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Abstract 
 

Alpha-1 Antitrypsin (α1AT) is a well-characterised member of the serine protease 

inhibitor (serpin) superfamily. As a 52kDa glycosylated protein, α1AT is involved in 

the regulation of proteolytic cascades in the body. Mutations, such as Z (E342K) 

and S (E264V) induce α1AT to aggregate into long chains called polymers at the 

site of synthesis in the endoplasmic reticulum of hepatocytes. These toxic species 

cause liver cirrhosis and hepatocellular carcinoma, while the reduction in available 

protease inhibitor leads to emphysema and COPD. Polymerisation involves 

transition through a polymerogenic intermediate that is accessed from the native 

state of disease-causing variants. This transiently populated species holds the most 

promise to inform therapies that block polymerisation.  

 

Here we use solution state NMR of 1H, 13C methyl labelled α1AT to characterise the 

native state conformations at high resolution under near physiological conditions. 

We describe NMR-based and structure-based approaches for the assignment of 

72% of the methyl spectrum of α1AT. Experiments that probe protein dynamics in 

native α1AT across a range of timescales reveal conformational exchange with an 

invisible state, while perturbing the molecule with temperature reveals a population 

accessing a higher energy state. To investigate the structural consequences of 

disease-causing mutations and glycosylation, we describe a novel approach using 

NMR at natural isotopic abundance to study α1AT purified directly from patients. We 

show for the first time, at residue-specific resolution, that the native state 

conformation of Z α1AT is different to that of WT α1AT, notwithstanding recent 

contradictory evidence from X-ray crystal structures of this mutant. Using a small 

molecule selective for Z α1AT we show that this mutant populates a higher energy 

state conformation to approximately 20% at 298K.  

 

Finally we describe the characterisation of the mechanism of action of an antibody 

that is capable of blocking α1AT polymerisation. Antibody binding to an allosteric 

site in helix A induces an ‘open’ conformation in β-sheet A, as evidenced by 

increased peptide incorporation and destabilisation of the serpin:enzyme complex, 

which, out-of-step with other dynamic changes, is sufficient to inhibit polymerisation.  
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Impact Statement 
 

Alpha-1 Antitrypsin deficiency (AATD) is caused by mutations that cause 

aggregation of Alpha-1 Antitrypsin (α1AT) into long structures called polymers. 

These polymers are responsible for liver cirrhosis and the reduction in circulating 

protein as a result of this accumulation leads to emphysema and chronic obstructive 

pulmonary disease (COPD). There is an unmet clinical need for treatments to 

prevent AATD and a detailed understanding of the processes underlying the 

formation of α1AT polymers will aid the rational design of therapeutics to prevent 

this.  

 

The research presented in this thesis describes the use of Nuclear Magnetic 

Resonance (NMR) and other structural and biochemical techniques to characterise 

the relationship between conformation and dynamics of α1AT prior to 

polymerisation using i) recombinant, isotopically labelled protein ii) patient-derived 

material and iii) molecules that block α1AT polymerisation as tools to understand 

the polymerisation pathway.  

 

Solution state NMR has enabled high-resolution conformational dynamics in 

recombinant α1AT to be studied that could not be captured by other structural 

biology approaches. This data has highlighted regions of the protein that sample 

alternative conformations, thus identifying the structural elements important early in 

the polymerisation process. This work will directly inform future screens for 

therapies that prevent polymerisation, and has already contributed to the 

development of ligands specific for Z α1AT through a pharmaceutical company 

engaged with the group. Beyond AATD, a molecular understanding of the 

polymerisation pathway is applicable to other diseases including a novel form of 

dementia, FENIB, caused by the same pathological process. 

 

Characterisation of patient-derived α1AT samples by high-resolution 2D NMR at 

natural isotopic abundance revealed conformational changes in the disease-causing 

variant that contradicts evidence from a recently published X-ray crystal structure. 

This offers new insights for the molecular basis of AATD, with the findings directly 

translating to the pathogenic material found in patients through the use of human-

derived material. Using natural abundance NMR to study human proteins is still very 

novel and the experimental conditions and NMR pulse sequences that I have 
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established may be implemented by academia and industry to study other 

challenging systems in this manner. Beyond the experimental outcomes, this work 

has formed the basis of a recent joint funding proposal, ensuring future scholarship 

for staff and students in UCL. For the wider NMR community, this pioneering 

application continues to push the boundaries of what can be achieved by the 

technique, in terms of experimental sensitivity and sample heterogeneity. 

 

My research also investigated the mechanisms of action of tool molecules that block 

α1AT polymerisation, including the monoclonal antibody, 4B12. The antibody binds 

in a region of the protein proposed to be grossly unfolded in one of the structural 

models of polymerisation. This is incompatible with antibody binding and thus 

discounts this model as a true representation of the pathogenic polymer. 

 

Taken together, this research contributes to the understanding of the molecular 

basis of AATD and related protein misfolding diseases as well as introducing novel 

applications for NMR. With continued study, it is hoped this work will provide the 

definitive pathway for the molecular basis of α1AT polymerisation.  
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1.0 Introduction to Alpha-1 Antitrypsin 
 

Alpha-1 Antitrypsin (α1AT) is the most well characterised member of the serpin 

superfamily of serine protease inhibitors. Serpins are found across all domains of 

life from viruses to mammals, and comprise the largest family of protease inhibitors 

(1, 2). Those with non-inhibitory biological functions have also been identified (1), 

involved in processes such as transport of corticosteroids by the serpin, 

corticosteroid-binding globulin (3). The family is characterised by greater than 

around 30% sequence identity with all members sharing a common tertiary 

architecture. Around 500 proteins of this superfamily are known (4, 5) and examples 

include antithrombin, C1 inhibitor and plasminogen activator inhibitor-1 (PAI-1), 

involved in the regulation of blood coagulation, the complement cascade and 

fibrinolysis, respectively (4, 5) with more examples included in Table 1.1. A small 

subset of serpins can also inhibit other proteases such as cysteinyl proteases, 

examples of which include the proteins, squamous cell carcinoma antigen-1 and 2 

(SCCA-1/2) (6, 7).  

 

α1AT is one of the most abundant protease inhibitors in human blood plasma, with 

circulating levels of ca. 1.5–3 g/L (8), although this can increase during periods of 

inflammation (9). In vivo, the main physiological role of α1AT is as an inhibitor of 

neutrophil elastase (NE) (10), with additional activity against proteinase 3 (11). 

Inhibition of NE by α1AT prevents excessive breakdown of elastin that would 

otherwise lead to destruction of tissues in the lower respiratory tract (10). Activity 

against other serine proteases in vitro is often used to assess the functionality of 

purified α1AT, including trypsin and chymotrypsin (12, 13).  

 

α1AT is predominantly expressed in hepatocytes as a 394-residue protein. An 

additional 24-residue signal peptide co-translationally targets the protein to the 

endoplasmic reticulum (ER) to allow proper folding, before cleavage of the signal 

peptide and passage through the remainder of the secretory pathway (14). As a 

serum-glycoprotein, this involves transit through the Golgi apparatus where three N-

linked carbohydrate chains are attached to asparagine residues at position 46, 86 

and 247. Fully glycosylated α1AT is then secreted into the plasma (15). A small 

amount of protein is also synthesised by lung epithelial cells, neutrophils and 

alveolar macrophages (16).  
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Most individuals carry two copies of the WT SERPINA1 gene that encodes α1AT. 

Individuals with both alleles of the WT α1AT variant are referred to as M 

homozygotes. The somewhat idiosyncratic protease inhibitor (PI) nomenclature 

arises from the observation that the migration of some key α1AT variants vary when 

resolved by isoelectric focussing (IEF) (17). While the M variant migrates towards 

the middle of a gel with a suitable pH range (typically pH ~4-5) (18) (Figure 1.1), 

variants exist that migrate slower (referred to as A-L variants) or faster (referred to 

as N-Z variants) with the migration dependent on the charge contributions of both 

the protein sequence and carbohydrate molecules within the attached glycan chains 

(19). A relatively large amount of heterogeneity exists within the glycans attached at 

each position of α1AT, referred to as glycan micro-heterogeneity (19). This 

contributes to the multiple isoforms of α1AT in the plasma. In the case of M α1AT, 

these isoforms have been labelled M1-M8 based on their characteristic migration 

pattern in IEF (20). This naming system is still used for historically well-known 

variants, but its reliance on differences in pI have made it less applicable to the 

increasing number of rare deficiency mutants that have been identified.  

 

Over 100 naturally occurring allelic variants of α1AT have been identified to date 

(21) (Table 1.2). Some of these mutations promote conformational rearrangements 

within the protein that allow the formation of ordered aggregates, which in the case 

of α1AT are referred to as polymers (22). These aggregates typically accumulate at 

the site of synthesis in the liver ER as well as in the plasma. Polymers are 

considered to confer a toxic gain-of-function that leads to liver cirrhosis, while the 

concomitant reduction in the circulating plasma α1AT provides a loss-of-function 

that is associated with destruction of lung tissue, leading to emphysema (23). A 

correlation exists between the propensity of the mutation to induce the formation of 

polymers and the severity of the associated α1AT deficiency. In this introduction I 

will discuss the effect of these mutations on the structure and function of α1AT and 

the wider serpin superfamily, and describe how new experimental approaches and 

molecular tools, such as small molecules and antibodies, have been employed to 

develop understanding of the structural perturbations that occur prior to 

polymerisation as well as being novel treatment strategies.  
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Figure 1.1 – Phenotyping α1AT variants by isoelectric focussing – Schematic of an 
isoelectric focussing gel of plasma isolated α1AT variants at pH 4.0 to 5.0 shows the 
position of major bands (‘4’ and ‘6’) as indicated by arrows and shaded lines. The positions 
of the three minor bands (‘2’, ‘7’ and ‘8’) for the most common variant M1 (Val213) are 
shown by lines. Other variants are shown to demonstrate the position of migration of major 
bands (B, M1 Ala213, M3, M2, S and Z). B is the most anodal (pH 4.0), M is in the middle, 
while Z is the most cathodal (pH 5.0). Only the two major bands are shown for these 
variants. Figure modified from (24). 
 

1.1 The serpin structure in relation to function  
 

The serpin superfamily is thought to have undergone divergent evolution over many 

millions of years, with a large expansion over the plant–animal division (25). Their 

sequence conservation is related to their function as protease inhibitors, which, in 

itself, is intimately related to the characteristic fold of the native state (26). The 

serpin tertiary structure consists of 9 α-helices (labelled A-I) and three β-sheets 

(labelled A-C), with a flexible, exposed reactive centre loop (RCL) making 

connections with the main core of the structure via a proximal hinge with strand 5 of 

β-sheet A and a distal hinge with strand 1 of β-sheet C (Figure 1.2). The RCL is 
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composed of up to 20 residues, with those in α1AT labelled P17 – P4’ according to 

the Schetchter and Berger notation (9). These residues contain some of the highest 

level of diversity between members of the serpin superfamily. The RCL motif acts 

as a pseudosubstrate for the target protease, where the specificity of the interaction 

is determined by the residue at position P1 (26, 27). While the length of the loop can 

vary between serpins, the number of residues between the N-terminus of the loop 

and the P1 position is strictly conserved. In α1AT it is maintained in the protease-

accessible conformation by a limited number of interactions with the core structure, 

including the glutamic acid at position P5 making interactions with the body of the 

molecule (Figure 1.2) (27, 28). The loop-exposed, native state conformation is a 

‘kinetically trapped folding intermediate’ that is metastable with respect to the 

enhanced stability of reactive loop-inserted conformations (29). The higher energy 

of the native metastable state has been attributed to suboptimal residue packing, 

intra-molecular cavities and exposed hydrophobic pockets throughout the core of 

the molecule as well as in the RCL (30).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 – Structure of native α1AT – Conventional views are shown, with helix F at the 
‘front’ and helix A at the ‘back’ and the RCL at the ‘top’. β-sheets (A-C) are coloured red, 
pink and yellow respectively and labelled. Individual strands of the main β-sheet A are 
labelled 1-6A. Helices are labelled A-F and coloured green. The reactive centre loop (RCL) 
is positioned above the centre of the molecule in grey, with the site of the reactive centre 
loop cleavage marked by magenta and cyan spheres for Met358 and Ser359 residues and 
labelled P1-P1’. The glutamic acid residue in the RCL at position P5 is shown as sticks, with 
the underlying arginine residues at positions 196, 223 and 281 also shown. Figure created 
using PYMOL, PDB 1QLP.  
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Table 1.1 – Human serpins, their function and their dysfunction.  
 

Serpin Target or function Disease association Reference 
Alpha-1 antitrypsin Inhibition of neutrophil 

elastase 

Polymerisation causes 

cirrhosis; deficiency causes 

emphysema & COPD 

(31) 

Alpha-2 antiplasmin Inhibition of plasmin Fibrinolysis, bleeding (32) 

Angiotensinogen Non-inhibitory; 

Precursor of angiotensin I 

Linked to hypertension (33) 

Alpha-1 

antichymotrypsin 

Inhbition of cathepsin G Deficiency causes 

emphysema 

(34) 

Antithrombin Thrombin and factor Xa 

inhibitor 

Deficiency causes thrombosis (35) 

C1 inhibitor Inhibition of C1 esterase Angioedema (36) 

Corticosteroid-binding 

globulin 

Non-inhibitory; cortisol 

binding 

Deficiency causes chronic 

fatigue  

(37) 

Myoepithelium-

derived serine 

proteinase inhibitor 

Inhibition of cancer 

metastasis  

 (38) 

Neuroserpin Inhibition of tPA Polymerisation causes 

dementia 

(39) 

Plasminogen activator 

inhibitor I (PAI-1) 

Inhibition of thrombin Deficiency causes abnormal 

bleeding  

(40) 

Plasminogen activator 

inhibitor II (PAI-2) 

Inhibition of uPA  (41) 

Protease nexin I Inhibition of uPA and tPA  (42) 

Squamous cell 

carcinoma antigen-1 

Inhibition of cathepsins L 

and V 

 (6) 

Squamous cell 

carcinoma antigen-2 

Inhibition of cathepsins G 

and chymase 

 (43) 

Thyroxine-binding 

globulin 

Non-inhibitory; thyroxine 

binding 

Deficiency causes 

hypothyroidism 

(3) 

Vaspin Insulin-sensitizing 

adipocytokine  

 (44) 

47kDa heat-shock-

protein 

Non-inhibitory;  

Chaperone for collagens 

 (45) 
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1.1.2 The serpin mechanism of inhibition 
 

Loop insertion takes place most often following cleavage by a cognate protease. 

The metastability of the native state creates a large energy difference between 

RCL-exposed and inserted conformations (46), with the energy released being 

harnessed in the mechanism of irreversible protease inhibition employed by the 

serpins. Protease inhibition produces a covalently bound serpin:enzyme complex, 

that over time is cleared from the circulation in the body by the serpin-enzyme 

complex receptor on hepatocytes (47). Upon recognition of the RCL by the cognate 

protease, the RCL is cleaved at the P1 position through nucleophillic attack. The 

protease remains covalently bound to the newly formed N-terminal peptide of the 

cleaved RCL and is inserted rapidly as the fourth strand into the main β-sheet A. 

This transition translocates the protease as an acyl-enzyme intermediate 70 Å to 

the opposite pole of the molecule from where it initially bound, and is one of the 

largest intra-domain conformational changes known in biology (27) (Figure 1.3A). In 

the new position at the base of α1AT, the active site triad of the protease is distorted 

by 6Å (48). This prevents efficient reactivity with a water molecule that is necessary 

for protease liberation and regeneration of the active enzyme. In this manner the 

protease is irreversibly inhibited, in a mechanism referred to as suicide inhibition. 

This transformation within α1AT is associated with release of ca. 50/60 kCal/mol 

with a concomitant doubling in thermal stability from ca. 60°C to ca. 120°C and has 

been termed the stressed to relaxed (S to R) transition (49). The β-sheet A is 

rearranged from a mixed parallel/antiparallel arrangement to a 6 stranded, fully 

antiparallel arrangement of β-strands (50). To assist in RCL insertion, strands 1, 2 

and 3 of β-sheet A are thought to slide along the underlying B-helix, while helix-F 

undergoes remodelling as this would otherwise impede the transfer of the bound 

protease (51). This was confirmed by mutagenesis experiments that perturbed 

hydrophobic interactions of conserved residues D149, I157 and V161 in the F helix 

with strands in β-sheet A. During protease inhibition, both N and C-termini of the F 

helix were found to undergo deformation, while only its C-terminus was disrupted 

during polymerisation (see later in this Introduction) (52).  
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1.1.3 Alternative hyperstable conformations 
 

In some cases, the protease is not covalently bound and the serpin can form a 

RCL-cleaved conformation in the absence of protease trapping (53), particularly in 

the case of non-cognate proteases or proteases that cleave the RCL outside of the 

P1-P1’ position. Interference with one of the stages of the inhibitory process – 

insertion at the breach, remodelling of helix F, or final compression of the protease 

– will lead to an increase in the non-productive turnover of serpin (54, 55). Cleaved 

α1AT was the first structure of a serpin to be identified by X-ray crystallography (50) 

(Figure 1.3B). The loop-inserted, latent conformation, is formed in the absence of 

interaction with a protease under physiological (56) or mildly denaturing conditions 

(57), depending on the serpin. The latent conformation is similar to that of the 

cleaved conformation, with only the C-terminal residues undergoing a change in 

secondary structure (58, 59). Release of strand 1C of β-sheet C (attached to the 

distal hinge of the RCL) is required for the latent transition to take place, which is 

followed by full RCL insertion into β-sheet A (60). Latent α1AT exhibits an enhanced 

thermal stability compared to native α1AT, although this is less than that of the 

cleaved conformation, presumably as a result of the partially formed β-sheet C and 

incomplete incorporation of the RCL (60, 61).  

 

The Anfinsen principle states that the native structure of a protein is the most 

thermodynamically and kinetically stable conformation (62). The ability of α1AT to 

fold to the metastable native state represents an exception to this theory and thus 

the mechanism through which the serpins achieve this, avoiding the stable latent 

conformation, is of great interest.  

 

Experiments using a monoclonal antibody specific for the latent conformation of 

α1AT could not detect latent α1AT in a CHO cell model of disease nor in the plasma 

or liver biopsies of individuals carrying polymerogenic variants of α1AT, except in a 

small number of cases with advanced liver fibrosis. In vitro, M and Z α1AT only form 

the latent conformation when heated in the presence of an agent known to stabilise 

the monomeric form, sodium citrate (63). This is likely due to the RCL of α1AT being 

shorter than that of other serpins that readily make the transition to latency, such as 

PAI-1 (64). Comparison of the latent structures of these two proteins shows full RCL 

incorporation by the latter, two residues more than α1AT. 

 



	 26	

The dynamics of RCL incorporation also allows for an allosteric fine-tuning of the 

inhibitory mechanism. In its native state, the long RCL of antithrombin is partially 

inserted into β-sheet A, which allows for spatial and temporal regulation of thrombin 

inhibition. Upon high-affinity binding of heparin pentasaccharide cofactor in the 

region of helix D, the RCL is extruded and inhibition of thrombin can take place (65). 

PAI-1 also uses the binding of a cofactor, vitronectin to stabilise the molecule in an 

active conformation, thus delaying the transition to latency by blocking opening of β-

sheet A that is required for RCL insertion (66).  

 

The folding pathway of the serpins has been extensively investigated using 

equilibrium methods such as fluorescence, UV absorption and CD and transverse 

urea-gradient gel (TUG) electrophoresis with chemical denaturation (67). These 

studies show that equilibrium unfolding of α1AT occurs as a three-state transition, 

with the formation of an intermediate at concentrations of 1-1.5 M guanidium 

hydrochloride (GndHCl) (67–70). More recently, the sequence of folding events has 

been monitored by hydrogen-deuterium exchange mass spectrometery (HDXMS) 

and reports that β-sheet B and β-sheet C acquire structure much faster than β-

sheet A (71). Tethering the RCL at the C-terminal end early in the folding process 

while delaying the folding of its acceptor site may prevent transition to the more 

stable, loop-inserted form.  

 
Table 1.2 – Mutations of the SERPINA1 gene causing α1AT deficiency 

 
Variant Mutation Consequence Reference 

Z E342K polymerisation (46) 

S E264V polymerisation (72) 

I R39C polymerisation (73) 

M Malton ΔF52 polymerisation (73) 

Siiyama S53F polymerisation (74) 

Bristol T85M polymerisation (75) 

Queens K154N polymerisation (76) 

PBrescia G225R polymerisation (77) 

Pisa K259I polymerisation (78) 

Kings H334D polymerisation (79) 

Pittsburgh M358R antithrombin-like 

inhibitory profile 

(80) 

Baghdad A336P polymerisation (12) 

Hong Kong Frame shift Null variant (81) 
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Polymerisation is an intermolecular version of an intramolecular RCL insertion 

event. Once folded, the molecule must balance the energetic cost of maintaining an 

exposed RCL against the thermodynamic stabilisation that is achieved upon the 

loop insertion of polymerisation or the formation of the inactive latent conformer. 

This may be achieved by the high energetic cost that is associated with breaking a 

number of hydrogen bonds formed between the conserved residues in strands 3 

and 5 in the middle of β-sheet A, termed the ‘shutter’ region. The hydrogen-bonding 

network is centred on a conserved histidine at position 334 (Figure 1.4) (82). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.3 – Conformational rearrangement during protease inhibition. A) The native 
conformation of α1AT (PDB ID: 1QLP) forms an encounter complex (PDB ID: 1OHP) with 
protease (grey) using the RCL (grey loop region at the top of the α1AT molecule) as a 
pseudosubstrate for the protease. The β-sheet A (red) shifts to allow insertion of the RCL as 
an additional 4th strand after cleavage at the P1 position. RCL insertion translocates the 
protease 70 Å from the top of the molecule to the bottom in the protease cleaved complex 
(PDB ID: 1EZX), irreversibly inhibiting the protease by deformation. β-sheet B is shown in 
pink, β-sheet C shown in yellow and helices are coloured in green. B) The cleaved and 
latent loop-inserted conformations of α1AT, with the inserted RCL shown in purple. Figure 
adapted from (83). 
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The ability of α1AT to undergo RCL insertion to form the hyperstable conformation 

with a 6-stranded β-sheet A is often referred to as its ‘Achilles heel’ as this transition 

can be exploited by mutations that cause the formation of polymers. In vivo, 

polymers are a hallmark of α1AT deficiency (31).  

 
1.1.4 How the structure facilitates dysfunction 
 

High-resolution X-ray crystal structures of α1AT and other serpins have provided 

detailed information on how the serpin structure is related to its function/dysfunction. 

The similar fold amongst serpins allows these findings to be generalised across the 

superfamily. Recently, the first crystal structure of the disease causing Z variant 

(E342K) of α1AT was published (PDB 5iO1) (84), and reveals minimal perturbations 

relative to the WT variant (discussed in more detail in Chapter 3). 

 

The mutation of the common deficiency variant, Z, is located in the breach region at 

the top of strand 5 of β-sheet A and the base of the proximal hinge where the RCL 

attaches to the core of the molecule (Figure 1.4). Formation of the intermediate is 

proposed to involve the protein accessing a more ‘open’ conformation, with strands 

3 and 5 of β-sheet A moving further apart. This is supported by data showing the 

ability to covalently attach a polyethylene glycol maleimide (PEG) molecule to 

buried cysteine residues during equilibrium unfolding with denaturant (85), as well 

as reduced fluorescence upon intermediate formation from a single FRET pair 

placed in the breach region (86). It is proposed that the Z mutation induces a similar 

effect by altering interactions of the RCL with the body of the molecule. The folding 

of Z α1AT is retarded with respect to the wild-type protein (87) and accumulation of 

this partially folded intermediate species is thought to be the basis for 

polymerisation. The mutation induces a number of concerted changes within the 

structure, including the release of strand 1 of β-sheet C, perturbation of the C-

terminal region of helix F and bifurcation of the top half of β-sheet A (9, 52, 88). 

Such changes are determined from biochemical and spectroscopic observations 

including a reduced (5-fold) association rate constant with neutrophil elastase, 

accelerated incorporation of short peptides by β-sheet A and a reduced kinetic 

stability (89–92). Is it proposed that these changes allow the RCL to sample partially 

inserted and fully exposed conformations, perturbing β-sheet A and so making it 

more susceptible to polymerisation.  
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Further down in the ‘shutter’ region of β-sheet A, several polymerogenic mutations 

are found including the Siiyama, Mmalton, King’s and Baghdad variants that disrupt 

the conserved hydrogen bonding network to allow the RCL to insert more easily (12, 

93, 94). Other polymerogenic mutants are distributed throughout the core of the 

structure, including S (E264V) and I variants (R39C) found at the back of the 

molecule on helix G and helix A respectively. Despite such different positions, it has 

been suggested that the mechanism through which polymerisation ensues is similar 

to that of the Z mutation, though this is controversial (95).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4. The location of the regions important for polymerisation of α1AT. Structure 
of native α1AT with the position of the Z (E342K) mutation marked as a black sphere at the 
base of the RCL (grey). The interacting residues K290 and T203 are shown as sticks. 
Regions of the molecule critical for regulating loop insertion and protease inhibition reaction 
are highlighted, including breach, gate and shutter regions. In the latter region, the histidine 
residue important for hydrogen bonding is highlighted.  
 

