH-induced polymerisation of PAI-1 [175] 

and heat induced polymerisation of α1ACT [197] revealed the formation of a non-native 

species early on in the polymerisation reaction. However, whether the different 

denaturation methods lead to the formation of the same polymerogenic species and 

consequently result in the same inter-molecular linkages is unclear.  

The folding intermediate I populated in low denaturant concentrations and M* 

populated under heat, for example, share several similarities besides their polymerogenic 

nature. They both bind the fluorescent dye 4, 4’-dianilino-1, 1’-binaphthyl-5, 5’-

disulfonic acid (bis-ANS) [154, 187] and the formation of both, which is accompanied by 

an increase in intrinsic tryptophan fluorescence [187, 198], has been associated with the 

disruption of β-sheet A [154, 188, 198]. Whilst α1AT polymers formed under heat, 

however, bind the 2C1 antibody [167, 199] which also recognises the pathogenic 

polymers in hepatocellular inclusions [185], polymers formed by incubation in low 

denaturant concentrations do not [167, 199]. This suggests that depending on the in vitro 

polymerisation conditions α1AT forms different types of polymers. Whether that is also 

the case in vivo, however, is not clear at this stage. Yet, only 8-10 % of individuals 

homozygote for the pathological Z mutation of α1AT develop liver disease by a gain-of-

toxic-function mechanism with remarkable variability in its phenotypic expression [200, 

201]. Whether these differences in disease manifestation are due to different 

polymerisation pathways of Z α1AT, which factors influence the choice of pathway and 

how the potential heterogeneity of polymer formation affects their clearance are important 

questions to be addressed. Answers to these questions play an essential role in the 

development of therapeutic strategies to prevent polymerisation of α1AT and other serpins 

in vivo and hence disease. 
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1.2.7 α1AT deficiency and the pathological Z variant of α1AT 

The most common serpin-related misfolding disease or serpinopathy is α1AT deficiency 

which affects approximately 1 in 1800 live births in Northern Europe and North America 

[202]. α1AT is the archetypal member of the serpin superfamily and the most abundant 

proteinase inhibitor found in human plasma. It is expressed in hepatocytes and secreted 

into circulation to control the proteolytic activity of neutrophil elastase in the lower 

respiratory tract. Neutrophil elastase is a serine proteinase involved in the inflammatory 

response and its uncontrolled activity leads to parenchymal lung destruction as it degrades 

several connective tissue constituents. Since α1AT is the major inhibitor of neutrophil 

elastase a significant decrease of α1AT plasma levels can lead to emphysema due to a 

protease-antiprotease imbalance [203-205].  

Several deficiency variants with varying severities have been identified including 

null variants, S α1AT (Glu264Val), I α1AT (Arg39Cys), Siiyama α1AT (Ser53Phe), 

Mmalton α1AT (ΔF52) and Z α1AT (Glu342Lys) [164]. Z α1AT is the most common 

pathological α1AT variant and is responsible for approximately 95 % of severe α1AT 

deficiency cases [206]. The Z mutation results in an increased propensity of α1AT to 

polymerise in the ER of hepatocytes [142, 207, 208] which leads to a reduction in α1AT 

plasma levels to approximately 10 % of normal [164]. The significant decrease in α1AT 

plasma levels manifests itself in early-onset emphysema and the presence of Z α1AT 

polymers in the ER of hepatocytes can culminate in severe liver disease [164, 205].  

The mechanism by which the Z mutation results in misfolding and polymerisation 

is not well defined. Considering that Z α1AT mainly polymerises in the ER suggests that 

polymerisation occurs during folding, potentially from the folding intermediate I. That the 

folding intermediate of α1AT has polymerogenic properties is supported by in vitro 

studies which showed that incubation of α1AT under conditions that populate I (e.g. low 

denaturant concentration) also results in the formation of α1AT polymers [142, 143, 167, 

195]. Yet, there is evidence that Z α1AT can also form polymers once it has attained its 

native state under in vitro conditions under which the wild-type does not polymerise [142-

144]. In vivo, this is supported by the detection of Z α1AT polymers in circulation [207, 

209] and in the lung [172]. Whether Z α1AT polymerisation occurs from I, from N or 
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from both and whether potentially two different polymer types are formed remains to be 

elucidated. 

The Z mutation is a glutamate to a lysine substitution at amino acid position 342. 

Glu342 lies at the top of s5A and the base of the RCL and forms a hydrogen bond to 

Thr203 and a salt bridge to Lys290 [85]. It has been proposed that it is the loss of the 290-

342 salt bridge upon introduction of the positive charge that leads to the pathological 

phenotype of Z α1AT [103, 210]. Reestablishment of this salt bridge in Z α1AT by 

introducing a second mutation (Lys290Glu) resulted in restoration of wild-type-like 

secretion levels in transfected COS I cells [210]. A second study utilising a HEPA 1a cell 

system, however, suggests that the introduction of the second mutation (Lys290Glu) 

increases secretion levels from 17 % to only 38 % of normal [211]. Additionally, this 

work and another study [212] suggest that disruption of the 290-342 salt bridge from the 

other side by replacing Lys290 with a glutamate residue in wild-type α1AT does not 

decrease secretion levels to the same extent as the Z mutation. Based on these results and 

additional mutational analyses the authors concluded that is mainly the introduction of a 

positive charge at amino acid position 342 that causes misfolding of Z α1AT and 

potentially results in an altered native conformation [211]. Unfortunately, there is 

currently no crystal structure of Z α1AT available and experimental data on its 

conformation are very limited. Near-UV circular dichroism (CD) spectra suggest 

structural differences between Z α1AT and the wild-type [143] and it has been proposed 

that this conformational change involves opening of β-sheet A in Z α1AT [180]. Yet, the 

authors of the latter study based their conclusion on the interactions of Z α1AT with 

peptides whose exact binding sites are unknown at this stage [180].  

Thermal denaturation experiments suggest that Z α1AT is less stable than the wild-

type and it has been proposed that the decrease in thermodynamic stability of Z α1AT 

results in an increase in the equilibrium concentration of the polymer precursor M* and 

hence increased polymer formation [198]. This is in direct contradiction with a second 

study which showed that wild-type and Z α1AT have similar transition midpoints in 

transverse urea gradient (TUG) gels and hence comparable stabilities [213]. This study 

suggests that the Z mutation leads to retardation of the folding transition from the 

polymerogenic intermediate ensemble I to the native state and it is this folding defect that 

causes increased polymer formation [213].  
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1.3 Aims of this study 

Considering the limited and yet conflicting amount of information available on Z α1AT, 

several intriguing question remain to be answered: What is the effect of the Z mutation on 

the structure of α1AT? How does the Z mutation result in increased polymerisation of 

α1AT and hence disease? Does it alter the kinetic or thermodynamic stability of the 

molecule or both? Is it mainly the loss of the 290-342 salt bridge or the positive charge at 

amino acid position 342 that leads to increased α1AT polymerisation upon Z mutation? 

A major impediment to studying the effect of the Z mutation on α1AT in detail has 

been the lack of recombinant Z α1AT and until recently research was limited to Z α1AT 

purified from plasma of patients. In 2009, however, we succeeded in developing a 

protocol for expressing and purifying recombinant Z α1AT from Pichia pastoris (for 

details see Appendix/ reference 144). This ensured a supply of Z α1AT for analysis and 

allowed the molecular characterisation of the pathological mutant. Based on this work, 

this thesis has examined some of the contradictions in the field by: 

1.) Conducting an extensive biophysical characterisation of the effect of the Z mutation 

on structure, thermodynamic and kinetic stability of α1AT.  

 

2.) Mapping the conformational change induced by the Z mutation onto the tertiary 

scaffold of α1AT utilising single tryptophan mutants of Z α1AT. 

 

3.) Determining the effect of the side chain charge of amino acid 342 on the structure and 

rate of polymerisation of α1AT.  
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2.1 Reagents 

Enzymes were obtained from either Promega or Novagen. Dimethyl sulfonic acid 

(DMSO) was purchased from Merck and Triton
®

X-100 from MP Biomedicals. Tween
® 

20 and sodium dodecyl sulfate (SDS) were obtained from AMRESCO. 4, 4’-dianilino-1, 

1’-binaphthyl-5, 5’–disulfonic acid (bis-ANS) was purchased from Invitrogen. 