1.2 Polymerisation in vitro 
 

In vitro, polymerisation (induced through elevated temperature or chemical 

chaotropic agents) occurs as a two-step process, involving unimolecular activation 

to a polymerisation prone intermediate, M* whose structure is thought to be akin to 

the conformational changes induced by the Z mutation, followed by bimolecular 
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association. The process is summarised in Figure 1.5. In experiments using 

concentrations approximately mimicking those in circulation but not in cells, the 

unimolecular, concentration-independent formation of M* were found to occur more 

than 10 fold faster (fast phase, 6.0±0.13 x 10-4 s-1) than the concentration-

dependent association of monomeric protein to form high molecular weight 

polymers (slow phase, 3.65±0.20 x 10-5 s-1) as determined from changes in 

tryptophan fluorescence, CD, fluorescence polarisation and ANSA fluorescence (89, 

96). From the primed M* conformation, off-pathway products such as the latent 

conformer can also result (63). 

The polymerisation ‘intermediate’ described here refers to a generally indirectly 

observed conformation or ensemble of states that are formed along a pathway to 

polymerisation. It has been suggested that the structural features present in the 

intermediate formed during unfolding studies reflect characteristics of this 

intermediate, although there is conflicting data on this (71, 97, 98). So far, this has 

been described in the literature as a monomeric species that is primed with donor 

and acceptor sites to allow continued association of subunits, likely initiating from a 

dimer (31, 99, 100). However, as this species is unlikely to populate a low free 

energy state, it is challenging, if not impossible to characterise at the molecular level 

and requires specific techniques that are able to discriminate between molecular 

states, including NMR and conformation-selective molecules such as antibodies, to 

progress towards this goal (discussed in more detail later in this chapter). 

Depending on the method used to induce polymerisation, the properties of final 

polymer conformers differ, in that an antibody raised against in vivo polymers 

recognises polymers formed in vitro upon heat treatment only and not those formed 

by denaturant. Additionally, the polymerisation intermediates (M*) formed by the two 

methods are different, with the temperature induced intermediate remaining 

compact while that of the denaturant induced species is molten globule-like (71, 76, 

98). In contrast, polymers formed using low pH (pH<5) polymerise through a three-

state mechanism (101). Other methods of inducing polymerisation include using 

proteases to cleave the RCL outside of the regions associated with the inhibitory 

transition and incubation with chaotropic agents such as citrate (101, 102).  
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Figure 1.5 - Schematic representation of α1AT polymerisation pathway – The native 
metastable monomeric state (M) is converted to a polymerogenic intermediate (M*). k1 

represents the rate of this conversion step. The polymerogenic intermediate M* can then 
associate with another M* to form polymers (P). k2 denotes the rate of the bi-molecular 
association reaction. An off-pathway transformation leads to the formation of the inactive 
latent conformer (L) from the polymerogenic intermediate. k3 represents the rate of this 
conversion. Figure adapted from (89). 
 

 

1.3 Epidemiology of α1AT deficiency 
 

α1AT deficiency was first described by Laurell and Eriksson and was identified from 

the absence of the α1 band in serum protein electrophoresis (103). The most 

common clinically relevant variant associated with plasma α1AT deficiency is the Z 

mutation (E342K). Across Europe and North America, approximately 1 in 2000 

individuals are homozygous (PI*ZZ) for the mutation, while 4% are heterozygous 

(PI*MZ) (Figure 1.6) (104). The Z mutation is associated with plasma α1AT levels of 

10-15% of WT, with the remainder of the material that is synthesised being 

degraded or accumulating as polymers (31). The S variant (E264V) is also common 

in Europe, where 1% are homozygous (PI*SS) and approximately 28% are 

heterozygous (PI*MS) (105). The S variant is associated with plasma levels of 60% 

of the WT M allele and thus presents with fewer clinical cases than the Z variant. 

Other deficiency alleles include the I variant (R39C) found in Europe (106), Mmalton 

(ΔPhe52) found in Sardinia and Siiyama (Ser53Phe) found in Japan (73, 94) (see 

Table 1.2).  
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Figure 1.6 – Distribution of Pi*ZZ frequencies in Europe (x1,000). IDW represents 
inverse distance weight. Figure reproduced from (107) 
 

1.4 Models of serpin polymerisation 
 

Given the differences in the features of the polymers formed, it is possible that 

different polymer conformations exist within the body and each may be formed by a 

different mechanism. Numerous models of serpin polymerisation have been 

proposed over several decades, although three models are currently considered the 

most likely, with each supported by X-ray crystallographic or biochemical data. 

While all three models are described by the different elements involved in the 

intermolecular interaction, common to all is expansion of β-sheet A and insertion of 

the RCL to form the fully antiparallel, 6 stranded form.  
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Figure 1.7 - Models of α1AT polymerisation. A) Loop-sheet A model (31) proposes that 
the RCL of one monomer inserts into the β-sheet A of another to form the 4th strand in a 6 
stranded β-sheet A and is based on PDB ID 1QLP. B) The β-hairpin model is based on PDB 
ID 2ZNH (108). C) C-terminal domain swap is based on PDB ID 1D5S (97). D) The strand 
7A model is based on PDB ID 1B3K (118). For all models, stranded β-sheet A is in red, β-
sheet B is in pink and β-sheet C is in yellow. 
 

1.4.1 Loop-sheet mechanism 
 

The loop-sheet mechanism is the oldest of the 3 models currently considered 

plausible. This mechanism is based on the observation that in vitro, Z α1AT isolated 

from the plasma undergoes polymerisation at 37°C while M α1AT does not, and that 

this behaviour can be prevented by pre-incubation with a peptide mimicking the 

RCL of the protein (31). The destabilisation of the breach region by the Z mutation 

is hypothesised to allow partial RCL insertion, perturbing the bottom half of β-sheet 

A sufficiently that the RCL of a nearby α1AT molecule can insert (Figure 1.7A) 

(109). While this method is the only one of the three to lack X-ray structural 

evidence, a structure of a related serpin, antichymotrypsin has been crystallised as 

a stable, partially inserted conformation as predicted by the loop-sheet mechanism 

of polymerisation (110). The caveat here is that the length of the RCL of 

A B

C

D



	 34	

antichymotrypsin would more readily permit partial loop insertion than that of α1AT. 

However, in this structure, the position where the RCL of another molecule of α1AT 

would be expected as the ‘donor’ was occupied by a partially unwound F-helix.  

 

In the absence of direct structural evidence, a series of biochemical experiments 

support the loop-sheet hypothesis, including the ability of longer RCL peptides to 

block polymerisation (31, 88, 111). Shorter peptides binding at the top of β-sheet A 

were able to promote the formation of polymers, supporting the idea that partial 

insertion of the RCL induces intermolecular association. An inability of subunits 

within the polymer to interact with a target protease is consistent with the P1 residue 

of the RCL being buried within the β-sheet A of another molecule. The non-covalent 

linkage of polymers formed through this mechanism is consistent with the 

observation that preformed polymers in vitro can be dissociated by SDS, but remain 

stable in urea denaturants (46, 93).  

 

The main criticism of this mechanism comes from studies involving mutating the P8-

P6 residues of the RCL. With these residues intimately involved in the domain swap 

between polymer subunits, mutation to charged aspartic acid residues would be 

predicted to block polymerisation through clashes with the conserved polar amino 

acids within the shutter region. This was not observed during both in vitro 

polymerisation or in a COS-7 cell model of polymerisation with Z α1AT and Siiyama 

mutants, and was thus used to support two alternative mechanisms described by 

Yamasaki et al (97, 108). 

 

1.4.2 β-hairpin mechanism 
 

The first of these mechanisms by Yamasaki et al is referred to as the β-hairpin 

domain swap mechanism of polymerisation (108). Based on a self-terminating X-ray 

crystal structure of a dimer of antithrombin, polymerisation is proposed to occur 

through a large intermolecular swap of strands 4 (the RCL) and 5 of β-sheet A from 

one molecule into the equivalent position in another protein, with release of strand 1 

of β-sheet C (Figure 1.7B). The domain swap involves 51 residues in a hairpin 

arrangement, and produces a ‘fully-inserted’ RCL with an expanded β-sheet A that 

satisfies the hyperstability of the polymeric form. Given the arrangement of the 

molecules within the dimer (head-to-tail and back-to-back), this would produce 

short, self-terminating polymers. In order to form the linear ‘beads-on-a-string’ 
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morphology of polymers characteristic in disease, the authors proposed that helix I 

can form a fully unwound conformation. Support for this came from the ability of 

residues within and close to helix I to undergo proteolysis by AspN as well as 

sulfhydryl modifications in the linearised, polymeric form, that display significant 

protection in the monomer. Additionally, disulphide bonds introduced between 

strands 5 and 6 of β-sheet A were able to block polymerisation in both antithrombin 

and α1AT (108).  

 

One of the main features of α1AT polymers is the lack of upregulation of the 

unfolded protein response (UPR), suggesting that the polymers must be sufficiently 

well folded to avoid triggering this mechanisms (79, 112, 113). It has been argued 

that the significant portion of unfolded β-strands in the tail that is formed during the 

β-hairpin linkage would initiate the UPR, although experimental conformation of this 

is lacking. Moreover, while polymers proposed to be in the β-hairpin conformation 

were susceptible to limited proteolysis by AspN, the same was not observed for 

samples of the pathological polymer. This suggests that the β-hairpin linkage may 

be a consequence of in vitro polymerisation in the presence of chemical 

denaturants. It is the least likely of the currently proposed models of the in vivo 

polymer.  

 

1.4.3 C-terminal mechanism  
 

In 2011, Yamasaki et al revised their proposed polymer model, and published the 

C-terminal mechanism of polymerisation based on an X-ray crystal structure of a 

trimeric form of α1AT (97). This structure involved a full domain swap of the 

structural elements C-terminal to the RCL. To prevent the formation of polymers 

seen in their earlier study – which they had proposed were in the β-hairpin 

conformation - engineered disulphide bonds were introduced between residues 292 

and 339 and the top of strand 6 and 5 of β-sheet A respectively. Polymerisation was 

induced through elevated temperature and the resulting timer in the asymmetric unit 

involved an intermolecular domain swap of 34 residues from strand 1 of β-sheet C 

and strands 4 and 5 of β-sheet B (Figure 1.7C). Although the crystal was of a self-

terminating trimer, presumably due to the stability of this species, molecular 

modelling of a linear chain based on the linkage showed that this model could 

produce the characteristic beads-on-a-string morphology seen using electron 

microscopy.  
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The main support for this mechanism of polymerisation comes from the recognition 

of polymers by the monoclonal antibody 2C1, which recognises an epitope on 

pathological polymers (97, 114). To confirm the role of the C-terminus in 

polymerisation, the authors included additional disulphide bonds to restrain the C-

terminal region. While polymerisation could still occur, the resulting polymers were 

no longer 2C1 positive (97).  

 

So far, the majority of polymers from pathological material have been observed as 

linear species, although a minority do exist with a circular structure and a low 

number of subunits (74). Small angle X-ray scattering (SAXS) experiments using 

polymers of Z α1AT isolated from yeast cytosol identified predominantly circular 

trimeric and tetrameric species with a structure akin to that of the X-ray crystal 

trimer identified in the C-terminal model. While subtle differences in the compaction 

and overall shape of the trimers existed, this is likely reflected by differences in 

crystal packing within the crystal lattice compared to mobility in solution with SAXS 

experiments (115).  

 

Similar to all the previous models, C-terminal polymers have an expanded β-sheet 

A as well an exposed β-sheet B and C strands creating molecules with both donor 

and acceptor ends that would allow for polymerisation elongation. Indeed in this 

form, the model also fits well with recent evidence of the structure of the folding 

intermediate in which strand 5 of β-sheet A is the last to form (71). As the Z 

mutation induces a folding delay predicted to increase the concentration of the 

folding/polymerisation intermediate (87), the β-sheet A element is completed by 

aberrant insertion of strands 4 and 5 of β-sheet B in the C-terminal swapping 

mechanism. With all data considered, the C-terminal mechanism is currently well 

supported as the intermolecular linkage of the in vivo polymer.  

 

1.4.5 RCL-to-lateral strand of β-sheet A (s7A) edge-to-edge polymers 
 

The RCL-to-lateral strand of β-sheet A (s7A) edge-to-edge polymer model was 

observed in a crystal structure of PAI-1 (Figure 1.7D) (116). PAI-1 spontaneously 

transitions to the latent conformation more readily than other serpins (117). A 

quadruple mutant was prepared to stabilise PAI-1 in the active conformation. In the 

unit cell of the x-ray crystal structure, four independent conformations were present, 

of which two had a disordered RCL due to a lack of crystal contacts. In the two 
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other conformations, the loop is restrained at the C-terminal portion in an extended 

conformation and interacted with a neighbouring molecule in the unit cell by adding 

a β-strand (S7A) to the edge of β-sheet A. 

 

The dimers formed by the S7A mechanism were dissolved to produce active PAI-1, 

indicative that this interaction was reversible, unlike pathological polymers that are 

hyperstable. Indeed, the S7A interaction was observed in the crystal structure of a 

mutant variant of the serpin MENT, that is involved in chromatin condensation. 

However, this linkage was only formed when polymers were induced under mild 

conditions; at higher temperatures, a non-reversible linkage was observed, more 

similar to the pathological polymer (118). 

1.4.6 Other models of polymerisation 
 

Other models of polymerisation include RCL/strand 1 of β-sheet C complementation 

observed in a dimeric structure of antithrombin that was stabilised through heparin 

cross-linking interactions (119). This mechanism involved one molecule in the latent 

conformation and another in the loop exposed active conformation. Residues P3-P7 

of the RCL in the active conformer were able to replace the residues of strand 1C 

that peel away during the latency transition. This model of polymerisation was 

observed in the crystal structure of a variant of a bacterial serpin, Tengpin (120). 

Additionally, it is thought that the endogenous cysteine residue found in α1AT at 

position 232 may be involved in aberrant aggregation. Indeed, the solvent exposed 

nature of this cysteine is unusual for proteins within the oxidising environment of the 

ER lumen (121). However, analysis of plasma derived α1AT has found this position 

may be covalently linked to free cysteine through a disulphide bridge (122), thus 

reducing its exposure. Nevertheless, in vivo studies in hepatocyte-like HEPA-1 cells 

have found that disulphide bonding contributes to the retention of the Z variant and 

improved secretion was observed by mutating cysteine to a similar residue 

incapable of forming disulphide bonds. In addition, naturally occurring 

polymerogenic variants that introduce additional disulphide bonds including the I 

variant (R39C), the Brixia variant (F35C) and the F variant (R223C) show a range of 

oligomer linkages that involve disulphide bonding (73, 123, 124).  

 

1.5 Polymerisation in vivo, related diseases and the serpinopathies 
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In vivo, α1AT polymers accumulate within the ER of hepatocytes and precipitate as 

insoluble, periodic acid-Schiff (PAS)-positive, diastase resistant inclusions (125). 

The Z variant (E342K) is responsible for the majority of polymer accumulation in 

patients with α1AT deficiency. Of the Z protein that is synthesised, approximately 

70% is degraded through the endoplasmic reticulum associated degradation 

(ERAD) mechanism (113). Around 15% of the remaining fraction is correctly folded 

and completes transit through the Golgi apparatus and secretory pathway where it 

is secreted to the plasma. In the plasma it functions as an efficient inhibitor of NE, 

though its inhibitory capacity is reduced with respect to the WT protein (92). The 

final ~15% misfolds and associates to form polymers (31). Isolating polymeric 

material from inclusions in liver tissue reveals a characteristic linear, beads-on-a-

string morphology when visualised by EM (Figure 1.8). Of note, these polymers 

typically display immature glycosylation patterns with respect to the WT secreted 

protein due to the polymerisation process occurring post glycan addition but prior to 

glycan maturation and trimming (126).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8 – Pathological α1AT polymers. Sonicated α1AT polymers isolated from (PAS)-
positive inclusion bodies from a homozygous Z α1AT individual, visualised by negative stain 
electron microscopy, provided by Emma Elliston.  
 

Over prolonged periods, accumulation of polymers is associated with liver cirrhosis, 

with around 50 % of adults with α1AT deficiency presenting with symptoms of 

cirrhosis and hepatocellular carcinoma (127, 128). Indeed, liver cirrhosis is the most 

common cause of death in individuals with the PI*ZZ genotype who do not smoke 
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(129). In severe cases, polymerisation can also lead to hepatocellular carcinoma in 

addition to mitochondrial injury (128, 130). While the exact mechanism through 

which polymers induce liver disease is not known, their accumulation is considered 

to be toxic, supported by the finding that individuals that express a truncated α1AT 

variant that is rapidly degraded (PI*nullHong Kong) and therefore do not have polymers 

do not suffer with the associated liver diseases (79). Polymer accumulation can 

start in utero, with 1/10 PI*ZZ infants being born with cholestatic jaundice, though 

this normally resolves with age (131).  

 

Much heterogeneity exists in the accumulation of polymers found in the livers of 

PI*ZZ patients, which is thought to be linked to environmental or genetic differences 

(132). However, this may also be related to the sensitivity of polymerisation to 

temperature and concentration, in line with the acute phase response of α1AT (31). 

For example, PI*ZZ individuals that are more prone to infection or inflammation 

might be expected to develop more polymers due to elevated temperatures and 

increased synthesis of α1AT.  

 

Despite cell models of disease showing reduced protein diffusion in the ER due to 

increased viscosity (79), an interesting observation is that polymer accumulation 

does not initiate the unfolded protein response (UPR) that occurs when partially 

unfolded proteins accumulate within the ER lumen. This suggests that polymers 

have a folded structure without significant exposure of flexible hydrophobic regions 

(133). In order for the hepatocytes to cope with this load, other degradation 

mechanisms have been identified including autophagy (134).  

 

Sequestration of α1AT into inclusions within the ER generates an imbalance 

between the level of α1AT in the circulation (anti-protease) and that of its target, NE 

(protease). According to the protease/anti-protease hypothesis, the low levels of 

α1AT allow for unregulated destruction of elastin tissues of the lung by NE (135). 

Prolonged destruction leads to a reduced surface area of the lung tissue and poor 

elastic recoil causing chronic obstructive pulmonary disease (COPD) and 

emphysema, with α1AT deficiency accounting for up to 3 % of all identified cases of 

COPD (21).  

 

While polymers are mainly found at the site of synthesis in the liver, alveolar 

macrophages and monocytes also produce small amounts of α1AT that can form 

polymers (16). In vivo studies in transgenic mice found that these polymers were 



	 40	

chemotactic for NE, exacerbating this destruction of lung tissue (136) and negating 

the anti-inflammatory effect of the native, monomeric conformation of α1AT (137). If 

individuals with the α1AT deficiency are also smokers then the median life 

expectancy can be as low as 40 years; studies have suggested that cigarette 

smoke is able to oxidise the methionine residues in the P1 position of the RCL of 

α1AT rendering it ineffective as an inhibitor of NE (138, 139). The pro-inflammatory 

effects of α1AT polymers (140) may explain the association of α1AT deficiency with 

diseases such as panniculitis and the ANCA-associated vasculitis granulomatous 

with polyangiitis (GPA) (141).  

 

The mechanism of disease described above for α1AT shares similarities with other 

members of the serpin superfamily, which are collectively referred to as a group of 

conformational diseases termed the serpinopathies (142). The common structure of 

the serpins and method of protease inhibition, means that they can be induced to 

accumulate as toxic ‘gain of function’ species at the site of synthesis by pathogenic 

mutations, subsequently leading to a ‘loss of function’ of the protective inhibitory 

activity in interstitial fluids. In addition to α1AT deficiency, other examples of 

disease-associated serpinopathies include angioedema (from a deficiency in C1 

inhibitor), COPD (α1-antichymotrypsin deficiency), thrombosis (from a deficiency in 

antithrombin) and the dementia familial encephalopathy with neuroserpin inclusion 

bodies (FENIB) that occurs from accumulation of the neurone-specific serpin-

neuroserpin (Table 1.1) (133). Neuroserpin polymerises to form inclusions referred 

to as Collins bodies (143, 144). This accumulation causes destruction of brain 

tissue and dementia. The accumulation of neuroserpin in inclusions is directly 

related to the rate at which the neuroserpin mutant forms polymers. The most 

severe naturally occurring variant identified to date, G392E, involves a highly 

conserved residue located in the shutter region. It causes multiple large inclusions 

within neurones leading to death in patients as young as 20 years old (145).  

 

1.6 The selective advantage of the Z variant of α1AT 
 

Given the disease-causing nature of the Z allele, the high prevalence in northern 

Europe is surprising (146). It is thought the Z allele may have conferred a protective 

advantage to carriers in the era prior to antibiotics when many people died of 

infectious diseases such as pneumonia. 
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α1AT synthesis increases during periods of infection by invading pathogens. The 

protein will accumulate at sites of inflammation, where the high protein 

concentration and elevated temperatures are optimal for polymerisation. α1AT 

polymers are chemotactic for neutrophils, and thus will enhance neutrophil 

recruitment to expedite the clearance of infections (136). It is proposed that 

overtime however, as healthcare has improved, this evolutionary mechanism has 

become redundant. The widespread adoption of smoking means that the 

heightened inflammatory response in the lung results in tissue destruction and 

disease (146).  

 

1.7 Strategies to reduce polymerisation 
 

Currently, the only treatment for severe, end stage liver cirrhosis that is associated 

with α1AT polymerisation is liver transplantation, with α1AT deficient patients 

accounting for approximately 1% and 3% of transplants for adult and paediatric 

cases respectively (147). The transplanted liver maintains synthesis of α1AT at a 

rate consistent with that of its donor (148), and thus, for patients also suffering with 

the associated pulmonary diseases, this can help to slow disease progression. In 

the UK, pulmonary disease is managed through the use of inhalers and steroids, 

and antibiotics in cases of severe exacerbation. Only when excessive lung 

degradation has occurred, such as in cases of end-stage emphysema, are patients 

considered for lung transplantation. α1AT deficient patients accounted for 

approximately 3.2 % of lung transplants in 2009 according to the International 

Society for Heart and Lung Transplant Registry. The association of lung disease 

with unregulated proteolytic activity has led to the development of augmentation 

therapy in the USA, in which exogenous α1AT purified from the plasma of WT 

individuals is given to α1AT deficient patients through intravenous injections with a 

dosing regime of 60 mg/kg weekly. Such a level is thought to maintain the protective 

protease/antiprotease balance (149). Several therapeutic preparations are available 

in the USA, however the cost/benefit of augmentation therapy is controversial and 

currently under review in the UK by NICE.  

 

The lack of treatment for polymerisation in vivo has generated a lot of interest, 

producing several several novel strategies for the treatment of α1AT deficiency. 

However none so far has progressed to clinical practice.  
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1.7.1 Reactive centre loop peptide mimetics  
 

Several in vitro studies have shown the ability of peptides that mimic the sequence 

of the RCL of α1AT to incorporate into β-sheet A as a central 4th strand. Doing so 

blocks the ability of α1AT to undergo the RCL insertion that is associated with the 

formation of polymers (88, 111).  

 

A number of studies have used rational design efforts to synthesise peptides, 

typically between 4 and 6 amino acids in length but including longer peptides that fill 

all of the s4A (including Ac-FLEAIG-OH (88), Ac-FLAA-NH2 (150), Ac-TTAI-NH2 

(151) and Ac-SEAAASTAVVI-NH2 - homologous to the RCL of antithrombin (152)). 

These peptides block polymerisation in cell models of disease. A concomitant 

increase in the secretion of Z α1AT was observed that was capable of forming an 

inhibitory complex with NE. Ac-TTAI-NH2 is the most effective of the peptides 

identified, displaying selectivity for Z α1AT over M α1AT when compared to other, 

longer peptides. As well as a reduced polymer load and improved secretion of Z 

α1AT, synthetic peptides ameliorated the stress responses typically associated with 

the increased polymer burden, including calcium dependent NF-κB, IL-6 and IL-8 

responses (152).  

 

However, the main drawbacks of this method is that while peptide incorporation 

efficiently blocks polymerisation, it also entirely impedes the ability of the serpins to 

inhibit their cognate proteases due to an inability of the RCL to insert into β-sheet A. 

Additionally, peptides are unlikely to be a suitable therapeutic strategy as targeting 

them to the major site of α1AT polymerisation in the liver ER is a major challenge, 

and once inside the body, they would likely be rapidly degraded by the many 

proteases within the plasma.  