Phenylmethylsulphonyl fluoride (PMSF), -mercaptoethanol (BME), bovine serum 

albumin (BSA), ethylenediaminetetraacetic acid (EDTA), N,N,N’,N’-

Tetramethylethylenediamine (TEMED), ammonium persulfate (APS), polyethylene 

glycol (PEG-8000), ampicillin, kanamycin, guanidium hydrochloride (GdnHCl), 

guanidinium thiocyanate (GdnSCN) and urea were obtained from Sigma Aldrich. The 

bis-ANS, GdnSCN, GndHCl and urea solutions were prepared analytically by weight and 

passed through 0.22-m membranes. The concentrations of GdnHCl and urea were 

determined from the refractive index of the prepared solutions [214]. Bovine α-

chymotrypsin (chymotrypsin) was purchased from Sigma Aldrich, prepared analytically 

by weight and stored in 1 mM HCl at -80 °C. Human neutrophil elastase (HNE) was 

obtained from Calbiochem, prepared analytically by weight in 50 mM sodium acetate, 

200 mM NaCl, pH 5.5 and stored at -80 °C. Chromogenic substrates for chymotrypsin 

(N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide) and HNE (N-Methoxysuccinyl-Ala-Ala-

Pro-Val p-nitronailide) were purchased from Sigma Aldrich, prepared analytically by 

weight in DMSO and stored at -20 °C.  

 

2.2 Microbiological techniques 

2.2.1 Escherichia coli (E. coli) 

2.2.1.1 Media and agar plates 

The media used for E. coli growth was 2YT media (1.6 % (w/v) tryptone, 1 % (w/v) yeast 

extract, 0.5 % (w/v) NaCl) and SOC media (0.5 % (w/v) yeast extract, 2 % (w/v) 

tryptone, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM dextrose 

(added after autoclaving)) was used for recovery after transformation. 2YT plates were 

prepared by supplementing 2YT media with 1.5 % (w/v) agar prior to autoclaving. Media 
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were autoclaved at 120 °C for 20 min and dextrose was autoclaved at 120 °C for 10 min. 

For 2YT media or agar plates containing ampicillin (100 µg/mL) or kanamycin (25 

µg/mL) the antibiotic was added after autoclaving once the media had cooled below 50 

°C.  

 

2.2.1.2 Strains 

The E. coli strain JM107 was used for plasmid maintenance and the transformation of 

ligation and Pfu DNA polymerase site-directed mutagenesis products. NovaBlue 

Competent Cells (Novagen) are a K-12 derived strain and were used for the 

transformation of KOD DNA polymerase site-directed mutagenesis products. 

 

2.2.1.3 Preparation of competent cells  

Competent JM107 cells were prepared using the rubidium chloride method of Hanahan 

[215] with slight modifications. 10 mL of 2YT media were inoculated with a scraping of 

cells from a glycerol stock and grown with shaking overnight at 37 °C. 100 mL of 2YT 

were then inoculated with 1 mL of the overnight culture and incubated with shaking at 37 

C until the optical density at 600 nm (OD600) was approximately 0.5. The cells were 

incubated on ice for 5 min and then collected by centrifugation (1,882 x g, 10 min, 4 °C). 

The supernatant was discarded and the cell pellet resuspended in 30 mL of ice-cold, 

sterile Transformation Buffer 1 (100 mM RbCl, 50 mM MnCl2, 10 mM CaCl2, 30 mM 

potassium acetate, 15 % (w/v) glycerol, pH 5.8). The cells were incubated on ice for 90 

min and then collected by centrifugation (2,562 x g, 10 min, 4 °C). The supernatant was 

discarded and the cell pellet resuspended in 4 mL of ice-cold, sterile Transformation 

Buffer 2 (10 mM RbCl, 75 mM CaCl2, 10 mM MOPS, 15 % (w/v) glycerol, pH 6.8). The 

cells were aliquoted into 100 L volumes, snap frozen in a dry ice/ ethanol bath and 

immediately transferred to -80 C for storage.  

 

2.2.1.4 Transformation 

1-10 L of plasmid DNA were added to competent E. coli cells (100 µL of competent 

JM107 or 50 µL of NovaBlue Competent Cells) and incubated on ice (competent JM107 
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for 30 min, NovaBlue Competent Cells for 5 min). The cells were heat-shocked at 42 C 

(competent JM107 for 90 s, NovaBlue Competent Cells for 30 s) and then incubated on 

ice for approximately 2 min. 2.5 volumes of SOC media were added and cells were 

incubated at 37 °C with shaking for 60-90 min. Cells were then plated onto 2YT agar 

plates containing the according antibiotic and incubated at 37 C overnight.  

 

2.2.1.5 Glycerol stock preparation 

5 mL of 2YT media containing the according antibiotic were inoculated with E. coli cells 

containing the vector of interest. The cells were incubated with shaking overnight at 37 

°C. 850 µL of the overnight culture and 150 µL of sterile glycerol were then mixed by 

inversion to produce the glycerol stock that was stored frozen at -80 °C. 

 

2.2.2 Pichia pastoris (P. pastoris) 

2.2.2.1 Media and agar plates 

The media used for P. pastoris growth was YPD media (1 % (w/v) yeast extract, 2 % 

(w/v) peptone, 2 % (w/v) dextrose (added after autoclaving)) and the media used for 

α1AT expression in P. pastoris was YPM media (1 % (w/v) yeast extract, 2 % (w/v) 

peptone, 0.06 % (v/v) methanol (added after autoclaving)). Test expression media (1 % 

(w/v) yeast extract, 2 % (w/v) peptone, 0.4 % (w/v) dextrose (added after autoclaving), 3 

% (v/v) methanol (added after autoclaving)) was used to screen for α1AT expressing P. 

pastoris transformants. Media were autoclaved at 120 °C for 20 min and dextrose was 

autoclaved at 120 °C for 10 min. Kanamycin was added to all media after autoclaving 

once the media had cooled below 50 °C to a final concentration of 25 µg/mL. RDB plates 

(1 M sorbitol, 2 % (w/v) dextrose, 1.34 % (w/v) yeast nitrogen base, 4 x 10
-5

 % (w/v) 

biotin, 0.005 % (w/v) amino acids (L-glutamic acid, L-methionine, L-lysine, L-leucine, 

and L-isoleucine), 2 % (w/v) agar) were prepared as described in the Pichia Expression 

Kit (Invitrogen). 
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2.2.2.2 Strains 

The P. pastoris strain SMD1163 (His4
-
, pep4, PRB1) was used for protein expression. 

 

2.2.2.3 Preparation of electrocompetent cells  

Electrocompetent P. pastoris were prepared according to the method of Wu [216] with 

slight modifications. 6 mL of YPD were inoculated with a scraping of cells from a 

glycerol stock and grown with shaking overnight at 30 °C. 100 mL of YPD were 

inoculated with 2 mL of the overnight culture and incubated shaking at 30 C until the 

OD600 was between 1.0 and 1.5. For each transformation reaction 8 x 10
8
 cells were 

collected by centrifugation (3,346 x g, 10 min, 4 °C) with the number of cells calculated 

according to the formula 1 OD600 = 5 x 10
7
 cells/mL. The cell pellet was resuspended in 8 

mL of ice-cold, sterile LiAc buffer (100 mM LiAc, 10 mM DTT, 0.6 M sorbitol, 10 mM 

Tris, pH 7.5) and incubated for 30 min at room temperature. The cells were collected by 

centrifugation and the cell pellet was washed once with 30 mL of ice-cold, sterile ddH2O 

followed by a wash with 30 mL of ice-cold, sterile 1 M sorbitol (3,346 x g, 10 min, 4 °C). 

The cell pellet was then resuspended in 80 µL of ice-cold, sterile 1 M sorbitol. 

 

2.2.2.4 Transformation 

For each pHIL-D2 construct 2 µL of the SacI-linearised DNA (section 2.3.6.3) and 80 µL 

of electrocompetent P. pastoris (section 2.2.2.3) were added to a 0.2-cm long electrode 

electroporation cuvette (Cell Projects) and pulsed once on the “Pic” programme (2.00 kV, 

1 pulse) on a MicroPulser
TM

 electroporator (Bio-Rad). The electroporated cells were 

immediately diluted in 1 mL of ice-cold, sterile 1 M sorbitol and 100 µL aliquots were 

spread on RDB plates. The plates were incubated at 30 °C for 3 days or until colonies 

appeared. 

 

2.2.2.5 Glycerol stock preparation 

5 mL of YPD media were inoculated with P. pastoris cells containing the construct of 

interest. The cells were incubated with shaking overnight at 30 °C. The overnight culture 

was washed once with 1 mL of sterile Tris buffer (100 mM NaCl, 50 mM Tris, pH 8.0) 
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(16,000 x g, 1 min) and the cell pellet was resuspended in sterile Tris buffer to a total 

volume of 850 µL. 150 µL of sterile glycerol were added, the sample was mixed by 

inversion and frozen at -80 °C. 

 

2.3 Molecular biological techniques 

2.3.1 Cloning and expression vectors 

The vectors used in this study were the 3.5 kb pCR
®
-Blunt cloning vector (Invitrogen) 

and the 8.2 kb pHIL-D2 expression vector (Invitrogen). pCR
®
-Blunt was initially used as 

sub-cloning vector due to difficulties with Pfu DNA polymerase site-directed mutagenesis 

of α1AT DNA in the larger pHIL-D2 vector. KOD DNA polymerase site-directed 

mutagenesis of α1AT DNA was later then directly performed in pHIL-D2.  

 

2.3.2 Primers  

All primers were purchased from Geneworks (Australia). 40 nmol of freeze-dried 

sequencing/ PCR grade oligonucleotides were reconstituted in sterile ddH2O to a final 

concentration of 100 M and stored at -20 C.  

 

Primers (5’-3’)  TM 

(°C) 

Single tryptophan mutations 

5’W194F ATCTTCTTTAAAGGCAAATTTGAGAGACCCTTTGAAGTC 62 

3’W194F GACTTCAAAGGGTCTCTCAAATTTGCCTTTAAAGAAGAT 62 

5’W238F TGTAAGAAGCTGTCCAGCTTTGTGCTGCTGATGAAATAC 65 

3’W238F GTATTTCATCAGCAGCACAAAGCTGGACAGCTTCTTACA 65 

E342 mutations 

5’E342Q CTGACCATCGACCAGAAAGGTACTGAA 60 

3’E342Q TTCAGTACCTTTCTGGTCGATGGTCAG 60 

5’E342R CTGACCATCGACCGGAAAGGTACTGAA 61 

3’E342R TTCAGTACCTTTCCGGTCGATGGTCAG 61 

Sequencing 

5’M13 GTAAAACGACGGCCAG 46 

3’M13 CAGGAAACAGCTATGAC 44 

5’AOX1 GACTGGTTCCAATTGACAAGC 52 

3’AOX1 GCAAATGGCATTCTGACATCC 52 
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2.3.3 Determination of DNA concentration 

Where appropriate, sample dilutions were performed in TE buffer (10 mM Tris, 1 mM 

EDTA, pH 8.0) and the DNA concentration of the sample was calculated according to the 

formula 1 optical density at 260 nm (OD260) = 50 ng/µL taking the according dilution 

factor into consideration. 

 

2.3.4 Site-directed mutagenesis 

Complementary primers containing the mutation of interest were designed (section 2.3.2) 

and mutations incorporated into vectors utilising the QuikChange
® 

method (Stratagene). 

The mutated vector was subsequently transformed into E. coli. All mutagenesis was 

confirmed by sequencing (section 2.3.11). 

 

2.3.4.1 Pfu DNA polymerase site-directed mutagenesis 

Single tryptophan mutations were introduced into α1AT DNA in pCR
®
-Blunt [144] 

utilising Pfu DNA polymerase. The mutated α1AT DNA was subsequently cut out of 

pCR
®
-Blunt using EcoRI (section 2.3.6.2) and ligated into pHIL-D2 (section 2.3.9). 

 

Reaction setup (25 µL): 

Sample Final concentration 

10 x Pfu DNA polymerase buffer (Promega) 1 x 

dNTPs (Promega) 200 M 

5’ primer (section 2.3.2) 500 nM 

3’ primer (section 2.3.2) 500 nM 

DNA template 30 ng 

Pfu DNA polymerase (Promega) 1.5 U 

 

Temperature cycling: 

Step Temperature Time  Cycles 

Initial Denaturation 95 C 1 min  1 

           Denaturation 95 C 1 min  

           Annealing X C 1 min  20 

           Extension 72 C 11 min  

Final Extension 72 C 11 min  1 

X = 5 C below the TM of the primers 
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5 µL of the PCR product were separated on a 1 % agarose gel (section 2.3.5) and the 

remaining sample digested with DpnI (section 2.3.6.1). 

 

2.3.4.2 KOD DNA polymerase site-directed mutagenesis 

E342 mutations were introduced into α1AT DNA in pHIL-D2 [144] utilising KOD DNA 

polymerase. 

 

Reaction setup (25 µL): 

Sample Final concentration 

10 x KOD DNA polymerase buffer # 2 (Novagen) 1 x 

dNTPs (Promega) 400 M 

5’ primer (section 2.3.2)   1.2 µM 

3’ primer (section 2.3.2)  1.2 µM 

DNA template 60 ng 

MgCl2 (Novagen) 1.5 mM 

DMSO 4 % (v/v) 

KOD DNA polymerase (Novagen)  0.5 U 

 

Temperature cycling: 

Step Temperature Time  Cycles 

Initial Denaturation 94 C 3 min  1 

           Denaturation 94 C 25 s  

           Annealing 50 C 25 s  20 

           Extension 72 C 3 min  

Final Extension 72 C 5 min  1 

 

5 µL of the PCR product were separated on a 1 % agarose gel (section 2.3.5) and the 

remaining sample digested with DpnI (section 2.3.6.1). 

 

2.3.5 Agarose gel electrophoresis 

2.3.5.1 Solutions 

50 x TAE buffer: 242 g/L Tris, 57.1 mL/L glacial acetic acid, 100 mL/L 0.5 M EDTA, 

pH 8.0 

Blue/Orange 6 x loading dye (Promega) 
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1kb DNA ladder (Promega) 

SYBR Green (Invitrogen)  

 

2.3.5.2 Procedure 

A final concentration of 0.8 % (w/v), 1 % (w/v) or 2 % (w/v) of agarose (Promega) was 

added to 1 x TAE buffer and dissolved by heating. Upon cooling to approximately 60 °C 

the solution was poured into a DNA gel frame with a comb inserted and allowed to set. 

The gel frame was then placed into the running tank (Amersham Biosciences) containing 

1 x TAE buffer and the comb was removed. 1kb DNA ladder and DNA samples were 

prepared with Blue/Orange 6 x loading dye and SYBR Green according to the 

manufacturers’ specifications and loaded into the wells. Electrophoresis was performed at 

a constant voltage of 100 V until the dye front had reached the bottom of the gel. The gel 

was then exposed to UV light to visualise DNA bands.  

 

2.3.6 Restriction enzyme digests  

2.3.6.1 DpnI digest 

DpnI digestion was performed after site-directed mutagenesis (section 2.3.4) to remove 

parental DNA. 

 

Reaction setup (25 µL): 

Sample Volume (µL) 

PCR product 20  

10 x Buffer B (Promega) 2.5  

10 mg/mL BSA (Promega) 0.25  

10 U/µL DpnI (Promega) 1  

ddH2O  1.25  

 

Samples were incubated at 37 C for 2 h. The digests containing Pfu DNA polymerase 

site-directed mutagenesis products were then frozen at -20 °C until transformed into 

competent JM107 (section 2.2.1.4). The digests containing KOD DNA polymerase site-

directed mutagenesis products were ethanol precipitated (section 2.3.12) and the DNA 
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pellet was resuspended in 10 µL of sterile ddH2O. Samples were then frozen at -20 °C 

until transformed into NovaBlue Competent Cells (section 2.2.1.4). 

 

2.3.6.2 EcoRI digest 

EcoRI was used to excise template DNA from pCR
®
-Blunt for ligatation into EcoRI-

linearised pHIL-D2 (section 2.3.9).  

 

Reaction setup (50 µL):  

Sample Final concentration  

10 x Buffer H (Promega) 1 x 

DNA (pCR
®
-Blunt + insert/ pHIL-D2) 3 - 6 µg 

BSA (Promega) 5 µg 

EcoRI (Promega) 24 U 

 

Samples were incubated for 3.5 h at 37 °C and then stored at -20 °C until gel purified 

(section 2.3.7). 

 

2.3.6.3 SacI digest 

pHIL-D2 constructs were linearised using SacI for P. pastoris transformation. 

 

Reaction setup (300 µL):  

Sample Final concentration 

pHIL-D2 construct ca. 100 µg 

10 x Buffer J (Promega) 1 x 

BSA (Promega) 30 µg 

SacI (Promega) 400 U 

 

Samples were incubated for 5 h at 37 °C and then ethanol precipitated (section 2.3.12). 

DNA pellets were resuspended in 20 µL of sterile ddH2O and stored at -20 °C until P. 

pastoris transformation (section 2.2.2.4).  
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2.3.7 DNA purification from agarose gels 

EcoRI digests containing pHIL-D2 were separated on 0.8 % (w/v) agarose gels and 

EcoRI digests containing pCR
®
-Blunt including the insert of interest were separated on 2 

% (w/v) agarose gels (section 2.3.5). To obtain purified DNA fragments prior to ligation, 

the fragments of interest were excised from the agarose gels and purified using the 

Wizard
®
 SV Gel and PCR Clean-Up System (Promega) according to the manufacturer’s 

specifications. In the final purification step, samples were eluted in 50 µL of sterile 

ddH2O and frozen at -20 °C until dephosphorylation (section 2.3.8) or ligation (section 

2.3.9). 

 

2.3.8 Dephosphorylation 

EcoRI-linearised and gel purified pHIL-D2 was dephosphorylated with TSAP to prevent 

re-circularisation. 

 

Reaction setup (20 µL): 

Sample Volume (µL) 

pHIL-D2  16  

10 x Ligation Buffer (Promega) 2  

1 U/µL TSAP (Promega) 2  

 

The sample was incubated at 37 °C for 15 min. TSAP was then heat-inactivated at 74 °C 

for 15 min and sample was used for ligation (section 2.3.9). 