 

Mass spec analysis of Ac-TTAI-NH2 bound to α1AT revealed two copies of the 

peptide can bind in a cooperative manner while X-ray crystal data of α1AT in 

complex with Ac-TTAI-NH2 has revealed the molecular contacts the peptide makes 

with strands in β-sheet A. This may prove useful for the development of small 

molecule inhibitors of polymerisation (153). 
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1.7.2 Small molecules  
 

Small molecules offer the most hope for stabilisation of α1AT against polymerisation 

due to the ability to select for desirable characteristics, including ease of 

administration and ability of some compounds to access targets within the 

membrane-bound structures of the cell. The main study that identified compounds 

that bind to allosteric sites on α1AT revealed the ‘Covent Garden’ series (154). 

These compounds bound in a solvent accessible cavity that is found lateral to 

strand 1 of β-sheet A in the native conformation. This cavity was identified by a 

comparison of the native or latent (RCL inserted) structures, as well as in a study 

that investigated the distribution of bulky residues in ovalbumin, a serpin with 

elevated stability compared to other serpin members. The cavity disappears upon 

expansion of β-sheet A during RCL insertion, while conversely, substitution of 

residues within this cavity to bulky amino acids such as phenylalanine at position 

117 or 114 stabilised against β-sheet A expansion, preventing polymerisation and 

increasing the secretion of monomeric Z α1AT from Xenopus oocytes and cell 

models of polymerisation (154–156). Partially occupying this site with ligands 

allowed for a reduction in polymerisation, without complete loss of the serpin 

inhibitory activity (91). Thus small molecules offer scope to resolve both the liver 

and pulmonary diseases associated with α1AT deficiency. The ‘Covent Garden 

(CG)’ compounds were identified from a library of 1.2 million drug-like compounds 

using in silico automated screening. Out of 68 compounds identified, 4 had 

polymerisation blocking activity in vitro with only one, CG, showing complete 

inhibition of polymerisation. Recently, two new studies have reported compounds 

that bind to alternative locations including S-(4-nitrobenzyl)-6-thioguanosine binding 

in the region of strand 4 of β-sheet A (157) and 4-phenylbutyrate (PBA) thought to 

bind in the breach region at the top of β-sheet A (84). PBA is an FDA-approved drug 

used in the treatment of urea cycle disorders and has shown improved secretion of 

Z α1AT from cell and animal models of disease (158). However human clinical trials 

of this agent in individuals with α1AT deficiency have not been successful (159). 

 

1.7.3 Other methods for the treatment of α1AT deficiency 
 

A number of other treatment strategies have been investigated including gene 

therapy and short hairpin (sh)RNA. Treatment with shRNA resulted in a 95% 

reduction in protein expression of Z α1AT, and in conjunction with administration of 

an AAV6 vector encoding M α1AT, resulted in improved liver pathology and higher 



	 44	

circulating levels of α1AT than in untreated mice (160, 161). The histone 

deacetylase (HDAC) inhibitor, suberoylanilide hydroxamicacid (SAHA) has been 

used to modulate a calnexin sensitive proteostasis pathway to improve the 

secretion of Z α1AT (162). A very different approach involves the use of antibodies 

as ‘biologic’ therapies for the treatment of α1AT deficiency. Antibodies have been 

developed that recognise specific conformations of α1AT and indeed recently, an 

antibody mAb4B12 has been shown to block the polymerisation of α1AT in vitro and 

in a cell model of disease (163). Given that the primary site of polymer formation is 

within the ER of hepatocytes (31), the use of antibody-based molecules to treat 

α1AT deficiency is unlikely. However, they have great potential to act as molecular 

tools to study the polymerisation mechanism and identify regions of the protein that 

may be targeted by more suitable therapeutic strategies. 

 

1.8 Monoclonal antibodies as molecular tools to probe α1AT structure 
and dynamics  
 

Given that many proteins lack a specific hydrophobic pocket suitable for small 

molecule binding, a recent approach has been to use target-specific monoclonal 

antibodies and intracellular antibody fragments to block protein-protein interactions 

(PPIs) such as that of polymerisation (164). In addition to therapeutic effects, these 

antibodies can be used to provide structural and mechanistic information or identify 

potential binding sites for new small molecules (165). A number of antibodies have 

been raised against specific conformations of α1AT that have been fundamental in 

understanding the structure, function and pathophysiology.  

 

The polymer-specific antibody, mAb2C1 has been extensively used in the majority of 

recently published studies investigating the polymerisation of α1AT (166). The 

ability of mAb2C1 to selectively bind the polymeric form of material isolated from 

livers and cell models of disease or those produced in vitro by heat, but discriminate 

against those produced in vitro by other methods, is now used as a benchmark to 

assess the translation of polymerisation mechanisms to those observed in vivo. The 

lack of recognition of the monomeric conformations of α1AT, including native, latent, 

RCL cleaved and monomer in complex with bovine α-chymotrypsin suggests that 

the epitope lies in a region that is structurally distinct within the polymer. In addition 

to polymers formed from WT and Z α1AT, mAb2C1 recognises polymers of other 

mutant variants including Siiyama (S53P) (74), Brescia (G225R) (77), Mpisa (K259I) 

(78), and S (E264V) (72) and King’s (H334D) (167), despite these mutants being 
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located in different regions to that of the Z mutation. This suggests that these 

polymers share a common structure with the same epitope. While the binding 

epitope of mAb2C1 has not yet been unequivocally determined, mutation of residue 

117 in strand 2 of β-sheet A to a bulky phenylalanine blocks the binding of mAb2C1 

(91). The mutation disrupts native interactions with the F helix at this position, due 

to packing of aromatic side chains. This substitution causes a shift in the F helix, 

which in the monomeric form involves a downward shift of half a turn as determined 

by an X-ray crystal structure of this variant (91). Given the critical role of the F helix 

remodelling during protease inhibition and polymerisation (52), it is possible that this 

mutation disrupts the polymer form and thus the interaction with mAb2C1, indicative 

of the binding epitope being within this region. Another conformation specific 

monoclonal antibody is mAb1C12. mAb1C12 recognises the loop inserted latent 

conformation of α1AT. While α1AT does not readily form the latent conformation, 

this species has been identified in patients receiving α1AT augmentation therapy 

and is thought to be the result of procedures used to manufacture the therapeutic 

product: specifically, pasteurisation at high temperature in the presence of 

stabilising compounds such as citrate to reduce contaminating viral titre (60, 168). 

 

As well as antibodies that recognise specific ‘endpoint’ conformations of α1AT, 

antibodies have been identified that on binding, manipulate the behaviour of the 

molecule, particularly in relation to polymerisation activity. mAb5E3 was identified in a 

hybridoma screen against monomeric Z α1AT (169). By binding to a cryptic epitope 

(one that is not present in the native state conformation but is revealed upon 

transition to the polymerisation intermediate) with elevated temperatures or in the 

presence of denaturants, mAb5E3 increased the rate of polymerisation of Z α1AT 

four-fold over a period of 45 hours at 45°C with respect to samples in its absence 

(169). As mAb5E3 shows poor recognition of the native state of the protein, it is 

thought to bind and stabilise the polymerisation intermediate, increasing the 

population of this state and thereby favouring polymerisation. Given that mAb5E3 did 

not significantly increase the stability of the monomeric state, nor did it alter the 

energetic barrier to polymerisation, mAb5E3 binding was thought to induce ‘Z-like’ 

behaviour in WT protein. Indeed, the Z mutation does not significantly alter the 

thermodynamic stability of the protein, with only ca. 1°C difference compared to WT, 

but substantially lowers the kinetic stability, allowing population of a polymerisation 

prone intermediate (M*) more readily, as identified by a change in solution 

behaviour between WT and Z variants using tryptophan fluorescence (90, 170). 

Therefore, mAb5E3 can be used as a tool to probe these transient intermediate 
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states and provide information on the kinetics and dynamics of the polymerisation 

process.  

 

Another antibody, mAb4B12 was identified in the same hybridoma screen that is 

capable of blocking the polymerisation of α1AT in vitro while maintaining its 

inhibitory activity against NE, with only a slight increase in the stoichiometry of 

inhibition (SI) of Z α1AT (from 1.7 ± 0.1 to 2.6 ± 0.2) (163). In vivo, a single chain-

variable fragment, ScFv, targeted to the ER of a COS-7 mammalian cell model of 

disease using a KDEL-ER-retention sequence was able to reduce polymerisation by 

up to 60% and increase the secretion of Z α1AT into the cell media compared to 

controls (163). Unlike the other antibodies discussed above, mAb4B12 does not 

discriminate between the various conformations of α1AT, binding with a similar 

affinity to native, cleaved, latent and polymeric states. The presence of the 

discontinuous epitope across all conformations, as determined by loss of interaction 

upon treatment with SDS suggests that the mechanism of polymerisation regulating 

activity is likely to be through modulation of monomer dynamics. The binding 

epitope and mechanism of polymer blocking activity is characterised in detail in 

Chapter 4 of this thesis.  

 

Together the action of these antibodies and the allosteric binding of small molecule 

ligands such as CG, and cofactors such as vitronectin in the case of PAI-1, suggest 

an important role of understanding conformational dynamics in the function and 

dysfunction of the serpins.  

 

1.9 Importance of dynamics 
 

The major dynamics within α1AT relate to the conformational transitions that occur 

during protease inhibition and polymerisation. X-ray crystal structures have provided 

the majority of structural evidence that describes these conformational transitions, 

as snap-shots of the metastable native state before loop insertion occurs, and the 

loop inserted, hyperstable form with a 6 stranded β-sheet A post transition (171). 

These large conformational transitions involving angstrom-scale conformational 

change often occur over timescales between milliseconds (ms) in relation to 

protease translocation upon RCL cleavage and up to hours in terms of 

polymerisation. Reaching end-point conformations that are sufficiently populated to 

allow an X-ray crystal structure to be obtained likely involves passage through 
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several conformational ensembles described in NMR parlance as ‘intermediates’. 

These intermediates can be populated from the native state as the metastable 

conformation samples the free energy landscape through natural dynamic motions 

that occur on a timescale of femtoseconds (fs) to nanoseconds (ns) (sub-angstrom). 

The equilibrium and time-averaged nature of most spectroscopic techniques 

including fluorescence and circular dicrohism (CD), as well as X-ray crystallography, 

do not allow these intermediates to be characterised. The crystallographic evidence 

for the linkage between subunits within the polymer has led to conflicting ideas of 

the pathogenic form in vivo, and structural knowledge of intermediates that exist 

prior to reaching this state could help define the linkage and provide essential 

information for therapeutic strategies (31, 97, 108). Techniques that enable 

intermediate conformations to be investigated include mass spectrometry (MS), 

solution state nuclear magnetic resonance (NMR) and molecular dynamics 

simulations (MD).  

 

1.9.1 Mass spectrometric studies of the dynamics of native α1AT 
 

The dynamics of α1AT during folding, unfolding, protease inhibition and of the 

native state have been characterised using native ion mobility (IM)-MS (76), 

hydrogen-deuterium exchange (HDX)-MS (71) and MS coupled with oxidative 

labelling (172). In particular, these studies have been instrumental in characterising 

intermediates during folding and providing answers to the question of how the 

serpins can fold to the metastable conformation. Oxidative labelling coupled with 

MS supports the role of early hydrophobic collapse (sequestration of the 

hydrophobic non-polar amino acid side chains of the protein core from the 

surrounding solvent) as playing a key role in driving the folding of the native state to 

a metastable conformation. In particular, structural elements helix B and C were 

reported to fold to their native-like structure within 7 seconds of refolding, forming a 

scaffold upon which strands 2, 3 and 5 of β-sheet A can form (172). This is in 

contrast to data generated using (HDX)-MS which predicts it is in fact the late 

folding and formation of strands within β-sheet A, in particular strand 5, that 

prevents the folding to a RCL-inserted conformation, due to absence of the 

structural element where the RCL would insert (71). Nevertheless, both studies 

report the critical role of hydrogen-bond formation within the β-barrel formed by β-

sheets B and C in anchoring the proximal end of the RCL within 2 minutes of 

folding, that occurs after hydrophobic collapse of β-sheet A, to prevent RCL 
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insertion during folding and once the native state is achieved. In an another 

complementary study, hydroxyl free radical footprinting MS reported regions of high 

side chain mobility within the native metastable protein that had been shown to be 

rigid in structure according to (HDX)-MS and X-ray crystallography (173). These 

regions included strand 4 of β-sheet C, the loop between helix I and strand 5 of β-

sheet A as well as strands 3, 4 and 5 of β-sheet B, the latter of which occur in the 

breach and shutter regions strongly implicated in polymerisation. The dynamics are 

attributed to the side chain over-packing and cavities that exist within the native 

state structure that allow transient exposure to solvent and thus may be linked to 

the formation of aberrant intermediate conformations (30).  

 

More recently, MS has been used to characterise mutant variants of α1AT that are 

prone to polymerisation, including the Z variant and the Queen’s variant (K154N). 

K154N was identified as a naturally occurring mutation in a compound heterozygote 

with Z α1AT, and caused a reduction in plasma α1AT levels to between 17 – 40 % 

of the WT level. The polymerisation prone nature of K154N was attributed to 

enhanced population of the polymerisation intermediate, M*, as determined by CD 

during thermal and denaturant induced unfolding. Using IM-MS, at elevated 

physiological temperature (39°C), K154N reported a 7.8% increased collision cross-

section (CCS) area, compared to native WT protein which the authors claim is 

consistent with 40% population of the intermediate state at physiological 

temperatures (76).  

 

The polymerisation of Z α1AT is proposed to occur through a similar route, 

increasing the population of an intermediate conformation. So far however, this has 

only been observed by equilibrium-averaged techniques that report altered solution 

state conformations. Using M and Z α1AT prepared from Pichia pastoris, the native 

state dynamics of each variant was analysed using HDX-MS monitoring deuterium 

between 10 and 2000 seconds after initiation of isotope exchange (174). 

Interestingly a large proportion of the structure was unperturbed by the Z mutation, 

with similar isotope incorporation rates observed between M and Z α1AT in regions 

including the C-terminal region of the F helix and much of β-sheet B. However, 

several fragments were identified in Z α1AT that showed reduced protection to 

isotope exchange including helix A, helix I, the N-terminal half of helix F as well as 

strand 2 and 5 of β-sheet A. However, when this exchange is considered over a 

longer timescale (2000 seconds), increased dynamics and deuterium uptake in Z 
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α1AT extends to include much of β-sheet A, helix D and the main regions involved 

in the breach region at the site of the Z mutation.  

 

1.9.2 NMR studies  
 

The ability of NMR to characterise the structure and dynamics of a protein in a non-

perturbing manner at near-atomic resolution makes it an ideal approach to study the 

intrinsically dynamic family of the serpins. The first example of this was the 

application of 1H 1D NMR to study the related serpin, antithrombin III (175). Using 

non-isotopically labelled material purified from plasma of a variety of mammalian 

sources, changes in peak chemical shifts and intensity were used to probe 

interactions with heparin of increasing molecular weights and found that binding 

heparin fragments of 8, 10, and 16 sugars in length all perturbed the 1H spectrum in 

an identical manner, particularly the high-field shifted peaks of histidine residues. 

However, binding of heparin with 5 sugars or less induced a characteristically 

different chemical shift, indicative of an altered interaction. Using a similar 1D 

approach, Hood and Gettins probed the mobility of RCL residues of α1AT in native 

and RCL cleaved conformations, using N-chlorosuccinimide to readily oxidise two 

methionine residues in the RCL for their assignment. Rather unexpectedly, no 

change in the residue mobility was observed upon RCL cleavage, questioning the 

accepted idea of loop flexibility in the native conformation (176). While these studies 

were the first to use NMR to study the conformation of α1AT and related serpins, 

significant overlap of the 1D spectra precluded interpretation and assignment of 

residues of the RCL beyond the oxidised methionines. With the progression of 

isotopic labelling strategies, Gettins et al used uniform 15N and selective 15N alanine 

or leucine labelling to acquire the first 2D HSQC spectra of α1AT in its native and 

RCL cleaved conformations. The greater dispersion inherent in the 2D spectrum 

allowed assignment of select RCL residues and more useful interpretations of the 

structure and behaviour upon RCL cleavage to be made, concluding that the initial 

encounter complex of the protease with the RCL has no effect on the structure of 

α1AT (177). Alanine residues in the RCL were assigned through mutagenesis to 

serine. In the native, monomeric form, the four alanine residues within the RCL 

were highly mobile with respect to the rest of the molecule as determined from their 

high signal intensity, consistent with a flexible RCL element. In contrast to the 

findings identified in the earlier 1D NMR studies using RCL methionine residues, 

upon cleavage of the RCL by a protease, a large shift in the NMR cross peaks was 
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observed with a reduction in intensity of RCL alanine residues, consistent with the 

idea of RCL insertion into B-sheet A significantly reducing loop mobility (177).  

 

The advent of deuteration and 13C isotopic labelling, in addition to the development 

of transverse relaxation optimised pulse sequences (discussed later in this section), 

led to significant improvements in the quality of α1AT specta that can be obtained. A 
15N TROSY spectrum of uniformly deuterated, 15N and 13C labelled α1AT was of 

good quality given the molecular weight of almost 50 kDa, and - despite some 

difficulties in the efficient back exchange of core amides – more than 80 % of the 

backbone resonances could be assigned using TROSY-based triple resonance 

experiments (178) (Figure 1.9). Backbone resonance chemical shifts were used to 

predict the conformation of secondary structural elements. While the majority of 

elements agreed with crystal structure (1QLP), increased lability was observed for 

residues in β-sheet C and helices C and I, as determined from Cα backbone and 

side chain data. This suggests a random coil structure in comparison to the helical 

elements exhibited by the X-ray crystal structure, indicating that the X-ray crystal 

structure may not be completely representative of the molecule in solution.  
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Figure 1.9 – Backbone assignment of α1AT. 15N-TROSY-HSQC spectrum of refolded (U-
2H, 15N, 13C) α1AT acquired at 298K, 900 MHz. Figure reproduced from (178).  
 

Using these assignments, the effect of a rare mutation (K154N) identified in one 

individual was characterised with respect to the WT structure (76). As described 

above, biophysical data suggested that this mutation could promote the formation of 

an intermediate structural conformation, on pathway to the formation of polymers 

(89). The NMR data appeared to be consistent with this hypothesis, as the largest 

chemical shift perturbations correlated with the regions displaying the most obvious 

non-uniform intensity changes, indicative of conformational exchange perturbing the 

cross peaks (discussed in more detail in Chapter 2). However, determination of 

shifted positions, linewidths and intensities was somewhat limited due to poor 

spectral quality of the K154N variant and the overlap of resonances in the crowded 

spectrum due to uniform backbone labelling. A similar sample was used to report 

the structural changes in α1AT upon binding of an excess molar ratio of the RCL 

mimetic peptide TTAI. While the perturbation of cross peaks in the ligand-bound 

form was so great that many residues in the new position could not be assigned, 
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those that were traceable reported a global change in the majority of structural 

elements.  

 

This thesis describes an extension of this work using NMR to investigate the 

structure and dynamics of the native state of WT α1AT using selective isotopic 

labelling and perdueteration for high resolution methyl TROSY NMR spectra and 

the assignment of these spectra (Chapter 2). Knowledge of this assignment is then 

used to interpret SOFAST HMQC spectra of WT and disease variants of ex vivo 

α1AT collected at natural isotopic abundance.  

 

1.10 Introduction to NMR 
 

Solution state Nuclear Magnetic Resonance (NMR) spectroscopy has become a 

popular technique to study biomolecules at near atomic resolution and near 

physiological conditions, in a non-invasive manner. This is due to the richness of 

information that NMR provides, including structure determination, kinetics, 

thermodynamics, and structural dynamics over a range of different timescales 

(179). Modern pulse sequences including Transverse Optimised Relaxation 

Spectroscopy (TROSY) (180) and Selective Optimised Flip Angle Spectroscopy 

(SOFAST) (181) have increased the quality and rate with which spectra can be 

acquired, and when coupled to selective isotopic labelling and deuteration of the 

protein sample (182, 183), significantly increased the size of biomolecules 

amenable to study by NMR, with systems up to ca. 1 MDa now being studied (184, 

185).  

 

1.10.1 Basic principles of NMR 
 

A description of the basic NMR experiment is provided below. Explanations of the 

specific NMR experiments used in this thesis are given in more detail in the 

introductions to each chapter.  

 

NMR takes advantage of the intrinsic angular momentum and non-zero magnetic 

moment properties of some nuclei, including 1H, 15N and 13C (Table 1.3). Samples of 

large biomolecules are typically enriched with isotopic nuclei through addition of 

biosynthetic precursors during protein expression (discussed later in this section). 

The isotopes 15N and 13C occur naturally at 0.37% and 1.11% respectively, and in 
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Chapter 3 we discuss the use of NMR at natural isotopic abundance to study 

patient-derived samples.  

 

Table 1.3 – Gyromagnetic ratios of NMR active nuclei used for biomolecular NMR. 
 

Nucleus gyromagnetic ratio (γ) /106 rad s-1 T-1 
1H 267.522 
2H 41.065 

15N -27.116 
13C 67.262 
19F 251.662 
31P 108.291 

 

The nuclear spins of an NMR sample are orientated randomly in the absence of an 

external magnetic field, such that the overall net magnetisation is zero. In the 

presence of an external magnetic field, B0, there is a net alignment of the nuclear 

spin orientation along the z-axis with B0 (lower energy state) as described by the 

Zeeman effect.  

 

Radiofrequency pulses can be applied to manipulate the bulk magnetisation away 

from the z-axis and is detected by the NMR spectrometer. Pulses cause transitions 

between the two energy states of the nucleus, with the energy gap between them 

(ΔE) defined as the Larmor frequency of the nucleus, and this directly relates to the 

magnetisation of the sample. The Larmor frequency is proportional to the external 

magnetic field strength and the gyromagnetic ratio of the nucleus (Table 1.3), an 

intrinsic property that describes the nucleus’ sensitivity to the external magnetic 

field.  

 

1.10.2 The basic NMR experiment – pulse acquire 
 

Figure 1.10 describes the one-dimensional (1D) pulse acquire experiment. In the 

presence of an external magnetic field, the net magnetization is aligned with the 

magnetic field (B0), along the z-axis at equilibrium. The magnetization is tilted away 

from equilibrium by radiofrequency pulses towards the –y axis. The bulk 

magnetization then precesses in the xy plane at the Larmor frequency of the 

nucleus being detected (186). 

Magnetization decays exponentially, in a process called free induction decay (FID), 

with the spins gradually returning to their equilibrium position along the z-axis. The 
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FID is detected by a radio frequency receiver coil and the time domain signal (NMR 

signal shown as a function of time) is converted to a frequency domain signal by the 

process of Fourier transform (FT), to produce the 1D NMR spectrum.  

 

The frequency of the signal is related to the presence of subatomic particles, 

particularly electrons, within the nucleus that shield the nucleus from the external 

magnetic field, in addition to the chemical environment of the nucleus. The integral 

of the signal is proportional to the number of spins contributing to it (though other 

factors do contribute). The frequency of the NMR signal relative to that of a 

reference compound, 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS), is known as 

the chemical shift, and is independent of the external magnetic field strength. 

Chemical shifts are therefore highly sensitive reporters of the change in the 

chemical environment of the nucleus and changes occur due to altered structure or 

dynamics within the biomolecule (186).  

 
 

Figure 1.10 – The basic pulse-acquire NMR experiment. (a) In the presence of an 
external magnetic field, bulk magnetization is aligned with the field along the z-axis at 
equilibrium. Radiofrequency pulses cause the magnetisation to depart from alignment with 
the magnetic field and the magnetisation precesses around the z-axis during detection, 
eventually decaying back to equilibrium. (b) The basic pulse acquire experiment has a 
preparation time, mixing time periods during which pulses (grey boxes) that excite the 
sample, and a detection period where the free induction decay (FID) is detected. (c) The 
time domain signal (FID) detected in b is Fourier transformed to the frequency-domain 
signal.= 
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1.10.3 Multidimensional NMR 
 

In order to reduce residue overlap, typically NMR spectra of biomolecules are 

acquired with two or three dimensions, commonly a combination of 15N and/or 13C 

and 1H. For a typical two-dimensional (2D) spectrum e.g. HMQC (Figure 1.11), after 

excitation of the direct dimension nuclei during the preparation period, the 

magnetisation is transferred to the nucleus of the indirect dimension through a 

chemical bond (via J-coupling, e.g. 1H-15N) or through space (via NOE, e.g. 1H-1H). 

The magnetisation of the indirect nucleus evolves during the indirect evolution time, 

t1, and is incremented for each point in the indirect dimension. Following t1, a mixing 

time is allowed to convert the magnetisation into an observable state, which is then 

observed in the detection period, t2 (186). 

 

Experiments with more dimensions, e.g. three-dimensional (3D) and four-

dimensional (4D) spectra are similar to the experimental scheme shown below for 

the 2D HMQC experiment, with a second and third evolution period followed by a 

mixing time, giving information on the 3rd and 4th frequency dimension. Acquisition of 

multidimensional experiments comes at a cost of increased acquisition time and a 

reduction in sensitivity of 2 for each additional dimension acquired and spectral 

resolution desired for an acceptable signal to noise. The acquisition time for higher 

dimensional experiments can be reduced by reducing the time required for the 

magnetisation to return to equilibrium to allow faster pulsing such as in the 

SOFAST-HMQC experiment, or by sampling the points in the t2 period non-

uniformly.  

 
Figure 1.11 – A typical 2D NMR experiment scheme – A HMQC pulse sequence showing 
the additional evolution time inserted after the preparation time with each new dimension. 
Filled and open rectangles indicate different pulses and Δ indicates a delay period. I and S 
represent the direct and indirect nucleus of the 2D experiment, e.g. 1H and 13C respectively. 
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1.10.4 SOFAST-HMQC experiment 
 

The SOFAST-HMQC (band selective optimised flip-angle short transient) was 

developed by Schanda and Brutscher (187) to enable faster acquisition of 2D 

heteronuclear correlation spectra. The SOFAST-HMQC principle uses very short 

inter-scan delays allowing faster pulsing for a given time. This works by using 

carefully selected band-selective 1H pulses to reduce the longitudinal relaxation time 

(T1) due to spin-lattice relaxation of the observed 1H magnetisation. In a protonated 

system, the pool of un-perturbed 1H spins provide a source of relaxation for the 

observed 1H spins by dipolar coupling (NOE transfer), which reduces the 

longitudinal relaxation thus returning the magnetization to the equilibrium position 

faster. These experiments allow acquisition of good quality 2D heteronuclear 

correlation spectra in a matter of seconds (181). 

1.10.5 Optimisation of sampling schedules 
 

In multidimensional experiments, the indirect dimensions are sampled as separate 

one-dimensional experiments. The time to acquire multidimensional experiments is 

proportional to the number of indirect evolution times sampled and thus, as the 

number of dimensions increases beyond two, the acquisition time can become 

prohibitively long when uniformly sampling each point (188). This is further 

extended by the need to acquire each point of the indirect dimension twice, in 

quadrature, for both the ‘real’ and ‘imaginary’ components of the NMR signal (189). 

Where experimental sensitivity is not limiting, multidimensional experiments can be 

acquired using NUS-type (non-uniform sampling) acquisition of points in the indirect 

dimension, to reduce the acquisition time without compromising the resolution (9). A 

series of NUS acquisition schemes have been developed including random 

sampling (191), exponentially-weighted density (related to the NUWS – non-uniform 

weighted sampling-sensitivity enhancement approach) (192, 193) and Poisson-gap 

sampling schedules (194). However, even with NUS sampling methods, the points 

of the indirect dimension must still be acquired in quadrature. Recently, reduced 

quadrature detection (RQD) algorithms have been developed, meaning that only a 

single quadrature component per time point is required, and when coupled with 

NUS, can reduce sampling of indirect dimensions by up to 50 % (189). The ‘gaps’ 

created in the points of indirect dimension of NMR data acquired with NUS require 

more complex methods of data reconstruction of the frequency domain than the 

traditional Fourier transform (FT) (188, 192). Numerous reconstruction methods 

now exist (195–200) , with many based on Iterative Soft Thresholding (IST) 
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approaches (201) and related compressed sensing (CS) techniques (202, 203). 

These approaches are particularly important for ≥ 4D experiments, as the time 

required for uniform sampling is prohibitive.  

 

1.11 NMR of large biomolecules 
 

1.11.1 NMR isotopic labelling strategies 
 

The progression of NMR studies of α1AT described above has mirrored the 

progression of isotopic labelling strategies that have occurred in the field. At the 

dawn of biomolecular NMR, experiments were limited to one-dimensional 

experiments of the abundant isotope 1H. In the absence of coordinates determined 

from X-ray crystallography, limited structural data was obtainable. Such information 

became available on the emergence of two dimensional NMR (204), which 

produced correlation maps of 1H-1H spins through J-coupling (205) or the nuclear 

Overhauser effect (206) and was applied to study and solve the structures of 

protease inhibitors BPTI and BUSI IIA respectively (207)(208). Homonuclear 2D 

experiments were limited to the study of proteins <10 kDa due to the relatively small 

1H-1H 3J couplings (5–10 Hz) which require long mixing times for efficient transfer 

of magnetisation (209). In 3D and 4D experiments, the reduction in sensitivity of 2 

for each new dimension was somewhat overcome by the introduction of strategies 

for stable incorporation of 15N and 13C isotopes, which increases the efficiency of 

magnetisation transfer steps therefore increasing the size limit of proteins available 

to study by NMR for structural and assignment purposes (209). For relatively small 

proteins assignment procedures use the one-bond J-couplings between adjacent 

atoms in a uniformly isotopically enriched protein. Uniformly labelled proteins are 

easily produced by including 15N labelled ammonium chloride and 13C labelled 

glucose as the sole nitrogen and carbon sources in the media of microorganisms 

used to produce the protein. In addition to the sensitivity enhancements provided by 

isotopic enrichment of these nuclei, the resonances themselves can provide 

important information about the protein backbone angles such as the Φ and Ψ 

angles being correlated to 13Cα and 13Cβ chemical shifts (205). Additionally, 1H-15N 

correlation experiments give rise to large dispersion of resonances in the 15N 

dimension. This allows conformational states to be characterised, even when the 

molecule is predominantly disordered (210). One of the greatest sensitivity gains – 

particularly for larger molecules – comes when coupling 15N and 13C isotopic 
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enrichment with fractional or complete deuteration and was first applied to the study 

of a 37 kDa complex of trp repressor with DNA (211)(212). Replacing protons with 

deuterons improves sensitivity as this virtually eliminates dipolar relaxation 

pathways for the remaining protons within the protein, as the gyromagnetic ratio of 

deuteurium is ~6.5 fold smaller than an equivalent proton, producing cross peaks 

with narrower linewidths and increased sensitivity (213).  

 

However, once the point of perdeuteration is reached, the loss of 1H means that 

NOEs, and hence 1H-1H distance data, are no longer available for structure 

determination. This was first overcome by the preparation of proteins selectively 

protonated at the methyl groups (of Ala, Ileγ2, Leu and Val) with all side chain 

aliphatic carbons remaining deuterated, using protonated pyruvate as sole carbon 

source in deuterated media (214). However, as a result of deuterium exchange in 

the protonated pyruvate precursor, this method produces all methyl isotopomers 

(13CH3, 13CH2D, 13CHD2, and 13CD3) resulting in more complicated spectra with 

multiplet peaks of each isotopomer separated by small isotope shifts. The superior 

spectroscopic properties of methyl groups, particularly in combination with 

transverse relaxation optimised pulse sequences (discussed later in this chapter), 

have enabled significant further increases in the size of biomolecules that can be 

studied. However, the widespread adoption of this approach required the 

development of efficient methyl labelling with minimal isotope scrambling and 

isotopomer production, as well as near-complete deuteration. The earliest examples 

involve using α-ketobutyric and α-ketoisovaleric acids as biosynthetic precursors for 

the labelling of isoleucine (δ1) and leucine and valine residues respectively. Using 

this approach, >90% labelling efficiency was achieved. Detailed descriptions of 

methyl labelling strategies using α-keto acids are discussed in (215) and (216).  

 

The resulting Ile, Leu & Val (ILV) labelled spectra are highly resolved and generally 

well dispersed. Sensitivity and resolution can be further increased by stereospecific 

labelling of the Leu and Val methyl groups. This labelling scheme is achieved by the 

incorporation of (S)-α-acetolactate, and relies on biosynthetic pathways to catalyse 

the transfer of the α-[13CH3] group stereospecifically to the pro-S position of α-

ketoisovalerate in cells (217). Indeed this approach facilitates the detection of NOE 

signals in larger proteins as discussed in Chapter 2. For large proteins, the number 

of Leu and Val residues can lead to overlap in this region of the spectrum. The 

distinct chemical shift of Ile methyl groups produces well-resolved spectra. Labelling 
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of Ile at 13Cδ1 and more recently 13Cγ2 through incorporation of 3,3-2H2-α-ketobutyric 

acid (215) and 2-hydroxy2-ethyl-3-ketobutyrate (218, 219) respectively has been 

used to study the half proteasome at 360 kDa (219). 

 

While ILV labelling is by far the most common approach for specific methyl labelling, 

strategies to label the other three methyl containing amino acids, Ala, Met and Thr 

have been reported. The methyl group of Ala is of particular interest due to its close 

proximity to the protein backbone. As the alanine precursor (L-alanine-3-13C,2-2H) 

with the alpha position deuterated is not commercially available, this must be 

synthesised using tryptophan synthase to accelerate the deuterium exchange at this 

position (220). Crucially, incorporation of Ala in minimal media is associated with 

significant scrambling and labelling of other methyl-containing amino acids, 

particularly at the Ileγ2 position, as addition of labelled alanine causes the cellular 

pyruvate pool to become partially labelled as alanine is a key component in several 

E. coli biosynthetic pathways (221). This can be overcome with the addition of 2-

hydroxy-2-(1’-[2H2], 2’-[13C]) ethyl-3-keto-4-[2H3] butanoic acid precursor, however 

this leads to simultaneous labelling at Ileδ1 positions (183). Extending the labelling 

to the ε-CH3 group of methionine has been well-documented and can be easily 

produced by the incorporation of [13CH3]-methionine in the growth media with limited 

scrambling effects. Similarly, γ2-Thr[13CH3] labelling can be achieved through the 

incorporation of U-[2H],Thr-γ2-[13CH3] in growth media, though as yet, this is not 

commercially available and synthesis from 13C formaldehyde has been described 

(222). 

111.2 Methyl groups as probes of protein structure and dynamics 
 

The relative ease and diversity of experimental schemes available for selective 

isotopic labelling of methyl groups has enabled the use of methyl NMR to become 

more routine. Methyl groups offer significant advantages as probes of protein 

structure over traditional uniform labelling strategies of the protein backbone. Of the 

six methyl containing amino acids that exist (Ala, Ile, Leu, Met, Thr and Val), Ala, 

Ile, Leu and Val are common amino acids in the hydrophobic cores of proteins and 

interfaces of protein-protein interactions (223, 224). As such, methyl groups are the 

most sensitive reporters of the overall tertiary protein structure.  
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1.11.3 NMR properties of methyl groups 
 

Spectroscopically, methyl groups have a number of properties that make them ideal 

for NMR, particularly in slowly tumbling/high molecular weight systems. Rapid 

rotation about the three-fold symmetry axis leads to narrowing of proton and carbon 

spectral linewidths (225) while the presence of three degenerate methyl protons 

effectively increases the signal in comparison to a single backbone amide proton. 

Signal is often enhanced further by the increased flexibility of the methyl groups on 

the peripheries of amino acid side chains compared to the protein backbone (i.e. 

reduced !!"#$!  order parameters), again leading to higher intensity peaks with 

improved linewidths (226, 227). When combined with perdeuteration to eliminate 

sources of relaxation beyond the immediate spin system, and through the use of 

transverse relaxation optimised experiments (227) (see below), this drastically 

improves methyl group relaxation and as a result, permits the study of larger 

molecular weight proteins that would otherwise be prohibited due to T2 relaxation 

times broadening signals beyond detection.  

 

As mentioned above, the presence of only six methyl-containing residues found in 

proteins can facilitate the interpretation of NMR spectra by reducing spectral overlap 

and complexity. Indeed, as methyl-containing amino acids are well-distributed 

throughout the protein structure, they are typically within NOE distance (~5 Å) of 

another methyl group on a different secondary structure component, allowing NMR 

structure calculations and use of modern graph matching approaches for methyl 

resonance assignment (discussed in Chapter 2).  

1.11.4 Transverse Relaxation Optimised Spectroscopy (TROSY) 
 

Transverse Relaxation Optimised Spectroscopy (TROSY) has enabled significant 

advances in the quality and sensitivity of large biomolecules that are plagued by 

rapid transverse relaxation rates (228). TROSY is based on the selective 

observation of specific transitions in a spin system that relax at different rates due to 

interference between multiple sources of relaxation (e.g. dipole–dipole interactions, 

or chemical shift anisotropy). These interactions can have constructive or 

destructive effects on fluctuations in the local magnetic field caused by rotational 

diffusion, and that can result in very different linewidths for individual transitions, 

e.g. for different cross peaks within J-coupled multiplets, such as a backbone amide 

group or side chain methyl. TROSY selects for the components that relax most 

slowly by selecting for magnetization transfer pathways between these long-lived 
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transitions. The first applications of TROSY used 15N, 1H spin systems and later 

aromatic 13C, 1H spin systems (180)(228). 

 

1.11.5 Application of TROSY to methyl groups 
 

The TROSY approach is also applicable to methyl groups, where the effect is 

similarly achieved by destructive interference of dipole-dipole relaxation pathways 

within the 13CH3 spin system (227). In contrast to the experiments discussed above, 

for methyl groups the contributions to relaxation of 13C chemical shift anisotropy are 

negligible and as a result, there is no magnetic field dependency to the methyl-

TROSY effect, unlike amide TROSY where the effect is optimal close to 1 GHz 

(227).  

 

At the slow tumbling limit, i.e. that of a large macromolecule, ωcτc >> 1, where ωc is 

the 13C Larmor frequency and τc is the overall tumbling time, for a methyl group that 

rotates freely and rapidly around its three-fold symmetry axis, the contribution of ωc 

is so small that, to an excellent approximation, only J(0) contributions need to be 

considered (227). This means that transitions between energy levels relax in a 

single exponential manner. Slow relaxing resonances are obtained when two 

‘spectator’ protons, not involved in the transition have an opposite sign and perfectly 

cancel each other out. Conversely, fast relaxing resonances are the result of the 

sign of the spectator protons being the same and causing an additive effect, 

causing enhanced relaxation. Of the sixteen spin states in a methyl group system, 

only eight are involved in the cancellation of intra methyl 1H-1H and 13C-13C dipolar 

interactions (Figure 1.12).  

 

For successful TROSY enhancement, it is critical that the fast and slow relaxing 

components are not mixed and therefore averaged out. In this regard, the standard 

HMQC sequence is already optimised as a TROSY experiment for the 1H-13C 

correlation of methyl groups as the single !! 
1H pulse ensures that the maximum 

possible signal comes from coherence transfer pathways of the slow relaxing 

component. Indeed, the application of this approach has enabled a revolutionary 

increase in the size of proteins that can be studied by solution-state NMR. The best 

examples of this include the high quality 1H-13C spectra of a methyl labelled sample 

of the 670 kDa 20S proteasome (229) and the 900 kDa GroEL-GroES complex 

(230). 
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Figure 1.12 – Relaxation associated with the resonances from a 13CH3 methyl spin 
system. Fast and slow relaxing transitions between magnetic states in a 13CH3 methyl spin 
system. The transitions that do not involve 1H-1H and 1H-13C are shown in blue and labelled 
‘slow’. The transitions that do involve 1H-1H and 1H-13C are shown in red and are the fast 
relaxing components. The boxed region shows a schematic of a methyl group where the 
slow relaxing transition of the nuclei shown in grey and orange is achieved when the 
spectator protons are in opposite spin states (middle example) but not when the spectator 
protons have the same sign. Figure adapted with permission from Dr Christopher A 
Waudby. 
 

1.12 Monitoring protein dynamics by NMR 
 

As a structural tool, NMR is unique in its ability to characterise motions of protein 

ensembles across a range of timescales at high resolution. A number of 

experiments are available to characterise the distinct conformational states of a 

protein across its energy landscape. Often, the relative populations of the altered 

conformational state are so small, that they are invisible to other time- and 

ensemble-averaged spectroscopic techniques. Alternatively, the sensitivity and 

versatility of solution state NMR is such that it can be used to probe and isolate 

chemical exchange processes (a kinetic process involving transitions of a nucleus 

between populations) to species populated to very low levels through a variety of 

experiments (Figure 1.13). 
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Figure 1.13 - Using NMR to measure protein dynamics. NMR experiments probing 
dynamics over a range of timescales (lower – red shaded), including residual dipolar 
couplings (RDCs), Paramagnetic Relaxation Enhancement (PREs), Carr-Purcell Meiboom-
Gill (CPMG) relaxation dispersion, Chemical Exchange Saturation Transfer (CEST) and 
Exchange Spectroscopy (EXSY), for measuring the range of protein conformational changes 
(upper – grey shaded), over the range of timescales on which these occur (middle). Figure 
adapted from (179).  
 

1.12.1 Chemical Exchange 
 

The chemical shift of a nucleus is extremely sensitive to its chemical environment. 

In the case of chemical exchange, a nuclear spin is exchanged between two or 

more different chemical environments as a result of conformational change within 

the protein or a chemical reaction such as ligand binding. The difference in chemical 

environment changes the resonance frequency of the nuclear spin such that over 

time an increased rate of transverse relaxation is observed. Depending on the rate 

of exchange relative to the chemical shift differences, Δω, the effect on the NMR 

spectrum is different (slow kex < Δω, intermediate kex ≈ Δω or fast kex > Δω) (179) 

(Figure 1.14). 

 

In the slow exchange regime, if the relative populations of the two states are equal, 

two separate peaks will be observed at each of their chemical shifts. The effect of 

chemical exchange is to increase the linewidth of NMR signals as a result of lifetime 

line broadening. As the rate of exchange between the two conformations increases 

beyond that of slow exchange, such that now kex ≈ Δω, peaks broaden and 

coalesce when in the intermediate exchange regime. As the exchange rate 
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increases further, such that kex > Δω, a single peak is observed at a population-

weighted average chemical shift, with the linewidth of the peak decreasing as the 

rate of exchange increases further and averaging becomes more effective.  

Dynamic processes that occur on the microsecond to millisecond timescale include 

protein folding, ligand binding and allosteric motions. These reactions result in 

stochastic chemical exchange between multiple states that can alter the transverse 

relaxation rate, causing perturbations to the NMR spectrum.  

 

The NMR experiments that probe interactions on this timescale include Carr-

Purcell-Meiboom-Gill (CPMG) (231, 232) and R1ρ relaxation dispersion (233), 

Chemical Exchange Saturation Transfer (CEST) (234), and ZZ exchange (235), 

with each experiment being optimal for particular timescales within this range. 

 

1.12.2 Protein dynamics with a focus on methyl groups 
 

The favourable spectroscopic properties of methyl groups and variety of labelling 

schemes has led to the modification of the experiments described above that were 

originally designed for backbone amide spins, to take advantage of the methyl 

TROSY effect, enabling the dynamics of large proteins to be investigated. For slow 

timescale dynamics, on the order of seconds to milliseconds, methyl TROSY-based 

ZZ-exchange has been used to identify the temperature-dependent chemical 

exchange in a ~300 kDa tetradecameric bacterial protease, ClpP, that is essential 

for its proteolytic activity (236). Alternative experiments that probe the ‘slow’ 

dynamics timescale that are commonly applied to methyl groups are CEST and 

CPMG. Very recently methyl TROSY-based CPMG has been used to investigate 

dynamics of the nucleosome core particle (237). CPMG was used to reveal how 

mutations induce the protein to sample minor populated states that disrupt the 

histone interface, despite the overall structural integrity of the protein remaining 

unperturbed. Methyl groups have also been used to probe biomolecular motions on 

faster timescales, in the picosecond to nanosecond range, such as methyl side 

chain relaxation and motion of methyl groups about the three-fold symmetry axis. 

Such side chain order parameters !!"#$!  allowed full characterisation of the 

conformational entropy of the catabolite activator protein (CAP) in DNA bound and 

free states (238). 
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Figure 1.14 - Effects of chemical exchange on the NMR signal. (a) The effect of 
exchange rate on linewidth and peak intensity. Two states, A and B, with the population (p) 
PA= 75 % and PB = 25 % are represented at their individual frequencies, ωA and ωB. In the 
slow exchange regime, signals from both states are observed at their individual chemical 
shifts, intensity and linewidth. In the intermediate exchange regime, only one chemical shift 
is observed as the peaks have coalesced. The linewidth has significantly increased as a 
result of exchange broadening. In the fast exchange regime, linewidths begin to become 
sharper and intensities increase, with a single peak observed at a chemical shift of the 
population-averaged position. (b) The exchange between the two populations represented 
by each peak in (a) can be described by the rates of departure of kA and kB. The total 
exchange rate is given by kex and populations of each state must add up to 1 (PA + PB  = 1). 
Figure adapted from (179).  
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Specific Aims 
 

The objective of the research conducted during this PhD was to further the 

understanding of the molecular basis for the polymerisation of α1AT, with the hope 

that this research will aid the rational design of therapies that block polymerisation. 

The three-way impasse of the mutually incompatible structural models of α1AT 

polymerisation that have been proposed to date highlights the limitations of using 

non-solution state techniques such as X-ray crystallography to characterise a 

dynamic process such as α1AT polymerisation. Additionally, it is known that 

polymerisation involves passage through multiple, distinct polymerogenic 

intermediates in solution that are populated to low level and thus will not be 

captured by X-ray crystallography (109). While being a significantly more 

challenging task, understanding the conformation(s) of these polymerogenic 

intermediates holds more promise to block polymerisation than knowledge of the 

hyperstable, end-state conformation of the polymer chains themselves.  

 

To address this, the approach taken in this thesis was to use solution state NMR 

and other biochemical techniques to begin to characterise at near atomic resolution 

the conformations and dynamics of monomeric α1AT in solution under native and 

perturbing conditions. This was used in a comparison of the effects of disease-

causing mutations such as S (E264V) and Z (E342K) with material isolated directly 

from patients. An understanding of conformational dynamics of the α1AT monomer 

will assist in characterising the mechanism of action of two tool molecules, a 

monoclonal antibody, 4B12, and a small molecule that are known to bind to α1AT 

and prevent transition to the polymer through stabilisation of the monomeric form.  

 

To go someway towards achieving these objectives, three main bodies of work 

were performed that are described in results chapters 2, 3 and 4, for which the 

specific aims are:  

 

(ii) to produce and assign NMR spectra of methyl labelled, recombinant WT α1AT to 

be used for high-resolution studies of conformational dynamics of under native and 

perturbing conditions. Samples of WT α1AT were produced with a combination of 

isotopic labelling schemes for methyl groups to provide a wide coverage of the 

molecule and to assign the 2D methyl HMQC NMR spectrum using through-bond 

magnetization transfer and through-space, NOESY-based approaches. Using this 
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partial assignment, we begin to interpret NMR dynamics data focussing on the 

CPMG experiment. 

 

(iii) to study patient-derived samples of WT and disease causing variants of α1AT 

by NMR at natural isotopic abundance to investigate the consequences of disease 

causing mutations and post-translational modifications such as glycosylation on the 

conformation of the protein. Assignments were transferred from the spectra of 

recombinant protein in a conservative manner. Conformational differences between 

WT and mutant variants have been assessed and compared to the X-ray crystal 

structures of each variant. Binding of a ligand specific for the Z mutant was used as 

a tool to report on sampling of alternative conformations and this is discussed in the 

context of existing data.  

 

(iv) to use biophysical and biochemical approaches including EPR and NMR to 

determine the binding site of the polymerisation blocking monoclonal antibody, 

4B12, to α1AT and characterise the mechanism of action by which the antibody 

blocks polymerisation.  

 

The main technique used in this thesis, NMR, is introduced in the main introduction 

(chapter 1). Other techniques including EPR and monoclonal antibody technology 

are introduced in the introductions of relevant chapters.  
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2.0 Assignment & characterisation of methyl 
labelled native α1AT by NMR 
 

2.1 Introduction 
 

Protein molecules are complicated dynamic ensembles displaying a range of 

motions spanning timescales from picoseconds to days in processes such as side 

chain rotation, ligand binding and aggregation (discussed in more detail in Chapter 

1). These motions allow searching of the conformational space within the free 

energy landscape. While the majority of protein molecules will exist within the 

lowest energy conformation (the ground state), some distinct conformers will be in 

other local minima. These other conformers are said to be an ‘excited state’ 

meaning they exist at a higher energy level than the ground state, such as the 

metastable state of native α1AT. Often, it is these transiently populated, excited 

states that are of the most interest due to their role in biological mechanisms, 

including both function and misfunction, such as aggregation. However, the low 

population and transient nature of these states makes them inherently difficult to 

study. The conformations obtained by X-ray crystallography are that of the most 

stable state, and the artificial environment of the crystal lattice does not allow the 

natural protein dynamics to occur. As discussed in chapter 1, solution state NMR is 

the principal experiment to simultaneously probe protein structure and dynamics 

across a range of time scales.  