 

2.3.9 Ligation 

T4 DNA ligase (Promega) and 10 x Ligation buffer (Promega) were used to set up the 

ligation reactions. The reaction volume was 20 µL containing 3 U of T4 ligase and 

approximately 200 ng of dephosphorylated pHIL-D2. The molar ratio of gel purified 

insert was varied. 1:1, 1:3 and 3:1 (insert:vector) ratios were used and the amount of 

insert required for each molar ratio was determined using Equation 2.1. 
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Equation 2.1 

All ligation reactions were carried out at room temperature for 3 h. Samples were then 

heat inactivated at 70 °C for 15 min and frozen at -20 °C until transformation into 

competent JM107 (section 2.2.1.4). 

 

2.3.10 Plasmid purification 

For minipreps, 5 mL of 2YT media containing the according antibiotic were inoculated 

with E. coli cells containing the plasmid of interest. The cells were incubated with 

shaking overnight at 37 °C. Plasmid DNA was purified using the Wizard Plus SV 

Minipreps DNA Purification System (Promega) according to the manufacturer’s 

specifications. For midipreps, 100 mL of 2YT containing ampicillin were inoculated with 

E. coli cells containing the plasmid of interest. The cells were incubated with shaking 

overnight at 37 °C. Plasmid DNA was purified using the Wizard Plus SV Midipreps DNA 

Purification System (Promega) according to the manufacturer’s specifications. 

 

2.3.11 DNA sequencing 

To confirm the integrity of clones and site-directed mutagenesis DNA sequencing was 

performed. For sequencing reactions with pCR
®
-Blunt the M13 primers (section 2.3.2) 

and for sequencing reactions with pHIL-D2 the AOX1 primers (section 2.3.2) were used. 

 

Sample setup (20 µL): 

Sample Volume (µL) 

DNA (ca. 100 ng/µL)  10  

10 x PCR reaction buffer + Mg (Roche) 2  

Primer (10 µM) 0.5  

Big Dye Terminator v3.1 1  

DMSO (100 %) 1  

ddH2O 5.5  

   vector size (kb) 
 x molar ratio of insert to vector = ng of insert ng of vector x insert size (kb) 
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Temperature cycling: 

Step Temperature Time  Cycles 

Initial Denaturation 90 C 1 min  1 

           Denaturation 90 C 1 min  

           Annealing 50 C 1 min  25 

           Extension 60 C 4 min  

Final Extension 60 C 4 min  1 

 

Following the PCR, the samples were ethanol precipitated (section 2.3.12). Sample 

analysis was performed by the DNA Sequencing Facility at Micromon (Monash University, 

Australia).  

 

2.3.12 Ethanol precipitation 

0.1 volume of 3 M Na Acetate (pH 5.2) and 2 volumes of 100 % (v/v) ice-cold ethanol 

were added to the sample and incubated at -80 C for 20 min. The sample was centrifuged 

for 10 min at 16,000 x g and the supernatant removed. 5 times the initial sample volume 

was added in ice-cold 70 % (v/v) ethanol and the sample was vortexed for approximately 

3 s. The sample was centrifuged for 10 min at 16,000 x g and the ethanol was carefully 

removed. This wash step was repeated once. Any remaining ethanol in the sample was 

then evaporated by incubation of the sample on a dry heating block set at 90 ºC for 5 min. 

 

2.4. Preparation of α1AT 

2.4.1 α1AT small scale expression 

A minimum of six colonies were picked from each RDB plate after P. pastoris 

transformation (section 2.2.2.4) and re-streaked on fresh RDB plates to obtain single 

colonies. The plates were incubated at 30 °C for 3 days or until colonies appeared which 

were then analysed for α1AT expression. At least 3 colonies per plate were screened. Each 

colony was used to inoculate 2 mL of test expression media which was then incubated 

shaking for 3 days at 30 °C. The cells were collected by centrifugation (3,346 x g, 10 min, 

4 °C) and the cell pellet was resuspended in 1 mL of ddH2O and transferred into a new 
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tube. The cells were collected by centrifugation (16,000 x g, 2 min) and the cell pellet was 

resuspended in 300 µL of 10 % (w/v) SDS. The sample was boiled for 10 min and then 

centrifuged at 16,000 x g for 5 min. 5 µL of the supernatant were analysed by 10 % SDS-

PAGE and Western blotting (section 2.6).  

 

2.4.2 α1AT large scale expression 

α1AT variants were expressed in P. pastoris. The transformant with the highest 

expression level of the α1AT variant of interest was used to inoculate 5 mL of YPD media 

and incubated with shaking overnight at 30 °C. Two baffled flasks each containing 500 

mL of YPD media were inoculated with 500 µL of overnight culture and incubated 

shaking at 30 °C for approximately 30 h. The flasks were then left on the bench overnight 

to collect the cells by gravity. The media was poured off under sterile conditions and 500 

mL of YPM were added to each flask to resuspend the cells. The cells were incubated 

shaking at 30 °C for approximately 72 h and then collected by centrifugation (3,346 x g, 

10 min, 4 °C). The cell pellets were pooled and either used straight away for protein 

purification or frozen in liquid nitrogen and stored at -80 °C. 

 

2.4.3 α1AT purification 

The cell pellets (section 2.4.2) were resuspended in 50 mL of lysis buffer (500 mM NaCl, 

25 mM imidazole, 2.5 mM EDTA, 1 mM BME, 20 mM Tris, pH 8.0) containing 0.5-1 

Complete EDTA free tablet (Roche) and 2 mM PMSF. Approximately 15 mL aliquots of 

the cell suspension were distributed to 50 mL Falcon™ tubes (BD Biosciences) and 

approximately 24 g of 0.5-mm glass beads (Daintree Scientific) were added to the cell 

suspension. The samples were vortexed for 30 s and then incubated on ice for at least 30 

s. This was repeated 7 times for each sample. The samples were then centrifuged (3,346 x 

g, 15 min, 4 °C) and the supernatants were poured off and pooled. Triton
®
X-100 was 

added to a final concentration of 0.05 % (v/v) and sample mixed by inversion. The sample 

was centrifuged (58,545 x g, 1 h, 6 °C) and the lipid layer was carefully removed by 

pipetting and discarded. The supernatant was then poured off and passed through 0.22-m 

membranes. A minimum of 1.5 volumes of dilution buffer (500 mM NaCl, 25 mM 
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imidazole, 1 mM BME, 20 mM Tris, pH 8.0) were added to the supernatant and the 

protein was purified on an ÄKTAxpress
TM 

system (GE Healthcare). 

The sample was loaded at 1 mL/min onto a 1 mL HisTrap
TM

 HP column (GE 

Healthcare) pre-equilibrated with dilution buffer. After loading, the column was washed 

with wash buffer (500 mM NaCl, 25 mM imidazole, 0.5 % (v/v) Triton
®
X-100, 1 mM 

BME, 20 mM Tris, pH 8.0) at 0.5 mL/min until stabilisation of the absorbance at 280 nm 

(A280) with a maximum of 20 column volumes (CV). The protein was eluted with elution 

buffer (500 mM NaCl, 500 mM imidazole, 0.5 % (v/v) Triton
®
X-100, 1 mM BME, 20 

mM Tris, pH 8.0) at 0.8 mL/min over 5 CV with collection of the A280 peak into a storage 

loop. The sample was then buffer exchanged at a flow rate of 8 mL/min over 1.3 CV on a 

HiPrep
TM

 26/10 desalting column (GE Healthcare) pre-equilibrated with low salt buffer 

(75 mM NaCl, 50 mM Tris, pH 8.0). The A280 peak was collected into a storage loop and 

loaded at 0.5 mL/min onto a 1 mL HiTrap
TM

 Q column (GE Healthcare) pre-equilibrated 

with low salt buffer. The protein was eluted from the column via NaCl gradient elution: 0 

% B to 60 % B in 30 CV followed by 60 % B to 100 % B in 2 CV and then 5 CV at 100 

% B where 0 % B = low salt buffer and 100 % B = high salt buffer (300 mM NaCl, 50 

mM Tris, pH 8.0). The flow rate was 0.5 mL/min and 1 mL fractions were collected. The 

Q column elution allowed the separation of monomeric and polymeric α1AT [144]. The 

fractions containing monomeric α1AT were analysed by SDS gel electrophoresis (section 

2.5.3) and fractions containing pure α1AT were pooled and concentrated to approximately 

2 mg/mL. The protein was subsequently either used in experiments or aliquoted and 

frozen at -80 °C. The monomeric state of the purified α1AT variants was confirmed by 

discontinuous Native PAGE (section 2.5.2) or size exclusion chromatography (section 

2.7). 

 

2.4.4 Determination of α1AT concentration 

The protein concentration was determined by measurement of A280 and where appropriate 

verified by measuring the intrinsic fluorescence of the proteins unfolded in GdnSCN. The 

extinction coefficients of all α1AT variants were calculated using the ProtParam tool of 

the ExPASy Proteomics Server (http://au.expasy.org). 