 

2.2 Protein dynamics 
 

The Carr-Purcell Meiboom-Gill (CPMG) relaxation dispersion experiment can be 

used to identify and characterise the interconversion between peaks representing 

the ground state conformation and an invisible ‘excited state’ during the process of 

chemical exchange (231, 232). Specifically, CPMG uses a series of 180° pulses to 

refocus transverse relaxation that occurs during a fixed period of time in the pulse 

sequence for which the magnetization is allowed to evolve. Typically a series of 

180° pulses are applied at specific intervals during a fixed relaxation delay and the 

effective transverse relaxation rate (R2,eff) is measured as a function of the 

frequency of 180° pulses applied (νCPMG). If chemical exchange occurs during this 

time, dephasing of transverse magnetization occurs. Applying a train of 180° pulses 

at a frequency higher than the rate of interconversion between the two states 
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suppresses this magnetization dephasing. The effective transverse relaxation rate 

constant for a particular CPMG frequency is determined from a comparison of the 

intensity of the peak (I) with that of a peak in a reference spectrum recorded in the 

absence of CPMG pulses (I0). Fitting the relaxation dispersion curves to Bloch-

McConnell equations describing the evolution of magnetisation where chemical 

exchange occurs allows the exchange rates and relative populations of each state 

to be determined, as well as the chemical shifts that can provide insight in to the 

structure of the excited state (234). An example of the CPMG experiment and data 

is shown in  (Figure 2.1).  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 2.1 – Carr-Purcell Meiboom-Gill Relaxation Dispersion (CPMG RD). A) A series 
of 180° refocusing pulses, or spin-echoes suppress relaxation due to exchange processes. 
The number of spin-echo pulses applied during the fixed relaxation time determines the 
CPMG frequency νCPMG. As the number of spin-echo pulses increases, the chemical 
exchange contribution is increasingly suppressed – as demonstrated in the top three panels. 
B) The observed signal intensity at the end of the CPMG relaxation delay is used to obtain 
an effective relaxation rate R2

Obs as shown, where I0 is the signal intensity in the absence of 
the relaxation delay. C) The CPMG relaxation dispersion curve is obtained by plotting the 
effective transverse relaxation rate constant as a function of the CPMG frequency. Rex is 
obtained from the difference between the observed R2 at νCPMG 0 to νCPMG  ∞. Figure 
reproduced from (179). 
 

Both protein structure and dynamics across all timescales can be modulated by 

temperature. Temperature can alter the dynamic properties of the molecule in 

predictable, uniform ways (in terms of molecular tumbling and correlation time) as 

A

B

C
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well as causing thermal expansion of bonds that results in linear chemical shift 

changes. However, temperature can also result in non-uniform responses, as the 

populations of alternate states, and their rate of interconversion are varied. This can 

manifest as modulations of peak intensities or linewidths, or non-linear chemical 

shift perturbations. Such non-linear dependence of chemical shifts on temperature 

has been used to identify residues that access alternative conformations, ca. 2-3 

kcal mol-1 above the ground state (239). Deviations from linearity depend on the 

relative populations of the alternative states. The ability to observe these states in 

2D correlation spectra is indicative of exchange occurring on a fast timescale 

relative to the chemical shift difference, i.e. typically < ms. 

 

As an inherently dynamic molecule, α1AT undergoes large-scale conformational 

rearrangements during transitions associated with protease inhibition (240) (where 

RCL insertion transfers the protease 70 Å from its original position) as well as more 

subtle changes during passage through the proposed polymerisation intermediate 

(M*) prior to disease causing polymerisation process (89). Given the tendency of 

α1AT to form these polymers, the dynamics occurring within the monomeric state 

are of particular interest, especially for therapeutic strategies to inhibit the 

polymerisation process. Despite this, very little is known about the time scale of 

these motions, likely limited by the techniques available to study them. To date, this 

has included using tryptophan fluorescence (89), ensemble FRET (99, 241) and CD 

(90) to report on structural changes and polymerisation, but the ensemble-averaged 

nature of these techniques precludes the ability to add kinetic values to these 

motions. Thus, there is a need for detailed analysis of the dynamics of monomeric 

α1AT prior to formation of hyperstable aggregate form (27).  

 

In this chapter, we present a small number of examples of the CPMG NMR 

experiment revealing conformational dynamics within monomeric α1AT under native 

conditions. A thorough analysis and interpretation of this data was somewhat limited 

within the time frame available for the research due to the challenging and time-

consuming endeavour that is assignment of methyl signals in the NMR spectra to 

the individual nuclei of the protein. The remainder of this chapter describes the 

experiments used to assign the methyl NMR spectra of α1AT. 
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2.3 NMR Backbone Assignment 
 

In small to medium sized proteins, the assignment of the backbone is performed 

using triple-resonance experiments that rely on the large, and reasonably uniform 1J 

scalar couplings within isotopically enriched proteins. These provide efficient 

magnetization transfers to correlate the chemical shifts from one residue to that of 

sequential residues in the protein backbone. These heteronuclear, multidimensional 

experiments are typically used with uniformly 15N-13C labelled proteins and are now 

the standard experiments for assignment of backbone residues (242–245). 

Experiments that transfer equilibrium 1H magnetisation through a series of 

heteronuclei before detecting on the initial nucleus (‘out-and-back’) has increased 

sensitivity of these experiments, while the use of multiple dimensions has 

circumvented the problem of residue overlap (242, 246). In cases where resonance 

overlap is still severe, 4D experiments, e.g. HNCACO, the 4D counterpart of the 

common 3D HN(CA)CO experiment (247) is also commonly used. Together these 

experiments can provide the chemical and structural information on the 1HN, 15N, 
13C’, 1Hα, 13Cα, 1Hβ and 13Cβ nuclei necessary for resonance assignment.  

 

During the magnetization transfer periods of the experiments described above, the 

long delays in which 13C and 15N evolve in the transverse plane can lead to 

relaxation losses that limit their application to proteins of molecular weight less than 

ca. 30 kDa. Fractional or complete deuteration of side chains is highly beneficial in 

these cases, by reducing the density of relaxation-inducing protons, with the latter 

enabling the assignment of the 64 kDa Trp repressor – operator complex (248–

250). Significant gains in sensitivity have come from the combination of deuteration 

with the application of the TROSY principle to multidimensional experiments, 

correlating 1HN, 15N and 13C resonances while minimising transverse relaxation 

during evolution and detection through the cancellation of dipole-dipole relaxation 

and chemical shift anisotropy (CSA) (see Introduction for more details) (251). Using 

this approach, the backbone of U-[15N,13C,2H] labelled α1AT was assigned for 

82.8% of backbone amide resonances and 84.9, 88.3 and 75.1% of CO, Cα and Cβ 

resonances respectively (178).  

 

2.3.1 Backbone-based assignment of protein side chain resonances  
 

In addition to backbone assignment, multidimensional triple resonance experiments 

can be used for the assignment of side chain resonances by correlation with the 
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backbone. This is necessary for interpretation of NOE based measurements 

offering distance restraints that can be used for structure calculation as well as 

general interpretation of 2D 1H, 13C – based correlation experiments. A traditional 

approach relies on TOCSY (TOtal Correlated SpectroscopY) through-bond 13C-13C 

magnetisation transfer for correlating each amide group of the protein backbone 

with the hydrogen and carbon side chain chemical shifts for the preceding residue. 

Examples include the 3D (H)CC(CO)NH-TOCSY (252) and the closely related 

H(CC)(CO)NH-TOCSY experiment (253). The application of these methods is 

suited to proteins of lower molecular weight with favourable T2 relaxation times, 

typically less than 20 kDa, as a result of the long delays and INEPT based 

magnetization transfer steps (254). For larger, (protonated) proteins, the shorter 

H(C)CH-TOCSY and H(C)CH-COSY experiments are preferred alternatives for side 

chain assignment. These use combined homo- and heteronuclear correlations to 

assign 1H, 13C resonances of side chains and ultimately link them to known Cα and 

Cβ shifts of backbone resonances. While increasing the complexity of analysis, 

avoiding transfer to the backbone amide for detection reduces the required 

magnetization transfer times and hence loses to relaxation, increasing experimental 

sensitivity and allowing its application to proteins beyond 20 kDa (255). 

 

Despite these improvements, as the molecular weight of proteins amenable to study 

by NMR increases with methyl-TROSY spectra by the reintroduction of specific 13C 

labelled methyl groups into a perdeuterated background, there is an increasing 

need for new methods capable of assigning large molecules. The conventional 

approaches described above are usually based on uniform isotopic labelling and 

are unsuitable for large proteins where long correlation times leads to fast relaxation 

of the backbone aliphatic carbon residues (256).  

 

2.3.2 Through-bond assignment of methyl resonances in perdeuterated 
proteins 
 

Assignment of the methyl spectrum of a large protein requires a highly deuterated 

sample with selective methyl protonation for the highest quality data. Robust 

protocols are now well established for the labelling of all six methyl-containing 

amino acids in E. coli (257, 258). One of the simplest labelling schemes however 

that typically provides adequate coverage of the molecule uses selective methyl 

protonation of Ile (δ1 only), Leu and Val (259). Where backbone assignments are 

available, in combination with uniform 13C labelling to provide connectivity to the 
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backbone, methyl resonances (other than Met) can be correlated with assigned 

backbone amide or Cα, Cβ and C’ shifts using ‘out-and-back’, TOCSY based 

approaches that rely on 13C–13C homonuclear polarization transfer (256, 260) 

(Figure 2.2).  

 

However, the non-linearity of amino acids such as Ile, Leu and Val provides 

branching points for magnetization transfer in fully 13C-labelled samples, 

compromising the efficiency of these experiments particularly for high molecular 

weight proteins (Figure 2.2). In the case of Ile labelled samples, sophisticated 

COSY (Correlation spectroscopy) based pulse sequences utilising selective 

excitation and inversion can direct the magnetization to the backbone, increasing 

experimental sensitivity compared to TOCSY-based methods (256). For Leu and 

Val residues, using precursors with only one methyl group labelled with 13C can 

ensure a linear path for magnetization transfer (182). Using a similar approach, 

methyl groups of Ala (261), Ileγ2 (262) and Thrγ2 (263) have also been assigned. 

For methionine residues, the presence of the sulphur atom between the methyl Cε 

and Cα, Cβ and C’ backbone resonances prevents the assignment through this 

strategy.  

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 2.2 – Magnetisation transfer pathways of methyl containing amino acids. A) Ile 
residues show how branching points in the structure can allow for bifurcation of 
magnetisation transfer pathways (red). B) Sulphur atom (blue) in Met residues prevents 
transfer of magnetisation (red) from methyl group to backbone aliphatic residues.  
 

In the above experiments, methyl carbon and proton shifts are simultaneously 

correlated to all the carbon resonances on the side chain in a single spectrum. In 

this way, up to three carbon peaks are detected for the Cα, Cβ and Cγ resonances, 

of which each peak represents only one-fourth of the initial magnetization. For large 

proteins this approach has been shown to give weak correlations with aliphatic 
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carbons (264) and a more sensitive strategy is to use experiments that acquire the 

shift of each aliphatic carbon resonance in a single experiment. Using this 

approach, sensitivity is increased as the full magnetization transferred from the 

methyl group is detected, while the experimental time can also be reduced by 

acquiring Cα and Cγ resonances with much narrower sweep widths than in the 

conventional ‘all in one’ experiments (264). 

 

2.3.3 Stereospecific discrimination of methyl groups 
 

The α-ketoisovalerate precursor commonly used for labelling of Leu and Val is most 

readily produced as a racemic mixture of [R-13CH3, S-12CD3] and [S-13CH3, R-12CD3] 

enantiomers. This is incorporated non-stereospecifically, thus labelling both the R 

and S positions with 50% efficiency (182). For larger proteins that require a 

simplified spectrum or greater sensitivity (217, 265), stereospecific methyl labelling 

of proR/proS with 100% efficiency is now possible through the use of specifically 

methyl-labeled acetolactate, albeit at greater expense (183, 266).  

For proteins that contain labelling of diastereotopic methyl groups, such as those of 

Leu and Val, a full assignment of the methyl resonances requires stereospecific 

discrimination (267). This can be done using NMR triangulation experiments that 

rely on fractional 13C labelling and methyl-TROSY, quantitative J based experiments 

to quantify 3JCγN and  3JCγC’ couplings (268). Alternatively, it is possible to use 

methods for selective isotopic labelling (269, 270), however these approaches can 

require the preparation of multiple samples for complete discrimination (270, 271). 

More recently, the ability to discriminate stereospecific methyl groups using a single 

sample has been reported (271). Using a combination of linear 13C labelling and 

precursors to discriminate proR and proS methyl groups, proR groups are assigned 

by 13C-13C TOCSY based transfer experiments to assigned backbone residues, 

while the proS methyl groups are assigned using magnetization transfer from the 

proR group via the Cγ or Cβ residue in the case of Leu and Val respectively.  

 

While these methods have been applied successfully for several medium-to-large 

size proteins (182, 228, 272–274) and provide the most confident assignments, the 

backbone assignment for very large proteins is time consuming and not always 

complete (275). Additionally, back exchange of deuterons to protons for amide 

TROSY is not efficient for all samples, and the associated deuterium isotope shifts 
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may introduce ambiguities when correlating protonated side chains with the 

deuterated backbone chemical shift data (276). 

2.3.4 Mutagenesis and protein engineering approaches to methyl 
assignment 
 

One alternative is to use the ‘divide-and-conquer’ approach, which in this context 

refers to the process of breaking large proteins down into smaller domains or 

subdomains. Each small domain can be more easily assigned independently, and 

then pieced together to give in favourable cases, a reasonably complete 

assignment of the whole protein (277, 278). However, this is not possible for large 

proteins containing only a single domain, such as α1AT. In our case, an alternative 

is to prepare conservative, site-specific mutations of each methyl containing residue 

and observe the loss of a cross peak in the 1H-13C correlation spectrum (277, 279). 

For large proteins however, the latter approach is very laborious and relies upon the 

original peak being in a non-overlapped region of the spectrum for an unambiguous 

assignment (280), as well as the mutation not introducing more widespread 

chemical shift perturbations. 

 

2.3.5 Methyl assignment by structure-based methods 
 

In many cases, high-resolution structures of the protein of interest already exist. 

This can be used to aid the NMR assignment process of methyl resonances. NOE 

spectroscopy (NOESY) can be used to provide information on which methyl groups 

are close together in space. The nuclear Overhauser effect (NOE) is the longitudinal 

cross relaxation of one proton to another through dipolar interactions (206). The 

amplitude of the NOE signal (with the caveat of spin diffusion) is related to the 

distance of separation between the two protons, being inversely proportional to the 

sixth power of the inter-site distance (183). NOESY spectra are typically acquired as 

a 3D experiment at a minimum, where the equilibrium 1H magnetization is 

transferred to the nucleus of interest, in our case 13C for chemical shift encoding. 

This is transferred back to the 1H nucleus before a user specified mixing time 

elapses for the NOE to build up and transfer to a neighbouring spin before 

detection. For a fully protonated sample, NOEs are typically observed up to 6Å, 

where as selective protonation on a perdeuterated background increases this 

distance to up to ca. 12 Å (217, 281). 
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In combination with a known 3D structure, inter-methyl NOE data can provide a 

means for resonance assignment (282), though in practice it is often helpful for a 

number of prior assignments to be known. The NOE approach can be enhanced 

through other methods that offer information complementary to that that can be 

achieved by NOE, for example pseudocontact shifts (PCS) and paramagnetic 

relaxation enhancement (PRE) experiments. These experiments rely on 

perturbation of chemical shifts or linewidths due to an unpaired electron introduced 

via a lanthanide tag or nitroxide spin label. In both cases, a comparison of 

experimental and predicted PCS/PRE data can provide partial methyl resonance 

assignments (275, 283) For PCS however, there must be prior knowledge of the 

magnetic susceptibility tensor, which can necessitate the acquisition of multiple tag 

sites or the use of multiple metal types. Software tools have recently been 

developed to facilitate this analysis (284). 

 

Interpretation of this data can be intensive for large proteins and often requires a lot 

of user input. In response to this, a number of protocols have now been developed 

for structure-based, automated methyl assignment that rely on NOESY or 

paramagnetism-based methods, including MAP-XSII (285), FLAMEnGO2.0 (286) as 

well as a method that incorporates solution PRE data (PRE-ASSIGN) (275). These 

methods use a 3D structure to calculate predicted methyl chemical shifts and 

theoretical NOEs. Monte Carlo sampling is then used to provide scoring functions 

for multiple iterations of algorithm that test different assignment possibilities and 

simulated NOE distances until the score is maximised to give the final assignment. 

Somewhat inevitably, given the enormity of the methyl assignment challenge, these 

methods have been critiqued for the prediction of incorrect assignments (285, 287).  

 

More recently two protocols that claim to more accurately address the methyl 

assignment problem have been developed: Methyl Assignment by Graph Matching 

(MAGMA) (287) and a method, referred to here as NSSC, developed by Dr Nik 

Sgourakis, UC Santa Cruz, that, at the time of writing is unpublished. Similar to 

those described above, both methods rely on graph theory (288) to systematically 

match contacts generated from the experimental NOE data to a second network of 

possible NOEs derived using a distance threshold from a pre-existing 3D structure. 

Labelled methyl groups define the vertices of the structure and intermethyl contacts 

define the edges between these vertices (Figure 2.3). Vertices are ‘coloured’ by the 

residue type, thus prior experimental determination of these facilitates assignment 

using these methods. Included in the MAGMA study was a comparison of its 
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performance against the existing structure-based assignment programs using a 

benchmark dataset described in the publication (287). MAGMA outperformed both 

MAP-XSII (285) and FLAMEnGO2.0 (286) in terms of the accuracy of confident 

assignments returned (287). For this reason, MAGMA was our program of choice 

for the assignment of α1AT. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 – Structure-based assignment methods employ graph-matching 
techniques. Local networks generated from NOESY data are used to produce a ‘data 
graph’ where the vertices (residues) are coloured by residue type, shown in the example as 
yellow, blue and red for Ile, Val and Leu respectively. A crystal structure is supplied from 
which a similar graph is produced based on theoretically possible connections using a 
predefined distance threshold. The structure-based method (such as MAGMA) then uses 
graph-matching algorithms to find assignment possibilities common to both graphs. Figure 
reproduced from (287). 
 

For MAGMA, the user is required to manually process the NOE data to generate the 

‘structure puzzle’. The input of inter-methyl restraint data is in the form of a two 

column file listing the labels of two resonances in the 2D 1H-13C spectrum that are 

connected via a cross peak in the NOE data, working best when the user has 

manually filtered the data to ensure all NOE peaks are reciprocal (i.e. a quality 

control check against erroneous picking of noise peaks). As such, 4D methyl-methyl 

NOE data where the exact 1H-13C frequencies of the NOE acceptor residue can be 

easily determined is optimal for this input, though 3D CCH NOE data filtered using a 

3D HCH NOE experiment to give the corresponding 1H chemical shift can also be 

used. MAGMA then calculates the graph density of both the experimental and 

theoretical structures as described in the supplementary methods (287) and 

depending on the results, selects an appropriate graph matching algorithm to 

exhaustively determine a mapping of the assignment positions that results in the 

most consistent overlap of NOEs, termed the maximal common edges subgraph 

(MCES). MAGMA also allows users to input known, stereospecific assignments 
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determined by the conventional methods. This information, in combination with 

unambiguous spin system residue typing and simplification of the spectrum by 

stereospecific labelling, can dramatically improve the speed of the MAGMA protocol 

(287). 

 

In contrast, the NSSC method requires less user involvement for generation of NOE 

restraint input data and therefore reduces user bias. This approach prefers NOE 

restraints generated from 3D NOESY experiments, omitting the need for 

reconstruction of NUS data normally used to acquire 4D experiments. The main 

data from a CCH NOESY experiment is formatted in six columns, including <user ID 

label> <amino acid label> <1H ppm> <13C ppm> <13C NOE ppm> <Intensity of 

NOE>. This data is then filtered computationally by additional HCH NOE restraints 

provided in the same format. Filtering the CCH data in this way ensures the CCH 

NOEs are non spurious, thus allowing the user to be less cautious when picking 

NOE cross peaks in the CCH data set – i.e. picking peaks closer to the noise and 

not checking for reciprocity. Using a generalisation of the method described for 

MAGMA above, NSSC then performs an extensive search of the structure puzzles. 

One distinguishing feature of NSSC compared to MAGMA is that NSSC is more 

conservative in its approach, in that it interprets the supplied NOE cross peak data 

less stringently. By considering the interpretation of NOEs as subtly different 

possibilities, this increases the space of search possibilities for the ‘structure 

puzzle’, but by ensuring every possible assignment solution satisfies all the options 

of the structure puzzle at each site, the confident results are provided (in principle) 

with greater accuracy and fewer false positives. This is the work of a recent 

collaboration, with optimisation steps currently being performed to obtain 

meaningful results that will not be discussed here. Comparing the assignment 

solutions from both MAGMA and NSSC will provide a useful cross-validation step.  

 

In this chapter we describe the combination of strategies employed for resonance 

assignment of 13CH3-methyl-labeled α1AT, using through-bond ‘out-and-back’ 

magnetization transfer (182) and through-space methyl-methyl NOESY experiments 

in combination with near complete existing backbone assignment data and a known 

crystal structure (178, 289). Additionally, we show how this assignment can then be 

used to characterise the monomeric α1AT in solution by NMR at unprecedented 

resolution and present findings of conformational change as well as data that 

indicates motions at different timescales taking place within the molecule that may 

reveal information about the transition to an aggregation prone conformation.  
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2.4 Results 
2.4.1 Identification of residue type of ILV methyls 
 

Alpha-1 antitrypsin has 152 methyl containing residues (Table 2.1) (Figure 2.4), of 

which 88 are Ile, Leu and Val methyls. The favourable spectroscopic properties of 

methyl groups led to the development of biosynthetic strategies for the production of 
1H, 13C methyl labelled proteins by exploiting the biosynthetic pathways of E.coli 

through introduction of [3,3,-2H2] 13C α-ketobutyrate and [3-2H] 13C α-ketoisovalerate 

in to culture media to produce (1H-δ1 Methyl)-Isoleucine and (1H-δ Methyl)-

Leucine/(1H-γ Methyl)-Valine labelled protein respectively (215, 216). I employed 

this strategy to prepare a sample of methyl protonated {I(δ1) only), L(13CH3, 12CD3), 

V(13CH3, 12CD3)} U-[15N,13C,2H] WT α1AT as described in Materials and Methods. 

From one litre of perdeuterated, isotopically labelled culture, ~3.6 mg of WT α1AT 

was reproducibly obtained following a two-step purification. Purity was estimated as 

>90% from SDS PAGE (Figure 2.5). The spectra were of high quality, with 

sufficiently high levels of isotope incorporation as determined from the spectrum 

(Figure 2.6A). No isotopic scrambling was observed as labelling of other, non Ile, 

Leu and Val residues. The number of peaks matched that expected from the 

number of Ile, Leu and Val residues in the protein sequence, indicating that no 

alternate conformations were present in this sample. 

 

Figure 2.4 – Distribution of methyl 
containing residues in the structure of 
WT α1AT. Cartoon representation of native 
α1AT (PDB 1QLP) (289) with methyl 
containing residues highlighted as spheres 
coloured as in key. Figure created using 
Pymol (291). 
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Figure 2.5 – Purity of isotopically labelled 
α1AT assessed by denaturing and non-
denaturing PAGE. Representative image of 
a 4-12 % acrylamide Bis-Tris SDS PAGE gel 
(top) and 3-12 & acrylamide Bis-Tris Native 
PAGE gel (bottom) following purification of 
{I(δ1) only), L(13CH3, 12CD3), V(13CH3, 12CD3)} 
U-[15N,13C,2H] labelled WT α1AT with ion 
exchange chromatography (middle trace) as 
described in materials and methods. 4 µg 
protein loaded per lane. (*) indicates lower 
molecular weight contaminant in later 
fractions that were not collected for NMR. (M) 
indicates molecular weight ladder with values 
showing approximate molecular weights in 
kDa. Dashed box shows the fractions pooled 
for NMR studies. 
 