 

http://au.expasy.org/
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2.5 Polyacrylamide gel electrophoresis (PAGE) 

2.5.1 Continuous Native PAGE 

Continuous Native PAGE was performed as described in the Mini-PROTEAN
®
 3 Cell 

Instruction Manual (Bio-Rad).  

 

2.5.1.1 Solutions 

Acrylamide/ bis-Acrylamide 30 % (w/v) mix ratio 29:1 (Sigma Aldrich) 

5 x Continuous buffer: 14.64 g/L Imidazole, 41.7 g/L HEPES, pH 7.4 

25 % (w/v) APS 

TEMED 

4 x Sample buffer: 10 % (v/v) electrophoresis buffer, 40 % (v/v) glycerol, 0.01 % (w/v) 

Bromphenol Blue (Sigma Aldrich) 

Staining solution: 40 % (v/v) methanol, 7 % (v/v) acetic acid, 0.025 % (w/v) Coomassie 

brilliant blue (R250) (Sigma Aldrich) 

Destaining solution: 40 % (v/v) methanol, 7 % (v/v) acetic acid 

 

2.5.1.2 Procedure 

Gels were prepared and run using a Mini-PROTEAN
®
 system (Bio-Rad). A 6 % gel was 

prepared as follows. 

 

Setup: 

Solution Volume (mL) 

Acrylamide/ bis-Acrylamide 30 %  1.0  

5 x Continuous buffer  1.0  

ddH2O  3.04  

25 % APS  0.01  

TEMED  0.005 

 

Samples were diluted with sample buffer and loaded into the wells. The samples were 

electrophoresed in 1 x continuous buffer for 1 h at 4 °C at a constant current of 20 mA for 
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two gels. Gels were stained in staining solution for approximately 1 h and subsequently 

destained in destaining solution until protein bands were visible with little background 

stain. The gels were scanned on an AlphaImager gel documentation system (Alpha 

Innotech Corporation) and densitometry analyses were performed using the ImageQuant 

software. 

 

2.5.2 Discontinuous Native PAGE 

2.5.2.1 Solutions 

Acrylamide/ bis-Acrylamide 30 % (w/v) mix ratio 29:1 (Sigma Aldrich) 

4 x Running gel buffer: 1.5 M Tris, pH 8.8 

4 x Stacking gel buffer: 0.5 M Tris, pH 6.8 

25 % (w/v) APS 

TEMED 

2 x Loading buffer: 0.125 M Tris, 20 % (v/v) glycerol, 0.2 M DTT, 0.02 % (w/v) 

Bromphenol Blue (Sigma Aldrich), pH 8.3 

Cathode tank buffer: 5.3 mM Tris, 6.8 M glycine, pH 8.9 

Anode tank buffer: 0.1 M Tris, pH 7.8 

Staining solution: 40 % (v/v) methanol, 7 % (v/v) acetic acid, 0.025 % (w/v) Coomassie 

brilliant blue (R250) (Sigma Aldrich) 

Destaining solution: 40 % (v/v) methanol, 7 % (v/v) acetic acid 

 

2.5.2.2 Procedure 

Gels were prepared and run using a Mini-PROTEAN
®
 system (Bio-Rad). A 10 % running 

gel and a 4 % stacking gel were prepared as follows. 
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Setup: 

Solution Running gel Stacking gel 

Acrylamide/ bis-Acrylamide 30 % (mL) 1.65 0.22 

4 x Running gel buffer (mL) 1.25 - 

4 x Stacking gel buffer (mL) - 0.42 

ddH2O (mL) 2.05 1.18 

25 % APS (µL) 30 10 

TEMED (µL) 4 1.5 

 

Samples were diluted with loading buffer and loaded into the wells. The samples were 

electrophoresed in tank buffer at 4 °C at a constant current of 25 mA for one gel or 50 mA 

for two gels until the dye front reached the bottom of the gel. Gels were then stained in 

staining solution for approximately 1 h and subsequently destained in destaining solution 

until protein bands were visible with little background stain. The gels were scanned with 

the Typhoon Trio Variable Mode Laser Imager (GE Healthcare) using the 633 nm laser 

and the 670 BP 30 emission filter and densitometry analyses were performed using the 

ImageQuant software. 

 

2.5.3 SDS PAGE 

2.5.3.1 Solutions 

Acrylamide/ bis-Acrylamide 30 % (w/v) mix ratio 29:1 (Sigma Aldrich) 

4 x Running gel buffer: 1.5 M Tris, pH 8.8 

4 x Stacking gel buffer: 0.5 M Tris, pH 6.8 

10 % (w/v) SDS 

25 % (w/v) APS 

TEMED 

10 x SDS Tank buffer: 0.025 M Tris, 0.192 M glycine, 0.1 % (w/v) SDS, pH 8.3 

4 x reducing SDS loading dye: 0.125 M Tris, 40 % (v/v) glycerol, 4 % (w/v) SDS, 0.4 M 

DTT, 0.04 % Bromphenol Blue (Sigma Aldrich), pH 8.3 

Mark 12 
TM

 (Invitrogen), used for SDS gel setup 
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Prestained SDS PAGE standards, broad range (Bio-Rad), used for SDS gel setup and 

subsequent Western blot analysis 

Staining solution: 40 % (v/v) methanol, 7 % (v/v) acetic acid, 0.025 % (w/v) Coomassie 

brilliant blue (R250) (Sigma Aldrich)  

Destaining solution: 40 % (v/v) methanol, 7 % (v/v) acetic acid 

 

2.5.3.2 Procedure 

Gels were prepared and run using a Mini-PROTEAN
®
 system (Bio-Rad). A 10 % running 

gel and a 4 % stacking gel were prepared as follows. 

 

Setup: 

Solution Running gel Stacking gel 

Acrylamide/ bis-Acrylamide 30 % (mL) 1.65 0.22 

4 x Running gel buffer (mL) 1.25 - 

4 x Stacking gel buffer (mL) - 0.42 

10 % SDS (µL) 50 17 

ddH2O (mL) 2 1.02 

25 % APS (µL) 30 10 

TEMED (µL) 4 1.5 

 

Samples were diluted with SDS loading dye and boiled for 2 min. Protein standards and 

samples were then loaded into the wells and electrophoresed in 1 x SDS tank buffer at a 

constant current of 35 mA for one gel or 70 mA for two gels until the dye front reached 

the bottom of the gel. Gels were then either used for Western blotting (section 2.6) or 

stained in staining solution for approximately 1 h and subsequently destained in 

destaining solution until protein bands were visible with little background stain. 

 

2.6 Western blot 

2.6.1 Solutions 

10 % (w/v) SDS 

10 x Western transfer buffer (10 x WTB): 60.57 g Tris/L and 150.14 g glycine/L 
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1 x WTB: 100 mL 10 x WTB, 200 mL methanol, 1 mL 10 % SDS, 700 mL ddH2O 

Tris-buffered Saline (TBS): 2.42 g/L Tris, 11.69 g/L NaCl, pH 7.4 

TBST: 0.5 % (v/v) Tween
® 

20 in TBS 

Blocking buffer: 5 % (w/v) skim milk powder (Diploma) in TBS 

Primary antibody solution: 10 mL TBS, 51 mg BSA, 2 µL mouse anti-histidine tag 

antibody (AbD Serotec) 

Secondary antibody solution: 5 mL TBS, 25 mg BSA, 1 µL sheep anti-mouse antibody, 

(H+L) peroxidase conjugated (Chemicon) 

ECL
TM

 Western blotting detection reagents (Amersham) 

 

2.6.2 Procedure 

After SDS PAGE (section 2.5.3) the proteins were transferred for 1 h at a constant current 

of 250 mA in ice-cold 1 x WTB onto a Protran
®

 nitrocellulose transfer membrane (0.2 µm 

pore size, Whatman) using a Mini Trans-Blot
®

 system (Bio-Rad). After the transfer, the 

membrane was incubated in blocking buffer overnight with shaking at 4 °C and then 

washed three times for 10 min with TBST. The membrane was then incubated in the 

primary antibody solution for 1 h shaking at room temperature and washed three times for 

10 min with TBST. The membrane was then incubated in the secondary antibody solution 

for 1 h shaking at room temperature and washed three times for 10 min with TBST. The 

membrane was then incubated in ECL
TM

 reagent for 1 min and subsequently a Super RX 

medical x-ray film (Fujifilm) was exposed to the membrane for usually 30 s or longer if 

appropriate in a Hypercassette
TM

 (Amersham). The film was developed in a SRX-101A 

film processor (Konica Minolta). 

 

2.7 Size exclusion chromatography 

The monomeric state of the α1AT single tryptophan mutants was confirmed by size 

exclusion chromatography (SEC). SEC was carried out on an Äkta FPLC (Amersham) 

using a Superose™ 12 HR 10/30 column (Amersham). The column was pre-equilibrated 

with 90 mM NaCl and 50 mM Tris, pH 8.0 and elution was monitored following the 

absorbance at 214 nm (A214).  
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2.8 Preparation of BSA coated plates 

Using a multi-channel pipette (Finnpipette), 200 µL of coating solution (0.5 % (w/v) 

PEG-8000, 0.05 % (w/v) BSA, 0.01 % (v/v) Triton
®
X-100) were added to each well of a 

MICROTEST
TM

 96 tissue culture plate (BD Biosciences) and incubated overnight at 

room temperature. The solution was removed by tapping several times on absorbent 

towels and the wells were washed at least twice with ddH2O. Plates were left to dry at 

room temperature and then covered for storage. 