 

 

 

 

 

 

 

 

 

A benefit of this labelling is that it facilitates unambiguous assignments of Leu and 

Val resonances, which, unlike Ile Cδ1–methyl resonances, cannot be identified 

based on their distinctive 13C-chemical shifts (290). In the through-bond 

HMCM[CG]CBCA 3D spectrum, the Cα and Cβ aliphatic resonances of Leu and Val 

have opposite signs (Figure 2.6B) that when used in combination with their 

expected 13C chemical shift ranges of Leu Cβ and Val Cα resonances, allowed for 

confident discrimination of 100% of Leu and Val resonances in the 2D 1H, 13C-

methyl TROSY-HMQC spectrum (Figure 2.6B). This step increases the chances of 

successful assignment and significantly reduces the computational run time of 

structure-based assignment algorithms discussed later in this chapter (287).  
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2.4.2 Through-bond methyl resonance assignment 
 

Strategies for stereospecific labelling of Leu Cδ and Val Cγ methyl groups have 

emerged through the use of selectively protonated 2-[13C]methyl-4-[2H3] acetolactate 

in place of α-ketoisovalerate (217). The result is a simplified spectrum with only the 

pro-S enantiomers of Leu and Val residues labelled, as well as increased sensitivity 

through two-fold labelling of pro-S methyl groups. This extends the range of inter 

methyl distances that can be detected in NOESY experiments of large proteins, 

essential for regions of low methyl density, such as on the protein surface (217). A 

sample of α1AT was prepared with selective methyl labelling at {Ala β, Ile δ1, Leu 

δ2, Met ε, Val γ2} U-[15N,12C,2H] as described in materials and methods that is 

subsequently referred to as PLAM. The simplification of the HMQC spectrum by 

sterospecific labelling can be seen by the spectral comparison PLAM α1AT with a 

alternative sample labelled at {Ala β, Ile δ1/γ2, Leu δ1/2, Val γ1/2} U-[15N,13C,2H] 

referred to as QLAM (Figure 2.7).  
 

Table 2.1 – Methyl containing amino acids in the WT α1AT sequence. 
 

Residue Count 

Ala 24 

Ile 19 

Leu 45 

Met 10 

Thr 30 

Val 24 
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Figure 2.6 – Discrimination of Leu and Val residues using an Ile/Leu/Val methyl 
labelled sample. A) Representative 1H-13C Methyl TROSY spectrum obtained for WT α1AT 
sample with labelling:{I(δ1) only), L(13CH3, 12CD3), V(13CH3, 12CD3)} U-[15N,13C,2H], acquired 
using constant time (CT) in the indirect dimension to suppress coupling to linearised 13C 
backbone. Highlighted region shows significant overlap of Leu and Val residues in the 
spectrum. B) Representative Ile, Leu and Val residues showing Cα and Cβ aliphatic 
resonances acquired in the HMCM[CG]CBCA 3D spectrum. The sign change between Cα 
and Cβ resonances in Leu and Val residues facilitates residue discrimination as shown by 
the blue and magenta resonances.  
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Figure 2.7 – Simplification of the NMR spectrum through stereospecific methyl labelling. A comparison of the 1H-13C Methyl TROSY HMQC 
spectra of 210 µM PLAM {Ala β, Ile δ1, Leu δ2, Met ε, Val γ2} U-[15N,12C,2H] (left hand panel) and 160 µM QLAM {Ala β, Ile δ1/γ2, Leu δ1/2, Val γ1/2} 
U-[15N,13C,2H] (right hand panel) recombinant WT α1AT. The panels in each figure show the labelling scheme according to the key on the right, 
using Leu as an example. The QLAM spectrum was acquired using CT (constant time) acquisition.  
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The QLAM labelled sample was used for methyl resonance assignment by ‘through-

bond’ 13C-13C COSY based transfer of magnetization from the methyl group to the 

backbone (Figure 2.8A). While the ‘out-and-back’ HMCM[CG]CBCA experiment 

provides correlations of methyl carbon and proton shifts to the rest of the carbon 

residues on the side chain in a single spectrum (182), here we use the ‘divide-and-

conquer’ strategy in which the chemical shifts of individual carbons of the side chain 

are acquired in separate 1-step, 2-step and 3-step experiments, which in our hands 

provided significantly enhanced sensitivity (185). CO shifts were acquired with 

separate HMCM(CA)CO, HMCM(CBCA)CO and HMCM(CGCBCA)CO experiments. 

The carbon resonances obtained through the multi-step magnetization transfer 

experiments for each residue are illustrated in Figure 2.8B. These were 

subsequently matched to the assigned Cα and Cβ and CO atoms of α1AT 

published in the BMRB (ID 17804) for assignment (292). The aliphatic data were 

acquired at 900 MHz, however due to enhanced CSA-induced relaxation of CO 

resonances at high field, this data had to be acquired in separate experiments at 

600 MHz. The backbone assignment includes data for 83.3 % of the 24 Ala 

residues (of which 100 % Cα, 79.2 % Cβ and 79.2 % CO are assigned) 89.5 % of 

the 19 Ile residues (of which 100 % Cα, 88.2 % Cβ and 94 % CO are assigned), 100 

% of the 24 Val residues (of which 100 % Cα, 91.6 % Cβ and 91.6 % CO are 

assigned) and 93.3 % of the 45 Leu residues (of which 95.2 % Cα, 90.5 % Cβ and 

92.9 % CO are assigned) to give an overall coverage of 91.9 % for the backbone 

atoms of Ala, Ile, Leu and Val residues (292). Using the through-bond methyl 

assignment strategy, 56.25 % of the methyl resonances of Ala, Ile, Leu and Val 

residues were assigned (specifically, 50 % Ala β, 89.5 % Ile δ1/γ2, 42.2 % Leu δ1, 

62.5 %Val γ1 residues) (Figure 2.9). The lower degree of assigned Ala and Leu 

residues is due to poor resolution in these regions preventing unique correlations 

being identified, in addition to frequency degeneracy in the chemical shift of the 

Cα/Cβ/CO resonances (Table 2.2) and missing data in the backbone assignment for 

these residues (Figure 2.10). 
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Figure 2.8 – Through-bond assignment of proR resonances by QLAM sample. A) 
Schematic of Ala, Ile, Leu and Val amino acids showing magnetisation transfer pathways in 
red (271). B) Representative Val and Leu residues showing divide and conquer 3D 
experiments (HMCM(CA)CO, HMCM(CBCA)CO and HMCM(CGCBCA)CO) that allows 
assignment of Cα and Cβ and CO resonances to be correlated with existing chemical shift 
data. 1 step transfers shown in blue, 2 step transfers shown in green, and three step 
transfers shown in red and magenta for Leu and Val respectively, with a 4th step used for 
assignment of Leu CO shown in magenta. Cα and Cβ and Cγ resonances were assigned 
using 160 µM QLAM α1AT prepared as described in Materials and Methods, acquired at 900 
MHz, 298K. The same sample was used to acquire CO chemical shifts at 600 MHz, 298K.  
 

Table 2.2 – Example of resonance overlap for select Ala & Leu residues. 

 
Position Reside Cα Cβ CO 

7 Ala 52.515 18.295 177.886 

8 Ala 52.273 18.317 177.935 

131 Leu 56.963 40.158 179.796 

41 Leu 57.032 40.361 179.875 
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The QLAM labelling strategy also allows for the full, stereospecific assignment of 

Leu and Val methyl groups from the same sample, as well as assignment and 

discrimination of Ileδ1/γ2 methyl groups (271). This is achieved by linear connection 

of Leu δ1 and Val γ1 methyls directly to the backbone while Leu δ2 and Val γ2 

methyls are connected to the pro-R methyl group, not via the backbone (270, 271) 

(Figure 2.11). The Cδ2 and Cγ2 of Leu and Val resonances respectively were 

assigned through this approach, using one- and two-step magnetization transfer 

experiments, taking in to account the deuterium isotope shift (~0.7 ppm, CH3 à 

CD3) effect on the chemical shift pro-S methyl resonance for each residue. The 

corresponding pro-S methyl resonance was identified for all the Leu and Val 

residues assigned using the through-bond strategy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 – Methyl groups assigned by through-bond assignment approach. The 
methyl groups assigned through out-and-back NMR methods shown as spheres coloured as 
in the key on a ribbon representation of native α1AT (PDB 1QLP). Mis-assigned groups are 
coloured white and those that were not assigned are coloured grey.  
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Figure 2.10 – Resonance overlap and 
chemical shift degeneracy precludes 
assignment. 3D plots showing the 
agreement of Cα and Cβ and CO 
chemical shifts (ppm) determined from 
HMCM(CA)CO, HMCM(CBCA)CO and 
HMCM(CGCBCA)CO experiments with 
the QLAM sample (blue circles) with the 
Cα and Cβ and CO chemical shift data 
from the published backbone resonance 
assignment of α1AT (red numbers) (292). 
While some assignments were missing 
for Ile residues, the remainder agree well 
allowing confident assignment. In 
contrast, 3D plots of Ala and Leu 
correlations show both missing 
assignments and missing chemical shift 
data as well as severe resonance overlap 
(highlighted by dashed ellipsoids) that 
prevent confident assignment.  
 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.3 Through-space NOE-based methyl resonance assignment 
 

As a complete assignment could not be achieved using only the through-bond 

assignment approaches, we sought an alternative method of determining methyl-

methyl through-space connectivity using the nuclear Overhasuer effect (NOE) in 

conjunction with the pre existing crystal structure of monomeric α1AT (PDB 1QLP) 

(289). A series of NOESY spectra were collected on the PLAM sample, with the 

following labelling scheme {Ala β, Ile δ1, Leu δ2, Met ε, Val γ2} U-[15N,12C,2H].  
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Figure 2.11 – Stereospecific assignment of Leu and Val methyl resonances. The QLAM 
sample enabled stereospecific assignment of Leu and Val resonances. Pro-R groups were 
assigned through magnetisation transfer directly to the backbone while the pro-S methyl 
groups were assigned via the Cγ/β resonances for Leu/Val residues respectively in a one-
step and two-step magnetisation transfer experiments. The position of the Cδ/γ pro-R 
resonance (green) can then be used to determine the corresponding pro-S assignment from 
the peak position in a 3D spectrum, taking in to account the deuterium isotope shift on going 
from CH3 to CD3. Residue Leu 37 shown as a representative example. 
 

Initially, methyl NOE data were obtained in a 4D 1H-13C HMQC-NOESY-HMQC 

experiment, using a 220 ms mixing time with a 1 sec recycle delay. This was 

acquired for 8 days at 900 MHz using non-uniform sampling at a sampling sparsity 

of 1.7 %. A comparison of reconstruction methods for NUS data was employed 

using hmsIST (293) and SMILE 2.0b (195). hmsIST was used for final data 

reconstruction following recommended protocols, as higher intensity signals were 

observed that when reconstructed using SMILE. 4D NOESY data were handled as 

a series of 2D 1H-13C HMQC spectra and processed in MATLAB to observe the off 

diagonal (NOE) peaks (see Appendix for script) (Figure 2.12). After filtering for 

reciprocity, 325 NOEs were observed. Artefacts in the reconstruction of NUS data 

produced phase distortions as can be seen in the reconstructed spectra. While 

these did not significantly impede identification of NOE peaks, there were concerns 

over the presence of spurious peaks arising from the reconstruction process (Figure 

2.13).  
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Figure 2.12 – 4D 1H-13C HMQC-NOESY-HMQC spectrum – Representative NOE data 
generated from the 4D 1H-13C HMQC-NOESY-HMQC experiment acquired for 8 days at 900 
MHz, 298K using NUS, with a sparsity of 1.7%. The data was reconstructed using SMILE 
2.0b (195) and processed as a series of 2D 1H-13C HMQC spectra using MATLAB (script 
included in Appendix). This allowed interpretation of NOE partners without ambiguity. In the 
example shown, the magenta peak marked X shows the diagonal peak, with the remaining 
magenta peaks showing the position of NOE off diagonal peaks close in space, also 
highlighted using magenta dashed lines.  
 
 

 
 
Figure 2.13 – Comparison of NUS reconstruction methods – hmsIST (left) (196) and 
SMILE (right) (195) was used for reconstruction of NUS 4D data using a 4D 1H-13C HMQC-
NOESY-HMQC experiment, with a 1.7% sampling sparsity. For an equivalent peak at 1.7 
ppm / 16.65 ppm in the direct and indirect dimensions respectively, hmsIST produced much 
higher intensity signals with respect to SMILE, though phase distortions produce artefacts in 
the reconstructed spectra. The most intense peaks in each spectrum represent the 
‘diagonal’ peak, with lower intensity peaks showing the NOE connections from this residue.  

hmsIST SMILE
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To address these concerns, in addition, I performed a uniformly sampled 3D CCH 

HMQC-NOESY-13C HMQC experiment that removes the requirement of 

reconstruction algorithms (Figure 2.14). The mixing time was also increased from 

that used in the above experiment to 400 ms to increase the possibility of detecting 

longer range NOE contacts, given NOEs over longer distances build up more 

slowly. Overall the 3D CCH NOESY data set was acquired for 6 days, using a 1.3 

sec recycle delay. From this experiment, 311 NOEs were detected, of which 293 

were reciprocal (Table 2.3).  

 

To filter the CCH NOE data, a 3D HCH SOFAST NOESY-13C HMQC experiment 

was also recorded, using a similar 400 ms mixing time, with a 1 sec recycle delay, 

acquired over 3 days (Figure 2.14) (294). In this experiment, the SOFAST principle 

was used for selective excitation of methyl protons. Doing so enabled a narrower 

sweep-width to be used in the acquisition of the 1H indirect dimension without 

concern for non-methyl protons being folded into the spectra. Using the 3D HCH 

NOESY data set to filter the results from the 3D CCH data, the number of NOEs 

was reduced to 138 reciprocal NOEs common to both experiments (Table 2.3).  

 

 

 
Figure 2.14 –1H-13C HMQC-NOESY-HMQC 3D spectra for assignment. (Left) 1H-13C and 
13C-13C plane of a 3D 1H-13C HMQC-NOESY-HMQC of 210 µM PLAM {Ala β, Ile δ1, Leu δ2, 
Met ε, Val γ2} U-[15N,12C,2H] labelled sample. (Right) 1H-1H and 1H-13C plane of a 3D 1H-13C 
(HCH) HMQC-NOESY-HMQC of PLAM labelled sample. Spectra are coloured in ‘rainbow’ 
from magenta to green and blue to magenta for CCH and HCH respectively to mark low to 
high signal intensities. Schematic above the spectra demonstrates the magnetization 
transfer pathways in each experiment.  
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So far, the number of NOEs obtained was relatively low compared to the number 

that was expected for a protein of this size and of this labelling scheme, as 

determined from connections within an NOE compatible distance on inspection of 

the crystal structure. Despite being a perdeuterated sample of a high molecular 

weight protein, we were encouraged to investigate whether any signal enhancement 

could be obtained through the use of SOFAST editing in a 4D methyl-methyl 

SOFAST-HMQC-NOESY-SOFAST-HMQC experiment (294). The effect is expected 

to occur through the presence of residual protons arising during the expression and 

purification process (295). The experiment was acquired over 7 days, using NUS of 

20,000 points and a sparsity of 7%, with a 400 ms mixing time. A striking and 

surprising effect of longitudinal relaxation optimisation was observed, allowing the 

recycle delay to be reduced to 200 ms while retaining 90 % of the sensitivity that 

was observed at longer times (Figure 2.15). NUS data was reconstructed using 

SMILE 2.0b following the recommended protocols (195) and handled in MATLAB as 

described for the initial 4D NOESY experiment above (example spectrum shown in 

Figure 2.12). Using this approach, 346 reciprocal NOEs were obtained, a 2.5 fold 

increase from the 3D HCH/CCH NOESY filtered data.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15 – Relaxation in 4D SOFAST-HMQC-NOESY-SOFAST-HMQC experiment – 
The relative sensitivity of the 210 µM PLAM {Ala β, Ile δ1, Leu δ2, Met ε, Val γ2} U-
[15N,12C,2H] sample for different recycle time durations was calculated from the intensity of a 
single peak relative to the noise for a series of recycle delay times (50 – 1000 ms) in 1D 
NMR experiments. At 200 ms, 90% of the maximum signal (determined from the plateau at 
long recycle delay times) was observed.  
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NOE patterns from both the SOFAST HMQC 4D and 3D HCH/CCH filtered data 

were used to verify the assignments obtained by the through-bond approaches. We 

determined the distance of intermethyl NOEs in the structure using the prior 

assignments and a distance threshold of 10 Å (as typically applied by MAGMA). 

NOEs between residues of a distance above this threshold would indicate a wrong 

assignment by the through-bond methods, while NOEs with a distance below this 

indicate a feasible, though not unequivocal assignment. Of the prior assignments, 

only two (L137 and V210) gave NOEs with distances beyond the 10 Å threshold we 

employed, up to 20 Å in the case of L137 and up to 37 Å for V210 (Figure 2.16). At 

least one of the assigned residues accepting the NOE from both L137 or V210 

made connections to neighbouring assigned positions with NOEs of less than 10 Å. 

We could therefore be confident it that L137 and V210 that were incorrectly 

assigned. While the origin of the error for L137 appears to be the result of incorrect 

attribution, for V210 the error seems likely the result of incorrect data in the BMRB 

assignment of the α1AT backbone (178). 

 

 
Figure 2.16 – Verification of out-and-back assignment correlations by NOE. NOE data 
generated from the 4D SOFAST HMQC and 3D CCH experiments were used to confirm the 
assignments made by the out-and-back strategy using a distance threshold of 10 Å to 
determine whether the assignments are feasible. Two assignments L137 (left) gave NOE 
distances of up to 20 Å, while V210 (right) gave NOE distances of up to 37 Å, thus 
confirming incorrect assignment. NOE connectivities shown on cartoon representation of 
native α1AT (PDB 1QLP) (289) where connections are shown by yellow dashed lines. 
Numbers represent distance between NOE connections in Angstrom (Å). Methyl residues 
represented as coloured spheres; Ala Cβ (orange), Ile Cδ/γ (blue), Leu Cγ (green), Met Cε 
(magenta) and Val Cγ (red ).  
 

L137

V210
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Verification by NOESY experiments also enabled completion of Ile assignment. 

Backbone assignment data was absent for two Ile residues, I26 and I57, 

presumably because of the low intensity of the cross peak in each case. With the 

assignment of the remaining 17 Ile resonances complete via the through-bond 

strategy, we were able to confidently assign the remaining Ile resonances using the 

NOE connectivities (Figure 2.17). This marginally increased the overall assignment 

from 56.25 % to 58 % complete (specifically, 50 % Ala β, 100 % Ile δ1/γ2, 42.2 % 

Leu δ2, 62.5 %Val γ2 residues). It was not possible however to use the manual NOE 

strategy to confirm the assignments of residues that are far away from the core of 

methyl residues and therefore do not make NOE connections, or indeed those 

within the core with many NOEs for which more than one assignment possibility 

would be possible. 

 
 

Figure 2.17 – Completion of isoleucine assignment by NOE. NOE data generated from 
the 3D CCH experiment was used to confirm the assignments of two unknown Ile residues 
for which assignments were missing from backbone data. Ile 26 (left) and Ile 57 (right) both 
made at least 2 connections to neighbouring assigned residues below the distance threshold 
of 10 Å. NOE connectivities shown on cartoon representation of native α1AT (PDB 1QLP) 
(289) where connections are shown by yellow dashed lines. Numbers represent distance 
between NOE connections in Angstrom (Å). Methyl residues represented as coloured 
spheres; Ala Cβ (orange), Ile Cδ/γ (blue), Leu Cγ (green), Met Cε (magenta) and Val Cγ 
(red). 
 

2.4.4 Automatic assignment using Graph Matching theory  
 

In order to make further progress in the assignment of methyl resonances using 

NOE data, we used the recently published software, Methyl Assignment by Graph 

Ile 26 Ile 57
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Matching (MAGMA) (287) to analyse our data using the pre-existing X-ray crystal 

structure (PDB 1QLP) (289).  

 

MAGMA was initially run using the data graph generated from the NOE restraints 

obtained from 3D CCH/HCH filtered experiments, using default parameters, with the 

exception that Leu and Val resonances were distinguished and stereopairs of Leu 

and Val resonances were not merged through use of stereospecific pro-S labelling 

in the ‘PLAM’ sample. A modified version of the MAGMA code was developed with 

Dr Christopher A. Waudby to implement this stereospecific pro-S labelling. In 

addition, prior assignments for 65 residues were also provided from the through-

bond data as confident restraints. A total of 138 NOEs filtered for reciprocity gave a 

‘sparsity’ of 13.32 %, a value determined when comparing the number of possible 

NOEs determined from the structure graph with the data graph (data graph: 72 

nodes, 69 edges structure graph: 119 nodes, 518 edges). From this run, MAGMA 

confidently assigned 11 methyls of which only 5 assignments agreed with those 

made by other methods. Interestingly, 4 assignments from the list of ‘confident 

results’ were methionines, providing the first assignment solutions for these 

residues. However, Met63 was assigned to two different resonances in the 

confident results. One prior assignment, V216, was reported as V321 in the 

MAGMA ‘confident results’. Reappraisal of out-and-back correlation data suggested 

that this was not consistent and thus running MAGMA with low sparsity NOE data 

gave few confident assignments and erroneous results. 

 

Table 2.3 – NOE experiments, and the number of reciprocal NOEs obtained from each 
method. NB. Experiments are not directly comparable as not all acquisition parameters 
identical. 
 

Experiment Dimensions Mixing 
time (ms) 

NUS Duration 
(days) 

No. reciprocal 
NOES 

HMQC-NOESY-HMQC 4 220 Yes   

 

8 325 

HMQC-NOESY 13C 

HMQC (CCH) 

3 400 no 5 293 

HMQC-NOESY 13C 

HMQC (HCH) 

3 400 no 2 138 

SOFAST-HMQC-

NOESY-SOFAST 

HMQC 

4 400 Yes  

 

7 346 
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In order to increase the coverage of the data graph, a list of NOEs from 4D 

SOFAST HMQC NOE experiments was prepared and MAGMA repeated using 

default parameters as before. A total of 346 NOEs gave a sparsity of 33.4 % when 

compared to the number of possible NOEs determined from the structure graph 

(data graph: 93 nodes, 173 edges structure graph: 119 nodes, 518 edges). 34 

unambiguous assignments were obtained of which 22 were consistent with 

previously assignments by through bond strategies, providing assurance that the 

prior assignments were correct. With the increased number of NOEs and reduced 

sparsity, the assignment of V216 was now consistent with that determined from the 

‘out-and-back’ strategy. However two additional residues differed in the result of 

MAGMA to those obtained previously. V321 was attributed as V181 and V181 was 

attributed as V127. Again, reappraisal of through-bond experiments suggests these 

assignments are not compatible with the Cα/Cβ/CO shifts at these positions, though 

neither assignment is inconsistent when assessed only by intermethyl NOE data 

within a 10 Å distance threshold. Of the assignment possibilities provided, 12 of the 

unambiguous assignments were for residues that had not been previously 

assigned, including 1 Ala, 4 Leu, 5 Met and 1 Val residues. It should be noted that 

for one assignment, Met220, the NOE connectivities are above the 10 Å used by 

MAGMA, however when investigated using the structure, this is the only assignment 

possibility. For the 400 ms mixing time experiments, longer range NOEs cannot be 

ruled out. In addition to the confident assignments, 31 ambiguous assignment 

possibilities were provided, with between 2 and 17 options for some residues. For 

residues with up to 4 assignment possibilites, it was possible to use a process of 

elimination combining prior assignments and those already unambiguously 

assigned by MAGMA to obtain a further 5 unambiguous assignments. Of these (1 

Ala and 4 Leu), all made more than one NOE contact to other residues that were 

below the 10 Å threshold, providing confidence in the assignment. Combining this 

data with those assigned by through-bond methods discussed above, the overall 

level of assignment increased to 72.1 % (specifically, 58 % Ala β, 100 % Ile δ1/γ2, 

71 % Leu δ1, 50 % Met ε and 75 %Val γ1 residues) (Figure 2.18). The methyl 

spectra used in these experiments are included in the appendix as full pages with 

assignment labels. 
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Figure 2.18 – Final assignment coverage using through-bond and structure-based 
methods Cartoon representation of native α1AT (PDB 1QLP) (289) with assigned methyl 
containing residues highlighted as spheres: Ala Cβ (purple), Ile Cδ/γ (yellow), Leu Cγ (pink), 
Met Cε (blue) and Val Cγ (green). Figure is shown as front and back views with respect to 
the main β-sheet A. Figure created using Pymol (291).  
 

2.5 Characterisation of dynamics within monomeric α1AT by NMR 
 

With the majority of residues in the spectrum of methyl labelled α1AT now assigned, 

we sought to investigate the dynamics within the α1AT monomer. For meaningful 

interpretation of these data, as close to a complete assignment as possible is 

required. Due to time constraints and challenges with reaching the current 72 % 

level of assignment, the analysis of these data is on going and only a ‘snap-shot’ of 

this work is included in this chapter, to emphasise that I have obtained data that 

clearly show the existence of multiple timescale dynamics within the monomer.  