 

2.9 Determination of α1AT inhibitory properties 

2.9.1 Solutions 

Chymotrypsin assay buffer: 10 mM CaCl2, 50 mM NaCl, 0.2 % PEG-8000, 100 mM Tris, 

pH 7.8 

HNE assay buffer: 0.5 M NaCl, 0.1 % PEG-8000, 100 mM Tris, pH7.5 

Chromogenic substrate for chymotrypsin: N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide 

Chromogenic substrate for HNE: N-Methoxysuccinyl-Ala-Ala-Pro-Val p-nitronailide 

 

2.9.2 Stoichiometry of inhibition (SI) 

SI measurements were performed in BSA coated plates (section 2.8) using a ThermoMax 

Microplate Reader (Molecular Devices) and the SoftMax Pro software. Each well was set 

up to contain a fixed concentration of enzyme whereas the α1AT concentration was 

varied. In assays using chymotrypsin the sample volume was 40 µL at a chymotrypsin 

concentration of 100 nM and in assays using HNE the sample volume was 50 µL at an 

HNE concentration of 60 nM. The α1AT concentration was varied to result in inhibitor to 

enzyme ratios ranging from 0 to 20 depending on the α1AT variant analysed. The samples 

were incubated at 37 °C for 30 min to allow inhibitor-enzyme complex formation. The 

assay was then initiated by adding 100 µL of either 200 µM substrate for chymotrypsin or 

100 µM substrate for HNE. The appearance of p-nitroanilide (pNA) was followed by 

measuring the absorbance at 405 nm (A405) for 10 min at 37 °C with readings taken every 

6 s. The change in A405 was plotted as fractional activity of the enzyme against the ratio 



Chapter 2                                                                                       Materials and Methods 

 

 

 

55 

of inhibitor to enzyme. The data were then fit to a linear regression equation and the SI 

determined as the point of intersection between the fit and the x-axis.  

 

2.9.3 Continuous association rate constant determination (kass) 

Slow tight binding kinetics were performed in BSA coated plates (section 2.8) using a 

ThermoMax Microplate Reader (Molecular Devices) and the SoftMax Pro software. The 

reactions were carried out at a final volume of 200 µL. Up to eight assays were performed 

simultaneously and the concentration of α1AT was varied between 0 and 10 nM for 

reactions with chymotrypsin and 0 and 1.8 nM for reactions with HNE. The substrate was 

present at a concentration of 200 µM and the reactions were initiated by adding the 

enzyme to a final concentration of 0.2 nM for chymotrypsin and 0.6 nM for HNE. The 

appearance of pNA was followed by measuring A405 for 4 h with readings taken at least 

every 30 s. The data were analysed using an equation which describes slow tight binding 

(Equation 2.2) [217], 

 

    P = Vst +            (1 – e
-k’t

)   Equation 2.2 

 

where P is the amount of product formed over time, t. k’ is the apparent first order rate 

constant and Vi and Vs are the initial and steady state velocities respectively. k’ was then 

plotted against inhibitor concentration and the resulting data fit to a linear function. The 

gradient of the linear function is the second order rate constant, k’app, in units of M
-1

s
-1

. To 

account for the competition between the serpin and the chromogenic substrate for the 

active site of the proteinase, the k’app was adjusted using Equation 2.3 to produce kapp,  

 

    kapp = k’app (1 +  )      Equation 2.3 

 

where [S] is the substrate concentration and Km is the Michaelis Menten constant. For N-

Succinyl-Ala-Ala-Pro-Phe p-nitroanilide a Km of 0.087 mM and for N-Methoxysuccinyl-

Ala-Ala-Pro-Val p-nitronailide a Km of 0.07 mM was used. As a serpin’s inhibitory 

 Vi - Vs 

k‘ 

Km 

  [S]_      
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pathway is a competitive event between complex formation and substrate behaviour the 

kapp values were multiplied by the according SI values to take into account any error in 

kapp attributed to the substrate pathway and to thus obtain the more accurate association 

rate constant kass (Equation 2.4). 

 

    kass = kapp x SI     Equation 2.4 

 

2.10 Circular Dichroism (CD) techniques 

CD spectra were recorded on a J-815 CD spectrometer (Jasco) and thermal denaturation 

measurements on a J-810 spectropolarimeter (Jasco) unless otherwise noted. The 

temperature within the cuvette was monitored by a sensor located in the cuvette holders 

and maintained by a computer-controlled peltier unit. All measurements were performed 

in 90 mM NaCl and 50 mM Tris, pH 8.0. 

 

2.10.1 Spectral measurements 

Spectral measurements were conducted at 20 °C using a data pitch of 0.1 nm and a scan 

speed of 100 nm/min. Near-UV CD spectra (250-310 nm) were recorded in a 1-cm path-

length quartz cell at a protein concentration of 2 mg/mL. Far-UV CD spectra (250-190 

nm) were recorded in a 0.1-cm path-length quartz cell at a protein concentration of 0.25 

mg/mL. CD signal at 222 nm (θ222) single point measurements were recorded at 20 °C, 

with the signal averaged over 15 s at a protein concentration of 0.2 mg/mL. 

 

2.10.2 Thermal denaturation 

Thermal denaturation measurements were performed in a 0.1-cm path-length quartz cell 

at a protein concentration of 0.25 mg/mL. A heating rate of 15 °C/h was applied and the 

changes in θ222 were recorded. The melting temperature (Tm) was determined as the 

midpoint of the aggregation transition as no unfolding transition could be observed. 
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2.11 Fluorescence spectroscopy  

Fluorescence measurements were performed in a 1-cm path-length quartz cell at room 

temperature unless otherwise noted. The buffer used was 90 mM NaCl and 50 mM Tris, 

pH 8.0. 

 

2.11.1 Tryptophan fluorescence  

Intrinsic tryptophan fluorescence measurements were performed either on a LS50B 

luminescence spectrometer (Perkin Elmer) or on a FluoroMax
®
-4 Spectrofluorometer 

(HORIBA Jobin Yvon). Measurements on the LS50B luminescence spectrometer were 

performed at an excitation wavelength of 290 nm and emission spectra (290-500 nm) 

were recorded at a scan speed of 50 nm/min. Unless otherwise noted, the excitation and 

emission slit widths were 5 nm and the protein concentration was 1 µM. Measurements 

on the FluoroMax
®

-4 Spectrofluorometer were performed at an excitation wavelength of 

295 nm and emission spectra were collected from 300 to 500 nm (increment 0.5 nm). 

Excitation and emission slit widths were set at 5 nm and the integration time at 0.1 s. The 

protein concentration was 2 μM. 

 

2.11.2 bis-ANS fluorescence  

bis-ANS fluorescence was measured either on a LS50B luminescence spectrometer 

(Perkin Elmer) or on a FluoroMax
®
-4 Spectrofluorometer (HORIBA Jobin Yvon). 

Measurements were performed at an excitation wavelength of 390 nm and emission 

spectra were collected from 400 to 600 nm. For measurements on the LS50B 

luminescence spectrometer a scan speed of 50 nm/min was applied and the excitation and 

emission slit widths were set at 5 nm. For measurements on the FluoroMax
®
-4 

Spectrofluorometer the excitation and emission slit widths were set at 3 nm and the 

integration time at 0.1 s with 0.5-nm increments. The protein concentration was 1 µM 

with bis-ANS present at a five-fold molar excess to the protein.  
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2.11.3 Quenching 

Aliquots of a 2 M KI stock containing 10 mM Na2S2O3 were added to the protein samples 

(1.5-2 µM) and the changes in fluorescence emission intensity of the tryptophan residues 

(λem = 330 nm) were measured after each addition. KCl was used to correct for any salt-

induced effects. The protein solution had an absorbance at the excitation wavelength of 

lower than 0.05 after the final addition of KI. Fluorescence values were therefore only 

corrected for the dilution factors. The quenching data were analysed using the one-

component and two-component Stern–Volmer equation as described previously [218, 

219]. 

 

2.11.4 Anisotropy 

Anisotropy measurements were performed on a FluoroMax
®
-4 Spectrofluorometer 

(HORIBA Jobin Yvon) in a 1-cm path-length quartz cell at 20 °C with a protein 

concentration of 2 µM in 90 mM NaCl and 50 mM Tris, pH 8.0. The excitation and 

emission slit widths were 5 nm and an integration time of 0.1 s was applied. The 

anisotropy was measured with an excitation at 290 nm and emission between 330 and 400 

nm using the L-format method [218] incorporating G-factor correction.  

 

2.12 Equilibrium unfolding studies 

Stock solutions of GdnHCl or urea were prepared in 90 mM NaCl and 50 mM Tris, pH 

8.0 and filtered through 0.22-μm membranes. The concentrations of GdnHCl and urea 

were determined from the refractive index of the prepared solutions [214]. Equilibrium 

unfolding curves were obtained by adding a concentrated solution of native protein in 90 

mM NaCl and 50 mM Tris, pH 8.0 to a series of denaturant concentrations. The samples 

were incubated for 2 h at room temperature before analysis. Equilibrium unfolding as a 

function of denaturant concentration was monitored by measuring either the tryptophan 

emission spectra to determine the change in the centre of spectral mass wavelength 

(COSM) as described previously [220] or by following the change in the far-UV CD 

signal θ222. The unfolding data were fit to either a two-state or a three-state unfolding 

model using a non-linear least-squares fitting algorithm as described previously [221-
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223]. The three-state model recognises the presence of one stable intermediate structure, 

I, populated during the transition from the native state, N, to the unfolded state, U. 

 

2.13 Kinetic unfolding studies 

All kinetic unfolding experiments were performed at room temperature on a SF.18MV 

stopped-flow apparatus (Applied Photophysics). Protein unfolding was monitored by 

changes in fluorescence at wavelengths greater than 320 nm using a cutoff filter and an 

excitation wavelength of 280 nm. Experiments were performed by rapidly mixing 1 

volume of protein solution at a protein concentration of 0.5 mg/mL with 10 volumes of 

concentrated GdnHCl at room temperature. Both solutions contained 90 mM NaCl and 50 

mM Tris, pH 8.0. Data were fitted to a double-exponential function with a term included 

for baseline instability using the manufacturer's software.  

 

2.14 Polymerisation studies 

α1AT polymerisation at 60 °C was carried out at a protein concentration of 10 µM in 90 

mM NaCl and 50 mM Tris, pH 8.0. Samples were incubated in a 60 °C water bath and put 

on ice at various time points to quench the reaction. Ice-cold non-denaturing sample 

buffer was added and samples were analysed using continuous Native PAGE (section 

2.5.1). α1AT polymerisation at 42 °C was carried out at a protein concentration of 10 µM 

in 90 mM NaCl, 50 mM Tris, 1 mM EDTA and 5 mM β-mercaptoethanol, pH 8.0. 

Samples were incubated in a 42 °C water bath and put on ice at various time points to 

quench the reaction. Ice-cold non-denaturing loading buffer was added and samples were 

analysed using discontinuous Native PAGE (section 2.5.2). 
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The conformational diseases comprise a set of diverse disorders caused by protein 

misfolding and subsequent aggregation [41]. The disease-associated protein aggregates 

are usually highly ordered and can be grouped into two distinct classes: fibrillar and 

polymeric aggregates. Fibril formation involves the transition of proteins often low in β-

sheet content into well-organised filaments characterised by an extensive β-sheet structure 

[68]. The deposition of fibrillar aggregates is associated with several neurodegenerative 

disorders including Alzheimer’s disease, Parkinson’s disease and the spongiform 

encephalopathies as well as conditions that do not affect the nervous system such as Type 

II diabetes and dialysis-related amyloidosis [68, 224]. Polymer formation, on the other 

hand, is a protein misfolding event which does not usually require a significant structural 

rearrangement of self-associating units [41]. One protein superfamily commonly 

associated with disease-causing polymerisation events are the serpins (serine proteinase 

inhibitors). Several members of this superfamily are prone to polymerisation which is 

linked to a range of diverse disorders including emphysema, liver disease, angioedema, 

neurodegeneration and thrombosis [41, 68]. 

The serpins represent the largest class of serine/ cysteine proteinase inhibitors and 

are involved in several essential physiological processes including the coagulation, 

inflammatory and fibrinolytic cascades [72, 225]. Members of this superfamily share a 

characteristic metatstable tertiary fold which undergoes an extensive conformational 

change during proteinase inhibition [226]. This structural rearrangement is associated 

with a significant increase in the serpin’s stability and is hence a thermodynamically 

driven process [226]. The metastable native state together with a considerable degree of 

structural flexibility are therefore essential for a serpin’s inhibitory function. These 

properties, however, render the serpin architecture particularly sensitive to external 

stressors such as elevated temperatures [143, 154, 198], low denaturant concentrations 

[142, 143, 195], decreased pH values [153, 175] as well as to mutations [71, 139] that 

result in misfolding into dysfunctional stabilised states which in most cases are polymeric. 

The Z mutation (Glu342Lys) is the most common pathological mutation of the 

archetypal serpin α1-antitrypsin (α1AT), causing disease in approximately 1 in 2000 live 

births in Northern Europe [163]. It leads to increased α1AT polymerisation in the ER of 

hepatocytes, and accordingly in a reduction in the amount of circulating α1AT. This 

plasma deficiency eventually results in a loss-of-function disease due to the protease-
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antiprotease imbalance and the accumulation of polymerised Z α1AT in the liver can 

culminate in a gain-of-toxic-function disease [163]. The mechanism by which the Z 

mutation results in this increased polymerisation propensity of α1AT and what type of 

polymer is formed in patients is poorly understood.  

The observation that Z α1AT polymers accumulate predominantly in the ER [142] 

suggests that polymerisation occurs as an off-pathway event during the α1AT folding 

reaction. The α1AT folding pathway has been studied extensively in vitro and is 

characterised by a reversible three-state transition with the formation of a single 

intermediate ensemble (I) which is populated in low denaturant concentrations between 

the native (N) and unfolded (U) states [94, 132, 186-188, 191]. The equilibrium unfolding 

data presented in this thesis suggest that Z α1AT also follows this three-state folding 

reaction and populates I at similar denaturant concentrations as wild-type α1AT (chapter 3 

and chapter 4). Incubation of α1AT at high protein concentrations and for prolonged 

periods in these low denaturant concentrations results in polymer formation [142, 143, 

195] which suggests that misfolding occurs from this transiently populated species. Under 

these mildly denaturing conditions wild-type and Z α1AT seem to polymerise at the same 

rate [143] whereas this is not the case if the proteins are incubated under physiological 

conditions [142-144]. This suggests that the effect of the Z mutation on the α1AT 

molecule is related to the formation of I. There is evidence that it results in retardation of 

the second folding transition (I → N) of α1AT and consequently accumulation of the 

polymerogenic folding intermediate I [213]. Yet, α1AT polymers formed in vitro from the 

folding intermediate I are not recognised by the 2C1 antibody [167, 199], a monoclonal 

antibody that recognises Z α1AT polymers isolated from hepatocellular inclusions [185]. 

In addition to pathological Z α1AT polymers, the 2C1 antibody interacts with in vitro 

polymers of wild-type and Z α1AT formed at 60 °C and of Z α1AT formed at 41 °C [167, 

185, 199]. The recent crystal structures of a self-terminating antithrombin dimer [184] 

and a self-terminating α1AT trimer [167] together with disulphide-trapping experiments 

[167] suggest the differences in 2C1 antibody binding may be due to alternative α1AT 

polymerisation pathways under different conditions: α1AT seems to predominantly 

polymerise via a s4A/s5A swap mechanism in low denaturant concentrations and a C-

terminal swap mechanism at elevated temperatures (Figure 6.1) [167, 184].  
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Figure 6.1. Free energy diagrams of α1AT polymerisation proceeding from the native state. (a) α1AT 

polymerises via the folding intermediate I if incubated in low denaturant concentrations. The replacement of 

E342 with a lysine in Z α1AT (E342K) leads to changes in the transition state between the native state and I 

and lowers the kinetic barrier to the adoption of the polymerogenic folding intermediate. Accumulation of I 

results in the dual-strand insertion of s4A and s5A of one molecule into β-sheet A of another molecule and 

consequently the formation of s4A/s5A swap polymers. (b) Incubation of α1AT at elevated temperatures 

leads to the adoption of the polymer precursor M* which allows polymerisation to proceed via a C-terminal 

swap including s1C, s4B and s5B. Mutation of E342 to a neutral amino acid such as a glutamine (E342Q) 

leads to changes in the transition state between the native state and M* and a decrease in the kinetic barrier 

to M* formation. This effect is further enhanced by replacement of E342 with a positively charged amino 

acid such as a lysine in Z α1AT or an arginine (E342R). Structures were adapted from [176]. 

 

Based on its reactivity with the 2C1 antibody the C-terminal swap polymer has 

been proposed to be the pathological α1AT polymer present in hepatocellular inclusions 

[167]. It is not clear at this stage, however, whether Z α1AT polymerises only via one 

pathway in vivo or whether there are several alternative polymerisation pathways. Parallel 

polymerisation pathways of α1AT have been observed in vitro [167], but whether that is 

also the case in vivo remains to be elucidated. The 2C1 antibody was raised against α1AT 

polymers formed in vitro at 60 °C [185]. If the pathological hepatocellular inclusions 

were potentially composed of a heterogeneous mixture of Z α1AT polymers these 

pathological structures might also react with antibodies raised against polymers formed 

under alternative in vitro conditions. The development of such alternative antibodies 

therefore represents an important hurdle in the understanding of Z α1AT polymerisation 

and consequently in its therapeutic intervention.  
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Since different types of α1AT polymers seem to be formed in low denaturant 

concentrations and at elevated temperatures this suggests that these two polymerisation 

pathways involve the formation of two alternative polymerogenic species/ intermediates. 