 

It is widely known that elevated temperature can be used to induce WT α1AT to 

polymerise (31), with the resulting aggregates sharing a conformational epitope 

consistent with the aggregates derived from the liver of patients with liver disease 

(114). In the first instance I investigated the effect of temperature on the 1H,13C 

methyl TROSY spectrum of a 24 µM sample of PLAM {Ala β, Ile δ1, Leu δ2, Met ε, 

Val γ2} U-[15N,12C,2H] labelled α1AT, monitoring chemical shift perturbations. 1H,13C 

methyl TROSY HMQC spectra were recorded at 5K increments between 278K and 

328K (Figure 2.19A). While most peaks shifted linearly as a function of temperature, 
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a subset of resonances showed non-linear trajectories, with the midpoint of this 

curvature being at 303K for most positions that display this effect. Non-linear 

temperature dependence of chemical shift has been shown to indicate access to an 

alternative, ‘excited’ state from the native state ensemble (239). Interestingly, 

almost no perturbations in linewidth were observed with temperature, suggesting 

this exchange takes place on a fast timescale with respect to the chemical shift. For 

positions that were assigned, we performed regression analysis to determine the R2 

value for chemical shift perturbations as a function of temperature for the 1H and 13C 

dimension independently (Figure 2.19B). Using knowledge of the assignment, these 

values were represented on the structure as coloured spheres to identify the 

regions of the molecule accessing the excited state conformation, where dark blue 

represents non-linear shifts in the carbon dimension and dark red represents non-

linear shifts in the proton dimension (Figure 2.19C & D). Non-linear chemical shifts 

were more apparent for the 1H dimension, with more positions demonstrating this 

behaviour than was observed in the 13C dimension. Most apparent was the cluster 

of residues showing non-linear chemical shifts at the top of strands 3, 5 and 6 of β-

sheet A, particularly residues I188, I340, I293 and L291. Adjacent to this position on 

residues on β-sheet B, residues M374, L245 and L286 also display the effect of 

non-linear chemical shifts as a function of temperature (Figure 2.19C). A similar 

effect is also observed at the bottom of β-sheet A, with residues V185 and A332 in 

strands 3 and 5 respectively showing non-linear chemical shifts. Additionally, the C-

terminal region of helix A and adjacent N-terminal region of helix I show a high 

degree of non-linear perturbation. The positions mentioned above also display non-

linear chemical shift perturbation in the 13C dimension, though deviate from a perfect 

correlation to lesser extent, i.e. have larger R2 values (Figure 2.19D).  

 

To monitor monomer dynamics on the microsecond – millisecond timescale, we 

also investigated the exchange contribution to the transverse relaxation rate using 

Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion measurements. Data were 

acquired at three magnetic field strengths, 600, 800 and 950 MHz and the 

transverse relaxation rate is plotted as a function of CPMG frequency (Figure 

2.20A). Relaxation dispersion curves were fitted to the Carver-Richards equation for 

two-site exchange by Dr Christopher A. Waudby. For the residue shown (I92), 

interconversion with an excited state occurs with a rate (kex) of 9068.3 s-1 and 

excited state population of 0.58% as determined from the fitted line for Carver-

Richards equation for two-site exchange (Figure 2.20B) (296).  
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Figure 2.19 – Nonlinear chemical shift variations with temperature – A) Representative 
nonlinear chemical shift variations of Ile residues in a 1H-13C Methyl TROSY spectrum of 24 
µM PLAM labelled α1AT between 5°C and 55°C with resonances coloured as shown in the 
key. Two peaks showing nonlinear chemical shift perturbations are labelled; I375 and I229. 
B) Representative residuals of fitting 1H chemical shift values as a function of temperature to 
a straight line, with R2 value for fit given above. Two peaks showing nonlinear chemical shift 
perturbations are labelled; I375 and I229. C) (Top) Plotting the fitted R2 values of 1H 
chemical shifts as a function of temperature on to the structure for residues that have been 
assigned. Colour gradient from red to yellow where red is ≤0.5 and yellow =1. (Bottom) 
Correlation coefficient (R2) values of 1H chemical shifts as a function of temperature plotted 
for each assigned residue. A value of 1 represents perfect linear correlation with 
temperature. A lower value represents nonlinear temperature dependence. D) (Top) Plotting 
the fitted R2 values of 13C chemical shifts as a function of temperature on to the structure for 
residues that have been assigned. Colour gradient from blue to grey where blue is ≤0.5 and 
grey =1. (Bottom) Correlation coefficient (R2) values of 13C chemical shifts as a function of 
temperature plotted for each assigned residue. A value of 1 represents perfect linear 
correlation with temperature. A lower value represents nonlinear temperature dependence. 
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Figure 2.20 – CPMG relaxation – A) Representative methyl 1H CPMG relaxation dispersion 
profiles of residue I92, recorded on a sample of 210 µM PLAM α1AT prepared as described 
in Materials and Methods, recorded at 600 MHz (red), 800 MHz (blue) 950 MHz (green), 
25°C, pD 8.0, 100% D2O. Lines correspond to best fit of the Carver-Richards equation for 
two-site exchange (296). For the residue shown, I92, interconversion with an excited state 
occurs with a fitted kex of 9068.3 s-1 and excited state population of 0.58%.  B) Cartoon 
representation of α1AT (PDB 1QLP (289)) with all methyl groups labelled in the PLAM 
labelling scheme shown as spheres. I92 located in helix D (labelled) is shown as an orange 
sphere.  
 

2.6 Discussion 
 

The development of methyl TROSY NMR methods has been central to increasing 

the size of system amenable to study. However, assignment of methyl residues still 

remains a major challenge, particularly in the case of large proteins that exist as 

only a single domain, such as α1AT. In this chapter I describe the combination of 

strategies employed for the assignment of methyl labelled α1AT, using through-

bond magnetization transfer experiments and methyl NOESY experiments in 

combination with computational, structure-based assignment software.  

 

The approach that provided the most assignments was the correlation of methyl 

resonances with published backbone assignments via 13C-13C J couplings, 

achieving ca. 56% assignment of the Ile, Leu and Val methyl groups (Figure 2.8 & 

2.11). In principle, by using linearised precursors for the isotopic enrichment of Ile 
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δ1, Leu δ1/2 and Val γ1/2 that provide only a single path for magnetisation transfer 

to the backbone in combination with out-and-back relay NMR experiments, it should 

have been possible to achieve a near complete methyl assignment of α1AT as was 

achieved for the 723 residue enzyme, malate synthase G (182, 256). In reality, 

beyond the aforementioned resonance overlap and missing assignments in the 

backbone data, our experiments were plagued by low sensitivity as a result of being 

concentration and temperature limited due to the aggregation prone nature of α1AT. 

This was particularly apparent for Leu residues, due to the longer side chain 

requiring additional magnetisation transfer steps and therefore relaxation loses 

(Figure 2.9).  

 

A combined NOESY and structure-based, automated assignment approach was 

taken to extend the assignment beyond this level. The existing approaches for 

automated assignment had recently been compared for their completeness and 

accuracy of the assignments provided for a benchmark dataset (287). The best 

performer, MAGMA was chosen on this basis and that its requirement for input data 

matched the experiments that I had acquired (287). MAGMA was able to increase 

this to an overall 72% assignment of Alaβ, Ileδ1, Leuδ2, Metε and Valγ2 methyl 

groups (Figure 2.18).  

 

These methods rely on good quality NOE restraint data to provide reliable 

information of the methyl groups that are close in space within the existing X-ray 

structure of α1AT (289). NOE experiments were performed on an α1AT sample 

labelled at Ala β, Ile δ1, Leu δ2, Met ε, Val γ2 positions (Figure 2.7). Stereoselective 

labelling of Leu and Val methyl groups was chosen for enhanced sensitivity and a 

simplified spectrum (217). The methyl groups of Leu and Val are known to 

represent more than 50% of the CH3 groups in proteins (297), while Ile occurs at an 

abundance of 4.9% (298). In α1AT, Ile, Leu and Val residues make up the majority 

(58%) of all the methyl containing residues. Leu and Val residues in particular are 

clustered within the core of the molecule (Figure 2.4). As such, in NOESY 

experiments, Ile, Leu and Val residues contribute 87% of the observed NOEs from 

3D filtered CCH/HCH and 4D SOFAST NOESY data sets (75 Ile, 197 Leu and 69 

Val NOEs). Alanine residues contribute ca. 16% of the methyl containing amino 

acids in α1AT. Ala residues are known to be well distributed both throughout the 

core of the protein and on surface exposed regions (298). NOEs from Ala residues 

contributed only 6% of the total number of NOEs detected. This low number may be 

explained by the high abundance of Ala residues in surface exposed and flexible 
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regions, such as the mobile RCL (Figure 2.4). As the intensity of the NOE signal is 

proportional to !(!)!!  , the increased distance to residues in the high density methyl 

core as well as flexibility of the RCL appears to reduce transfer efficiencies such 

that NOE cross peaks are not observable.  

 

For Met ε methyl groups, assignment through NOE and related methods is essential 

due to the adjacent sulphur atom precluding through-bond assignment options. Met 

residues potentially have the most dynamic side chain of all the methyl containing 

residues (299). This can be observed as high intensity signals for Met residues in 

the 1H, 13C TROSY HMQC spectrum of the PLAM sample (Figure 2.7) as a result of 

favourable transverse relaxation properties. This is reflected in the number of NOEs 

observed with ca. 7% of the total number of NOEs detected being from Met 

residues, despite their relatively low abundance in the sequence (6% of all methyl 

containing residues) and the location of two being in the mobile RCL region (Figure 

2.4). Thus, the strong signal from Met residues overcomes the loss of NOE transfer 

efficiency due to flexibility. These high intensity correlations and low abundance of 

Met facilitates the assignment of these residues when using structure-based 

assignment software, as strong NOEs are observed from only a limited number of 

positions within the structure. Indeed this was observed when using the MAGMA 

software.  

 

The 16% increase in assignments using MAGMA included assignments of 8 

previously unassigned Leu residues and 5 (50%) Met residues. For Met residues in 

particular, two assignments were above the distance threshold of 10Å employed by 

MAGMA using the default parameters (up to ca. 12 Å for residue M220). When the 

NOE contacts were verified manually using the X-ray crystal structure (PDB 1QLP), 

it was clear that these assignments were correct and indeed the only assignment 

possibilities. It is accepted that for a perdeuterated protein with selective methyl 

labelling, NOEs of up to 12Å can be observed with long mixing times (217). While 

most of the ‘confident assignments’ returned by MAGMA matched the assignments 

determined in through-bond approaches by correlating the methyl resonance with 

the Cα/Cβ/CO assignments, for each iteration of MAGMA that was run, erroneous 

assignments were obtained as verified by reappraisal of the through-bond data, 

thus placing doubt in the confidence of MAGMA’s ability to assign entirely 

accurately. In each of these cases, the assignment possibility by NOE data alone 
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was possible, thus highlighting the problems that may occur if simply relying on 

NOE and structure-based methods alone for resonance assignment.  

To go someway towards addressing this, I have started a collaboration with Dr Nik 

Sgourakis at UC Santa Cruz to trial a new structure-based assignment method, to 

increase confidence in the results obtained from MAGMA and extend the 

assignment level further. Nevertheless, both methods require user inspection of the 

methyl-methyl NOE data that is both a time consuming task and the potentially for 

user-bias, particularly when signal to noise is low may reduce the confidence in the 

assignment possibilities returned.  

 

While collecting NOE data for the structure-based methods, I trialled a number of 

NOESY based experiments including 3D CCH and HCH (SOFAST) HMQC-NOESY 

(Figure 2.12) experiments as well as 4D 1H-13C HMQC-NOESY-HMQC both as 

standard and SOFAST variants (Figure 2.14). Thus I am able to comment on the 

relative utility of these experiments for use in the methyl assignment process.  

 

The two main benefits from acquiring 3D NOE experiments over a similar 4D 

experiment is (i) increase in √2 in the signal to noise ratio (SNR) relative to a 4D 

and (ii) the reduced acquisition time, allowing for uniform sampling of the indirect 

dimension, thus removing the need for using data reconstruction algorithms that can 

potentially induce spurious signals. Artefacts were observed in the reconstruction of 

the first 4D data set when acquired with a low sparsity (1.7%) and reconstructed 

using hmsIST (Figure 2.13). For a 3D CCH experiment however, in order to 

generate the corresponding 1H chemical shift of the 13C NOE peak for residues 

where the 13C chemical shift is not unique, an additional 3D HCH NOESY 

experiment must be acquired. Thus, while in principle 3D NOESY experiments can 

typically be acquired in shorter time frames, the need to acquire two experiments for 

the unequivocal determination of the NOE partner residue in practice means that 

the total acquisition time may not be considerably different to that of a 4D 

experiment acquired using NUS.  

 

With the unexpected signal enhancement we observed through the application of a 

SOFAST principle to a version of the 4D NOESY experiment (Figure 2.15), 

presumably as a result of residual protonation within the sample, the acquisition 

times of the two 3D experiments and one 4D, acquired with a 7% sampling sparsity 

was almost identical (though not entirely identical acquisition parameters – a slightly 

lower resolution was used). Using the approach described in the results section for 
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handling 4D data in MATLAB, the NOE acceptor residue within the spectrum can be 

rapidly determined with far less ambiguity than is associated with 3D experiments.  

 

In both 3D and 4D NOESY experiments, mixing times of 220 ms and 400 ms were 

trialled. Predictably the 400 ms mixing time gave a much greater number of NOEs 

and also increased the distance over which the NOEs were observed (Table 2.3). 

While a greater number of NOE restraints can assist with the assignment process, 

this must be balanced by the ability of structure-based assignment software to 

tolerate the larger data set in a computationally and time efficient manner. NOE 

restraint data over greater distance thresholds increases the search space for the 

list of assignment possibilities, which can have a significant impact on the runtime of 

the structure-based algorithm. Indeed, the NSSC method performs best when NOE 

distances are kept below 10 Å and for this reason, NOE restraints from an 

experiment using a 220 ms mixing time were supplied.  

 

The partial resonance assignment was used to begin to interpret experiments 

probing the dynamics of monomeric WT α1AT by NMR (Figure 2.19 & 2.20). In the 

simplest form, chemical shift perturbations were observed across a range of 

temperatures. At elevated temperatures, some residues shifted with a non-linear 

dependence on temperature, indicative of access to an alternate state conformation 

from the native ensemble, approximately 2-3 kcal mol-1 above the ground state 

(239) (Figure 2.19A). Perturbing α1AT with temperature or low concentrations of 

denaturant is thought to promote the population of a ‘polymerisation intermediate’, 

from which polymerisation and aggregation can more easily ensue (89).  

 

Representing the deviation of chemical shift perturbations from a linear 

correspondence with temperature on the structure revealed two main regions that 

demonstrate this behaviour (Figure 2.19); (i) the ‘breach’ region (Figure 1.4 - 

Introduction) that encompasses the top of β-sheet A, the base of the RCL and the 

adjacent strands of β-sheet B and (ii) helix I and the C terminal region of helix A. 

Strand 5 of β-sheet A has been suggested to be involved in providing stability to the 

native state to prevent misfolding (300). Given that elevated temperature is able to 

overcome this and promote polymerisation of α1AT, it is perhaps unsurprising that 

we see perturbations of this structural element. Additionally, helix I has been shown 

to undergo conformational rearrangement during folding and misfolding (300) and 

indeed one model of polymerisation (the β-hairpin model – see introduction) 

proposes that this element may be grossly unfolded (108). While the chemical shifts 
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we see for this element are not consistent with transition to a grossly unfolded state, 

even at 55°C (very close to the thermal midpoint of unfolding (90)), they do suggest 

that these regions may access alternate conformations and are important in the 

polymerisation process. In the case of the neighbouring element, helix A, its role 

has been directly implicated in the polymerisation of α1AT, and a monoclonal 

antibody that binds and stabilises this region is able to prevent polymerisation both 

in vivo and in vitro (13) (see Chapter 4).  

 

It is of interest that the largest non-linear chemical shift perturbations with 

temperature are found in the breach region that is also the location of the disease 

causing Z mutation (E342K). Studies of the Z variant have shown altered dynamics 

of the base of the RCL as revealed by molecular dynamics simulations (301), as 

well as perturbation of the top of strands 3 and 5 of β-sheet A as revealed by 

accelerated peptide incorporation in this region (88). It should be noted that methyl 

chemical shifts (especially the 1H dimension) used in this analysis are relatively 

small, and thus it is possible that these are the result of changes in the ring currents 

of near by aromatic residues (302).  

 

While it is generally accepted in the serpin biology field that elevated temperature 

induces behaviour that mimics the effect of disease-causing mutations, the 

evidence for this comes from indirect observations only (a well structured 

polymerisation/unfolding intermediate (76, 98), altered uni- and multimolecular 

phases of the polymerisation pathway (241, 303) and a shared conformational 

epitope with polymers isolated from man (109)). The data presented here is the first, 

residue-specific information that directly identifies the parallels between regions of 

the molecule that are perturbed at elevated temperatures and those induced by the 

Z mutation, prior to polymer formation. Thus perturbing the WT protein through 

elevated temperature induces an alternate, ‘excited state’ conformation that is 

similar to that of the conformation induced through Z mutation. 

 

For a more detailed characterisation of the motions in native, recombinant α1AT, we 

used methyl CPMG relaxation dispersion measurements as well as chemical 

exchange saturation transfer (CEST) experiments to probe exchange with invisible 

state conformers. A preliminary analysis highlighted exchange on the CPMG 

timescale (ca. 100 µs) but there was little evidence of exchange on the slower 

timescale of CEST. Due to time constraints a complete interpretation of this data 

was limited. Exchange was most apparent for a number of residues clustering 
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around residue I92, where interconversion with an excited state was observed with 

a rate (kex) of 9068.3 s-1 and excited state population of 0.58% (Figure 2.20). Ile 92 

is located in the D-helix, a region of the molecule not typically associated with 

polymerisation. However, a recent study using hydrogen/deuterium exchange 

combined with mass spectrometry also identified altered dynamics of helix D in the 

Z variant compared to the WT protein, despite being distant from the mutation site, 

albeit this exchange is on a slower timescale than the dynamics probed by CPMG. 

It should be noted that such a large exchange rate is at the limit of measurement by 

CPMG experiments. Future measurements are therefore anticipated to employ R1ρ 

dispersion, more appropriate for cases of rapid chemical exchange. Nevertheless, I 

anticipate that CPMG and R1ρ dispersion experiments will be critical in providing 

further insights into the dynamics and conformation of pre-polymerisation 

intermediates.   

 

Future considerations 
 

In order to increase the methyl assignment beyond the current level, a combinatorial 

approach could be taken using mutagenesis as well as attachment of nitroxide 

probes for PRE shifts (275), as has proven successful with several other systems 

(185, 275, 304). In particular, mutation of RCL residues will assist in the assignment 

of Ala residues in this region, that have so far remained unassigned due to low 

number of NOE connectivities and severe degeneracy of the chemical shift of the 

carbon resonances on the backbone. For Met residues, it may be possible to 

increase the assignment level beyond the current 50% by taking advantage of the 

ability partially oxidise these residues. By quantifying the level of oxidation using 

both NMR and LC-MS, methyl labelled Met residues of the proteins Hen egg-white 

Lysozyme and porcine pepsin were successfully assigned.  

 

Completion of the methyl assignment will allow full interpretation of the 

conformational dynamics of individual elements within the context of the whole 

molecule. It is hoped by repeating CPMG and R1ρ dispersion experiments at 

multiple temperatures where curvature was observed in the temperature titration 

experiments we could begin to characterise polymerisation intermediate(s). 
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3.0 Investigating disease-causing variants of 
α1AT by NMR at natural isotopic abundance 
 

3.1 Introduction 
 

Protein misfolding and aggregation is associated with an ever-increasing list of 

deleterious human pathologies. While structurally and functionally unrelated 

proteins can often misfold and polymerise to superficially similar aggregate 

conformations, such as β-sheet rich amyloid fibrils, the mechanisms leading from 

folded to aggregated states are still incompletely understood and are likely to be 

unique for each protein, as discussed in (305). As an ultimate goal of understanding 

mechanisms of aggregation is to design interventions in pathways to inhibit early 

aggregation steps, knowledge of the monomeric protein is likely to offer more scope 

than understanding the downstream, often hyperstable, aggregate conformations. 

 

Numerous biophysical approaches can provide information on protein 

conformational state, such as intrinsic or extrinsic fluorescent probes (90), circular 

dichroism (89) and light scattering (306). However, these techniques do not provide 

atomic level detail and can even alter dynamic equilibria between states by 

favouring a particular conformation, for example upon dye binding (76). X-ray 

crystallography is commonly used to examine structural changes in medium-to-high 

molecular weight proteins but can be hampered by the need for high concentrations 

of protein lacking flexibility/disorder or natural modifications such as glycosylation 

that introduce heterogeneity. Indeed, proteins are flexible and the conformation of a 

protein fold can fluctuate dynamically on many different timescales (discussed in 

more detail Chapter 2) and it is likely that dynamics within the monomeric protein 

can strongly influence the process of protein aggregation, perhaps even the 

architecture of the final aggregate (307, 308). Moreover, due to crystal packing 

effects, X-ray crystal structures demonstrate only the most stable conformation 

within the confines of the crystal lattice and disorder that is compatible with the 

lattice usually degrades electron density below the standard limit of confidence. 

Molecular dynamics is often used as a compromise, typically using the atomic detail 

of the structure as a starting point for simulations. However, information from the 

calculated trajectories that result remain predictions that require experimental 

verification. Solution-based techniques such as NMR and electron microscopy (EM) 

in contrast allow protein dynamics and chemical exchange to be captured directly. 



	 107	

With advances in sample preparation and sensitivity of NMR, the ability to study 

large proteins with little or no isotopic enrichment is now feasible (309), opening up 

the possibility of studying proteins of real, disease-related material. 

 

3.1.1 Naturally occurring variants of α1AT 
 

α1AT is an inherently dynamic molecule, with the native state being a kinetically 

trapped metastable conformation (9). The role as a protease inhibitor requires rapid 

insertion of the RCL into the centre of β-sheet A as the central 4th strand for efficient 

function (in the order of 1 second) (29). The dynamics within the native protein must 

be tightly regulated to avoid self-insertion of the RCL in the absence of cleavage, a 

transition that is associated with formation of polymers and the latent conformation 

(60, 310). Mutations can overcome the intrinsic barriers preventing this transition by 

reducing the thermodynamic and/or kinetic stability of the native state or by 

stabilizing an intermediate state, allowing more or less sampling of the 

conformational space and access to aggregation-prone conformations with more 

favourable free energy (241).  

 

By convention, the wild-type is designated ‘M’ for historical reasons. A number of 

isoforms of the M variant exist, with the two most common isoforms differing by the 

residue at position 213. 45 % of the Caucasian population have a valine residue at 

213, (M1V), while 20 % of the Caucasian population have an alanine, (M1A) (311). 

In addition to the pathogenic mutation, the S variant has a valine at this position, 

while the Z variant contains an alanine. The molecular mechanism by which these 

and other modifications, such as posttranslational glycosylation drive or stabilize 

against aggregation has not yet been unequivocally determined (Figure 3.1). 
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Figure 3.1 – Positions of key mutations and modifications in variants of α1AT. Partial 
alignment of key regions of the sequences of recombinant and ex vivo α1AT. The hexa-
histidine tag (brown), glycosylation sites (light green), natural variation of ex vivo M samples 
at position 101 (yellow), 213 (purple) and 376 (orange) are shown as highlighted regions. 
The position of the S mutation (turquoise), Z mutation (magenta) are highlighted at position 
264 and 342 respectively. Ex vivo M variants are found in the population at 45%, 20%, 10%, 
15% and rarely for M1V, M1A, M2, M3 and M4 variants respectively.  
 

3.1.2 The Z α1AT variant (E342K) 
 

The Z variant (E342K) is the most common disease-associated allele and impacts 

individuals of Northern European decent. Roughly 4% of the population is 

heterozygous for this allele, with around 1 in 2000 being homozygotes (104). For 

the latter, this results in reduced plasma levels to between 10-15 % of the levels of 

M α1AT (312). The remaining 85-90 % is retained (31) or degraded by the 

endoplasmic reticulum associated degradation pathway (ERAD) (113). Interestingly, 

~15% of Z α1AT does fold correctly and is secreted from hepatocytes into the 

plasma. However, this material can form polymers under mild physiological 

conditions with a tendency to aggregate within the blood stream, while the wild-type 

protein is unaffected (313). The Z mutation is located at the top of strand 5A of β-

sheet A in the ‘breach’ region (Figure 3.3), where the base of the mobile reactive 

centre loop (RCL) joins the rest of the molecule at position P17 (17 residues from 

the P1-P1’ site where the protease cleaves the RCL). Based on an assumption from 

interactions within the X-ray crystal structure of WT α1AT (50), replacing the highly 

conserved glutamate E342 with a positively charged lysine at this position breaks a 

salt bridge with the side chain of K290 and causes loss of a hydrogen bond 

between E342 and the side chain of T203 (Figure 3.3). The loss of this salt bridge is 

often proposed to be the cause of polymerisation in Z α1AT, however, mutating to a 
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different, but biochemically similar residue capable of still forming this salt bridge 

reduced secretion by ca. ~60% (314).  