The monomeric non-native α1AT species formed at elevated temperatures has been 

termed M* [198] and it has been shown that at least helix F undergoes different 

conformational changes during its adoption in comparison to the formation of the folding 

intermediate I [93]. It is unclear how M* formation of Z α1AT relates to the formation of 

Z α1AT polymers in vivo. The observation that Z α1AT forms 2C1 antibody reactive 

polymers upon incubation at 60 °C and even at the physiological temperature 41 °C [185] 

suggests that polymerisation of Z α1AT from M* is of physiological relevance. 

Considering that the α1AT polymerisation reaction is concentration dependent [142, 143, 

198] and the ER is not only the place of α1AT folding but also the place of its highest 

concentration [142] one might expect Z α1AT to mainly polymerise in the ER even if 

polymerisation was to proceed from the native state via M*. In vivo polymerisation of Z 

α1AT from its native state could be supported by the detection of Z α1AT polymers in 

circulation [207, 209] and in the lung [172]. 

Whether Z α1AT polymerises in vivo from the folding intermediate I, from M* or 

from both is not known, however, this thesis suggests that the Z mutation leads to changes 

in the kinetic barriers between the native state and I (Figure 6.1a) as well as M* (Figure 

6.1b) (chapter 3, chapter 4 and chapter 5). Whereas the rate of I formation was 

approximately 1.5-fold faster for Z α1AT in comparison to the wild-type (chapter 3) the 

rate of M* formation seems to be more significantly affected by the pathological 

mutation. Incubation of Z α1AT at 42 °C resulted in the subsequent build-up of polymeric 

species and the half-life of native Z α1AT in this reaction was approximately 15 hours 

(chapter 5). No loss of wild-type α1AT was observed after 72 hours of incubation under 

identical conditions (chapter 5). When the polymerisation reaction was conducted at 60 

°C the difference in the rate of monomer loss between wild-type and Z α1AT was only 

approximately 2-fold (chapter 4). It has been suggested previously that the chaotropic 

effect of extreme temperatures is so severe on the structure of α1AT that it eliminates the 

effect of the Z mutation [143] and this notion is supported by the work presented in this 

thesis. 
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It is unclear how the Z mutation accelerates the rates of I and M* formation. A 

significant decrease in the thermodynamic stability of α1AT upon Z mutation would, 

however, provide a satisfactory explanation. Most of the mutations that lead to serpin 

polymerisation and protein fibrillisation events are associated with a decrease in native 

state stability of the aggregating protein [61, 227]. This observation has contributed to the 

establishment of the conformational change hypothesis which postulates that at least 

partial unfolding of the native state is required to initiate the aggregation process of a 

globular protein [227]. If the Z mutation destabilised the native state of α1AT this would 

result in an increase in the equilibrium concentration of the partially folded species I and 

M* and consequently enhanced polymerisation. One study suggests that Z α1AT is indeed 

characterised by a decrease in the melting temperature of approximately 8 °C in 

comparison to the wild-type [198]. A second study, however, proposes that the stability of 

Z α1AT is similar to wild-type α1AT as estimated from transverse urea gradient (TUG) 

gels [213]. The work presented here is supportive of the latter study suggesting that the Z 

mutation does not result in a significant decrease in the thermodynamic stability of α1AT. 

A difference of approximately 1 °C was observed in the melting temperature of Z α1AT in 

comparison to the wild-type (chapter 3) consistent with equilibrium unfolding studies in 

guanidine hydrochloride (GdnHCl) (chapter 3) and urea (chapter 4) as well as TUG gels 

(chapter 3). This suggests that the increase in the rates of I and M* formation upon Z 

mutation are caused by changes in the transition states and not by a decrease in the 

thermodynamic stability of α1AT (Figure 6.1). 

The equilibrium unfolding curves in chapters 3 and 4 suggest that the stability of 

the folding intermediate I is unaffected by the Z mutation as estimated from the midpoints 

of the second (I → U) unfolding transition. This suggests that the Z mutation does not 

result in stabilisation of the folding intermediate I which would have been an appropriate 

explanation for the previously observed I to N folding retardation of Z α1AT [213]. The I 

to U transition is, however, highly non-cooperative [192] and it is therefore possible that 

small changes in the reaction caused by single amino acid substitutions, such as the 

increase in stability of the folding intermediate upon Z mutation, might not be readily 

detectable. 

The crystal structure of native α1AT shows that Glu342 is located at the top of the 

central β-sheet A and the base of the reactive centre loop (RCL) and that it forms a 
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hydrogen bond to Thr203 and a salt bridge to Lys290 [60]. The Z mutation replaces 

Glu342 with a lysine (Glu342Lys) and results in the disruption of the 290-342 salt bridge. 

Hence, it is surprising that the Z mutation has little effect on the stability of the native 

state of α1AT. The molecular dynamics simulations presented in this thesis (chapter 5), 

however, suggest that the Z mutation results in the formation of new interactions which 

compensate for the lost interactions and hence explain why Z α1AT is thermodynamically 

as stable as the wild-type. 

It is controversial whether the loss of the 290-342 salt bridge is the main 

disruption that is responsible for the polymerisation prone nature of Z α1AT. Whereas one 

publication indicates that reestablishment of the 290-342 salt bridge in Z α1AT by 

introduction of a second mutation (Lys290Glu) leads to restoration of wild-type-like 

secretion levels [210] a second study suggests that the Lys290Glu mutation only 

marginally increases secretion levels of Z α1AT [211]. Additionally, there is evidence that 

disruption of the 290-342 salt bridge from the other side by introducing the Lys290Glu 

mutation into wild-type α1AT does not [212] or only slightly [211] decrease secretion 

levels. These findings led to the hypothesis that introduction of a positive charge at 

position 342 as a result of the Z mutation leads to a significant change in the electrostatic 

charge in that area of the α1AT molecule which triggers misfolding and potentially the 

adoption of an alternative native conformation [211]. The work presented here supports 

this hypothesis as it shows that the charge of amino acid 342 plays an essential role in the 

polymerisation pathway of α1AT (chapter 5) and that Z α1AT is in an alternative native 

conformation in comparison to wild-type α1AT (chapter 3, chapter 4 and chapter 5). The 

adoption of an alternative native structure of Z α1AT in comparison to wild-type α1AT 

has previously been proposed based on differences in near-UV circular dichroism (CD) 

spectra [143] and its interaction with RCL peptides whose exact binding sites are 

unknown [180]. The results in this thesis suggest that the Z mutation results in a structural 

rearrangement at the top of β-sheet A which is accompanied by an increase in the 

exposure of hydrophobic regions as determined by sensitive fluorescence spectroscopic 

measurements (chapter 3 and chapter 4) and molecular dynamics simulations (chapter 5).  

The data presented in chapter 5 indicate that the side chain charge of amino acid 

342 influences the rate of α1AT polymerisation. Disruption of the 290-342 salt bridge by 

replacement of Glu342 with the neutral amino acid glutamine (Glu342Gln) resulted in 
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polymerisation of α1AT at 42 °C whereas wild-type α1AT did not polymerise (chapter 5). 

The rate of polymerisation at 42 °C was, however, doubled if Glu342 was mutated to a 

positively charged amino acid residue (Glu342Lys and Glu342Arg) (chapter 5). 

Considering that disruption of the 290-342 salt bridge from the other side did not have the 

same devastating effect on the α1AT molecule [211, 212] this indicates that it is the 

negative charge native to position 342 and not the 290-342 salt bridge that prevents 

polymerisation. Together, these data suggest that Glu342 forms interactions in the 

transition state between the native state and M* and that replacement of the negatively 

charged Glu342 with a neutral glutamine lowers the kinetic barrier to M* formation, an 

effect which is further enhanced by the replacement with a positive charge (Figure 6.1b). 

In conclusion, the work presented in this thesis extends our understanding of 

serpin biology and clarifies several discrepancies in the field. It clearly demonstrates that 

Z α1AT is in an altered but stable and functional conformation. Further, it suggests that 

the Z mutation lowers the kinetic barriers between the native state and I as well as M* 

which might explain why Z α1AT is characterised by an increased propensity to 

polymerise. The conformational diseases have largely been attributed to mutations that 

decrease the native state stability of the aggregating proteins [61, 227]. For several 

proteins, however, aggregation-enhancing mutations do not result in destabilisation of the 

native state. These proteins include ataxin-3 [228, 229], prion protein [230, 231], T7 

endonuclease I [232] and according to this thesis also Z α1AT. 
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