3.1.3 Thermodynamic and kinetic stability of the Z α1AT variant 
 

Despite the increased tendency to aggregate, the thermodynamic stability of Z 

α1AT is close to that of the M protein. Equilibrium unfolding data show minimal 

perturbation of the thermodynamic stability of Z α1AT with respect to M α1AT, with 

unfolding midpoint temperatures of 56.1 and 57.2°C respectively of α1AT produced 

in Pichia pastoris (90). Unfolding of α1AT has been thoroughly characterised by a 

number of biochemical methods and has been shown to unfold in the presence of 

urea along a three state pathway (Figure 3.2) (87, 89, 90). However, analogous 

unfolding kinetic measurements using stopped flow intrinsic tryptophan 

fluorescence showed that Z α1AT populated the denaturant-induced intermediate 

1.5 fold faster than M α1AT, indicative of a reduced kinetic barrier to intermediate 

formation (90). Indeed, a systematic analysis across a panel of α1AT variants 

showed that there is a relationship between the kinetic stability of the native state 

and the tendency to form polymers (241).  

 

3.1.4 Structural perturbation induced by the Z mutation 
 

The structural characterisation of Z α1AT in solution has so far been approached 

using a number of optical or dye-based techniques, reflecting changes in tryptophan 

fluorescence, ANS binding and secondary structure by circular dichroism with 

respect to the M variant (89, 90). The Z mutation is located at the first site where the 

RCL inserts into β-sheet A during the inhibition reaction (Figure 3.3). Destabilisation 

of this region as a result of the mutation induces an increase in lability in the central 

strands of β-sheet A which is thought to enable the RCL to sample partially inserted 

conformations. This is corroborated by data showing enhanced rates of 

incorporation of shorter exogenous RCL peptide mimetic over a longer time period 

for the Z variant compared to M α1AT (88). Such a loop inserted conformation is 

proposed to resemble the conformation of the M* intermediate. An X-ray crystal 

structure of antichymotrypsin in a partially loop inserted conformation supports this 

hypothesis (91). 

 

Together these data hint to an altered native state conformation of Z α1AT, but a 

high atomic-resolution investigation of the protein structure is necessary (46, 88, 
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90). Specifically, interpretation of the structural changes from tryptophan 

fluorescence data is resolution limited and cannot report on the nature of the 

change, as many factors can be attributed to the change in observed fluorescence 

(90). Selective binding of bis-ANS to Z α1AT and not M α1AT suggests exposure of 

hydrophobic pockets in Z α1AT. This is in support of the hypothesis of an altered 

native structure in Z α1AT, however binding of bis-ANS perturbs the behaviour of 

the protein by inducing aggregation, suggesting that structural investigation of the 

ligand bound form may not be representative of the true native state (76). Using 

hydrogen-deuterium exchange mass spectrometry (HDX)-MS, changes in 

protection factors for M and Z α1AT were observed beyond the site of the mutation, 

with Z α1AT being more solvent exposed particularly in the regions of helix D and 

strand 2 of β-sheet A, within 10 seconds of initiating the isotope exchange. When 

the period of exchange was left to occur for up to 2000 seconds, the areas of 

reduced protection in the Z variant included the majority of the β-sheet A and 

residues close to the site of the Z mutation in the breach region. Regions of 

increased protection with respect to WT α1AT were also observed in strand 3C of β-

sheet C and the connecting loop with strand 3 of β-sheet A (174), indicative of 

conformational rearrangement or burial of this region within the core of the protein in 

the Z variant.  

 

3.1.5 Glycosylation of ex vivo α1AT 
 

α1AT has three N-glycosylation sites at residues N46, N83 and N247 (315). In 

addition to its use in phenotyping variants of α1AT (see Chapter 1, Introduction), 

IEF can also be used to identify the major and minor glycoforms of α1AT, with the 

charge differences being attributed to the difference in the number of sialic acid 

molecules attached to branched chain glycans (316). Various glycoforms of ex vivo 

M α1AT have been reported, though as yet, no comparison has been made to the 

secreted plasma material or liver-localised form of the Z mutant. The retained Z 

α1AT possess mainly immature glycan chains as a result of not progressing through 

the secretory pathway. Similar immature glycosylation patterns are observed for a 

related polymerogenic variant of the serpin, neuroserpin (126). α1AT glycosylation 

enhances the stability of the molecule, with a 0.8 M difference in the transition 

midpoint of urea-induced unfolding when compared to non-glycosylated, 

recombinant material (317).  
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N-linked glycosylation (in addition to the presence of chaperones, quality control 

mechanisms via proteasomal degradation and sequestration of polymers in 

membrane-bound compartments) likely contributes to the ability to obtain soluble, 

monomeric, ex vivo material from patients, and other eukaryotic systems, but not 

when overexpressed in E.coli (318). The consequence of this is a severely limited 

number of high-resolution structural studies of the disease causing Z variant as the 

high aggregation propensity of Z α1AT has for many years inhibited recombinant 

protein expression.  

 

3.1.6 X-ray crystal structure analysis of the Z α1AT variant 
 

In the last decade the production of Z α1AT has been achieved in a recombinant 

system, using cytosolic expression in the yeast strain Pichia pastoris (319), and 

more recently in Drosophila S2 cells (84). Recombinant production enabled 

sufficient material to be obtained such that in 2016, the first crystal structure of a 

recombinant, glycosylated molecule was determined at 3.5 Å (PDB 5iO1) (84). The 

molecule contained three mutations in addition to the E342K mutation (M358R, 

C232S, T345C). The two former mutations are well characterised (80, 99), while the 

latter T345C, was introduced to probe the structure through PEG binding and its 

impact is less well characterised. The structure was very similar to that of WT α1AT 

with the RCL in an exposed position and β-sheet A appearing unperturbed. The 

major differences are located in the region of the hairpin loop connecting strands 3 

and 4 of β-sheet C, termed the ‘gate’ (Figure 3.2) and in the C-terminal residues of 

the RCL. More recently, a second crystal structure of a recombinant Z variant has 

been deposited in the Protein Data Bank (PDB 5NBV – no supporting publication), 

with seven stabilizing mutations and co-crystallised with oxamic acid and glycerol, 

with the latter known to stabilise the protein binding in β-sheet A (82). Again, this 

structure shows a high degree of similarity to that of the WT molecule with the loop 

in an exposed conformation and no obvious perturbation of β-sheet A. In summary 

therefore, these X-ray crystal structures suggest that (under the conditions of the 

crystal lattice) the fold of Z α1AT remains essentially unchanged compared to the 

WT variant, these observations are in tension with the biophysical results introduced 

earlier, and do not adequately describe the molecular basis of Z α1AT aggregation 

observed in solution.  
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Figure 3.2 – X-ray crystal structures of native state WT and Z α1AT variants are highly 
similar – The crystal structure of WT α1AT (red, PDB 1QLP) is overlaid with that of the Z 
variant (blue, PDB 5iO1). A high degree of similarity is observed in the overall fold between 
the two conformations, with the largest perturbations between the structures of the two 
variants at the C-terminus of the RCL and the ‘gate’ region highlighted.  
 

3.1.7 The S α1AT variant (E264V) 
 

Although many α1AT deficiency variants are reported, not all are associated with 

complications arising from severe plasma deficiency. The S variant, E264V, is the 

second most common deficiency allele and the highest frequency is within the 

Iberian Peninsula, where 28% of the population are heterozygotes (320). As 

determined from the crystal structure of a RCL cleaved form of the S variant at 3.1Å 

resolution, the E264V mutation is located at the back of the molecule in helix G and 

results in the loss of a hydrogen bond with the Y38 side chains in helix A and the 

removal of a salt bridge with K387 in strand 5 of β-sheet B (Figure 3.3) (321). The 

reduction of plasma levels to around 60% of WT levels and WT-like inhibitory 

activity means that the S variant is a much more benign mutation compared to Z 

α1AT (146). Despite the S mutation being located at the back of the molecule, 

outside of the shutter domain, it has been suggested that the mutation transmits its 

effect to the shutter region at the front of the molecule, inducing polymers in the 

same mechanism as Z α1AT but at a slower rate (95). Indeed, the polymers formed 

by the S variant do share the pathological epitope found on polymers isolated from 

hepatocytes from individuals with Z α1AT related liver disease (114). 

‘gate’ 

C-terminus RCL
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Figure 3.3 - Disease-causing mutations of α1AT. A cartoon representation of the native 
conformation of α1AT (289), with the breach, shutter and gate regions that are proposed to 
be involved in polymerisation highlighted. The P1-P1’ residues show the position of RCL 
cleavage by the protease. The location of several deficiency mutants is also shown with their 
position indicated by a blue sphere. Boxed regions show the interactions at the positions of 
the S and Z mutations. Figure produced using pymol (PDB 1QLP). 
 

NMR has previously been shown to report altered “structural dynamics” in a 

polymerisation prone variant of α1AT (K154N) (76), as determined from non uniform 

intensity changes of NMR resonances and chemical shift perturbations (76). To 

date however, the technique has not been applied to the most common disease-

relevant Z variant due to issues with sample generation.  

 

Here we describe a strategy using solution NMR at natural isotopic abundance to 

investigate the structure and dynamics of Z α1AT from ex vivo samples in order to 

understand the mechanism of polymerisation from the fully folded, native molecule. 

We will show that chemical shift perturbations highlight changes in the solution-state 

conformation with respect to the (M) variant, while intensity measurements and 

altered linewidths suggest reduced kinetic barriers between the native state and a 

higher energy state that shares similarities with an altered state populated observed 

at elevated temperatures.  
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This material has much more relevance to the pathological polymer formed in vivo 

that previous structural studies that use recombinant protein, and the work 

presented here is the first to investigate the solution structure of disease causing 

variants of α1AT at near atomic resolution.  

 

3.2 Theory and applications of Natural Abundance NMR 
 

Natural abundance NMR refers to the use of samples containing NMR active nuclei 

at abundances at which they are naturally found on the Earth. NMR at natural 

isotopic abundance was routinely used before the availability of biosynthetic 

precursors and the introduction of elaborate protocols for the generation of 

isotopically enriched, often perdeuterated proteins that is the basis for essentially all 

biomolecular NMR today. Historically, natural abundance NMR was limited to 1H 

and later 13C structural analysis of small molecules (and indeed this remains 

commonplace across chemistry departments today), with 15N NMR at natural 

abundance becoming routine only as the technology improved (205). The properties 

of NMR active nuclei and their natural abundance are given in Table 3.1. 

 

Table 3.1. The natural abundance and key magnetic properties of the most commonly 
observed NMR active nuclei.  
 
Isotope Nuclear spin Natural abundance (%) Gyromagnetic ratio 

 (γ, 106 rad s-1 T-1) 
1H ½ 99.9  267.5 
2H 1 0.01 41.06 
13C ½ 1.1 67.238 
14N 1 99.63 19.33 
15N ½ 0.37 -27.12 
17O 5/2 0.04 -36.281 
19F ½ 100 251.815 
31P ½ 100 108.394 

 

 

While 1H nuclei are highly sensitive and account for 99.9% of hydrogen found 

naturally on the planet, other key nuclei such as 13C and or 15N are significantly less 

abundant. This results in significantly reduced sensitivity for acquisition of 1H, 13C or 
1H, 15N heteronuclear correlation experiments at natural isotopic abundance 

compared with uniformly isotopically labelled samples (90 fold and 270 fold 

respectively) corresponding to ca. 8000-fold and 73,000 fold increases in acquisition 
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time for an equivalent signal-to-noise-ratio (SNR). 3D experiments correlating 

multiple heteronuclei are even worse, immediately introducing a problem for 

assignment of natural abundance NMR spectra.  

 

Despite the above challenges, the significant benefit of using natural abundance 

NMR for the study of biomolecules is related the quality of sample and how well it 

represents the system in question. Most biomolecular NMR studies use isotopically 

labelled proteins produced by overexpression in E.coli. However, this can only be 

achieved for a system where the protein or its domains are well behaved when 

overexpressed in recombinant systems, unlike the aggregation-prone variants of 

α1AT. In addition, recombinant expression systems such as E.coli are unable to 

produce proteins that require posttranslational modifications, such as glycosylation 

and disulphide bond formation, which can only be satisfied using mammalian 

systems. By circumventing the need for isotopic enrichment, NMR at natural 

isotopic abundance offers the possibility of ‘ex vivo structural biology’ - studying the 

real human-derived protein complete with disease-causing mutations and 

posttranslational modifications. Recently, cryo-EM was used to investigate the 

conformation of tau fibrils isolated from the human brain of an individual with 

Alzheimer disease. For the first time the different conformations of the pair helical 

fragments (PHF) and straight fragments (SF) of the aggregated tau form were 

observed within the fibril; that can not be recapitulated from in vitro studies with 

recombinant protein (307). 

 

In recent years, improvements in NMR spectrometer hardware such as 

cryogenically cooled probes and modern console electronics and probe design have 

greatly improved instrument sensitivity. Access to increasing magnetic field 

strengths has not only improved sensitivity (proportional to B0
3/2) but also reduce the 

length of acquisition time required in the indirect dimension for a given spectral 

resolution. Coupling advances in spectrometer hardware with longitudinal and 

transverse relaxation optimised pulse sequences (TROSY) (228) that allow rapid 

acquisition, such as selective optimized flip angle short transient (SOFAST) (181) 

approaches (discussed in more detail in Chapter 1, Introduction) as well as non-

uniform sampling (192) (discussed in more detail in Chapter 2) acquisition methods 

has made the study of large proteins by using NMR at natural isotopic abundance 

feasible.  
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Nevertheless, there are a number of factors that must be considered to yield 

meaningful spectra. Given the low natural abundance of 13C and 15N, high sample 

concentrations and long acquisition periods are required (around 500 µM and 80 

hours for a typical 50 kDa protein at 298K, as will be shown later in this chapter). 

This creates difficulties for both sample preparation and sample stability, which is 

exacerbated further when investigating unstable proteins. Using higher sample 

concentrations to improve the quality of the spectrum must be closely balanced 

against reduced sensitivity as a result of the increased sample viscosity reducing 

molecular tumbling. While this can be tuned using temperature, elevated 

aggregation propensity of the protein at high concentrations and temperatures must 

also be optimized.  

 

In addition to sample considerations, the choice of nuclei and pulse sequence must 

also be optimised. Both 2D 1H-13C methyl and 1H-15N amide chemical shifts are 

sensitive reporters of protein structure, and perturbations in chemical shift are 

routinely used to probe structural differences. 2D 1H-15N amide correlation spectra 

have successfully been used at natural abundance to study proteins of modest 

molecular weight (<25 kDa) (322). However, the suitability of 1H-15N-amide 

correlation spectra is compromised by the efficient T2 transverse nuclear spin 

relaxation processes of larger proteins (>30 kDa) reducing spectral resolution and 

sensitivity. For protonated samples, transverse relaxation-optimized spectroscopy 

(TROSY) pulse sequences, which are often used to overcome these issues in 

isotopically labelled proteins, offer no benefit over HMQC/HSQC pulse sequences 

because of neighbouring aliphatic protons providing strong external sources of 

relaxation. Although high quality 2D 1H-15N-amide correlation spectra have been 

reported for a 50 kDa antigen binding fragment, these experiments were recorded 

at elevated temperature (343K) which is unsuitable for most biologically active 

proteins (309).  

 

2D 1H-13C methyl correlation spectra offer a useful alternative with improved 

spectral quality. While methyl groups are only present in six residues (Ala, Ile, Leu, 

Met, Thr and Val) their coverage is well distributed throughout most proteins and 

their presence in hydrophobic cores make them sensitive reporters of protein 

structure while producing a less complex, and reasonably well-dispersed spectrum 

(257). Additionally, the superior NMR properties of methyl groups (discussed in 

detail in Chapter 1, Introduction) increase the upper molecular weight limit that is 

feasible by natural abundance NMR of methyls. Using this approach, a natural 
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abundance spectrum of ~150 kDa intact antibody has been reported, acquired at 

266 µM, 50°C, 900 MHz, using a gradient-selected SOFAST HSQC pulse sequence 

(309). Gradient selection is essential for suppression of unwanted signals from 12C-

attached background components that manifest as stripes from t1 noise in the 

region of interest.  

 

The main application of natural abundance solution state NMR to biomolecules has 

been in the field of biosimilars and biological therapeutics in the pharmaceutical 

industry, to ensure that batch-to-batch variations do not have large scale impact on 

the structure and therefore function of the molecule (323). Recently, examples of 

solid state NMR used with samples of natural isotopic abundance have been 

reported, though the nature of these experiments limits them to large 

macromolecular structures and cannot provide information on protein dynamics 

(324, 325). To our knowledge no applications of natural abundance NMR to 

understand the mechanism of disease-relevant biomolecules have been published. 

Beyond the particular examples presented here, we envisage this approach may 

provide scope to understand the biology of challenging, dynamic systems 

underpinning many human diseases.  
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3.3 Results  
 

In order to evaluate the consequences of disease-causing mutations on the 

structure and dynamics of α1AT under native conditions, we developed a novel 

approach using solution-state NMR at natural isotopic abundance to study disease-

relevant α1AT variants purified directly from human blood plasma. In addition to the 

WT variant, referred to as M α1AT when referring to ex vivo material, the most 

common disease-causing variant, the Z variant (E342K/V213A) was chosen 

together with the milder relatively common S variant (E264V) (Figure 3.3). 

3.3.1 Sample preparation and quality control 
 

Samples of α1AT for natural abundance NMR were purified from the blood plasma 

of consenting donors. Preparation and purification of plasma is described in Chapter 

5 (Materials and Methods). Following a two-step purification (described in Materials 

and Methods, section 5.2.2), the purity of monomeric material was assessed by 

SDS and non-denaturing PAGE (Figure 3.4). Monomeric fractions with a purity of 

>90% were pooled for analysis, as estimated by densitometric analysis of SDS 

PAGE of samples following purification. For M and Z α1AT, multiple samples were 

prepared. For Z α1AT in particular, due to low circulating protein levels, samples of 

whole blood were collected from multiple donors, and isolated plasma was pooled 

prior to purification to obtain sufficient protein. Where necessary, details of the 

samples used for experiments of Z α1AT are given in figure legends. 
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Figure 3.4 - Preparation of ex 
vivo α1AT variants. SDS (left) 
and non-denaturing (right) 
PAGE were used to determine 
the purity and oligomeric state 
respectively of (a) M, (b) M, (c) 
Z, (d) Z and (e) S α1AT, purified 
from single donors or pooled 
patient sources following ion 
exchange chromatography. Red 
boxes on PAGE gels highlight 
the monomeric fractions pooled 
for NMR data acquisition. Filled 
arrows represent the 
monomeric material (~52 kDa) 
while clear arrows mark out 
aggregates or impurities.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2 Phenotyping ex vivo variants using isoelectric focusing (IEF) 
 

Phenotyping was undertaken to confirm the identity of the purified M, Z and S 

variants by observing the characteristic migration pattern during high-resolution 

isoelectric focusing (IEF) in an immobilized pH gradient with a pH range of 3-7 

(Figure 3.5) (326). The migration pattern observed is a result of altered isoelectric 

point (pI) of the protein due to mutation of the Glu residue to Lys and Val in the Z 

and S variants respectively. As expected, M α1AT samples migrated most anodally 

while Z α1AT samples migrated most cathodally, with S α1AT migrating to a 

position between the two. Multiple glycoforms of α1AT exist, with each differing in 
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the N-linked glycan chains attached at the three positions. IEF isolates these 

glycoforms into the three major species (labelled 2, 4, 6, Figure, 3.5) and several 

minor forms. The latter is the result of micro-heterogeneity (the distribution of 

glycans at a single protein glycosylation site) within attached carbohydrate chains 

(19) and this is evident between pooled and individual M α1AT samples and 

additionally between the two samples of Z α1AT. The impact of these variations will 

be explored in a later section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 3.5 - Phenotyping ex vivo variants of M, S and Z α1AT by Isoelectric Focusing. 
Isoelectric focussing patterns of M, S and Z α1AT from individual and pooled sources. 
Novex isoelectric focussing gels with a pH range of 3-7 were used as described in materials 
and methods. The numbered arrows represent the three major glycoforms (2, 4 and 6) for 
each variant. M(1) represents the sample of M α1AT from a single donor, M(8) represents 
the sample of M α1AT pooled from 8 donors. Similarly, Z(10) and Z(23) indicate samples 
pooled from 10 and 23 donors respectively.  
 

3.3.3 Monitoring aggregation by NMR translational diffusion 
experiments  
 

Due to the low sensitivity of NMR at natural isotopic abundance, high protein 

concentrations are required to be maintained over long acquisition times. Multiple 
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experiments were acquired and summed together over ~80 hours to generate each 

final dataset. Denaturing and non-denaturing PAGE was performed for each sample 

before and after NMR acquisition (Figure 3.6a). Samples of M and S α1AT 

remained unchanged throughout the acquisition time. For Z α1AT, a small amount 

of polymerisation occurred (~10%), shown by the presence higher molecular weight 

species on the native gel of the sample post acquisition (Figure 3.6a). In addition, 

the SDS PAGE of Z α1AT post acquisition showed a lower molecular weight 

species (~48 kDa) consistent with that a of RCL cleaved molecule, present at about 

30-40% relative to the native, un-cleaved protein (327). While it is possible this 

cleavage could alter the spectrum of Z α1AT, a delay between NMR acquisition and 

analysing the sample by SDS PAGE occurred, during which cleavage is expected to 

have taken place. Indeed no changes in peak intensity were observed over the time 

course of the experiment for which data was summed beyond the uniform 10 % 

reduction in intensity explained by the aforementioned polymerisation (Figure 3.7a). 

Additionally, RCL cleavage is expected to cause non-uniform peak intensity 

changes in residues of the RCL, with peaks in the rest of the molecule remaining 

unchanged. A comparison of peak intensities in the methyl region (1 to -1 ppm) for 

spectra of Z α1AT at the start and end of the acquisition period show a linear 

relationship (Figure 3.7b), supporting the idea that cleavage did not take place 

during the acquisition period. 

 

Throughout NMR data acquisition, the sample was continually monitored by 

interleaved 1H 1D NMR experiments and 1H STE translational diffusion 

measurements. No significant changes in translational diffusion were observed that 

would indicate polymerisation or aggregation for the period over which the gradient 

selected (gs) SOFAST-HMQC experiments were summed (Figure 3.6b).  
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Figure 3.6 - Sample stability during NMR. a) SDS (left) and non-denaturing NATIVE (right) 
PAGE of α1AT variants pre and post NMR acquisition. Asterisk highlights RCL cleaved 
species of ~48 kDa. M marks the molecular weight ladder. b) Diffusion coefficients of NMR 
samples monitored by 1H STE (Watergate) experiments. Red boxes highlight the period 
over which the NMR experiments were summed to generate the final spectra. 

 
Figure 3.7 – Controlling for Z α1AT sample integrity. A) Methyl region of a 1H 1D NMR 
spectrum of Z α1AT after 1 hour of acquisition (blue trace) and after 80 hours of acquisition 
(red trace) shows only a small decrease in signal intensity. B) Relative signal intensity of the 
methyl region (between 1 to -1 ppm) of 1H 1D NMR spectra for Z α1AT at the start (1 hour) 
and end (80 hours) of acquisition show a linear relationship, indicative of uniform sample 
loss due to polymerisation.  
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To ensure that the α1AT variants remained in a native conformation throughout the 

experiment, the inhibitory activity against a model protease, bovine α-chymotrypsin, 

was assayed before and after acquisition (328). All variants inhibited α-

chymotrypsin to the expected level (12): M and S variants achieved full inhibition at 

an equimolar stoichiometry of protease to α1AT, while the Z variant required a ~1.9 

(± 0.27) fold stoichiometric excess (SI) over α-chymotrypsin to achieve full inhibition, 

consistent with previous observations (303). A ~10% decrease in the inhibitory 

activity of Z-α1AT post-acquisition was observed with a stoichiometry of inhibition of 

~2.1 (± 0.14) (Table 3.2). The source of this is likely due to a limited amount of 

polymerisation during acquisition, as a small uniform decrease in the intensity of the 

methyl envelope was observed over the duration of the experiment.  

 
 
Table 3.2 – Stoichiometry of inhibition of WT and disease causing ex vivo variants of 
α1AT for NMR studies. α1AT variants prior to and after long acquisition NMR experiments 
were incubated with α-chymotrypsin for 15 minutes at room temperature and the inhibitory 
activity determined as described in Materials and Methods, section 5.4. Errors reflect SD 
(n=2-4). The value in brackets for Z α1AT represents the number of plasma samples pooled 
prior to purification of that sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Sample Pre NMR Post NMR 

M α1AT 1.0 ± 0.2 1.0 ±0.25 

Z α1AT (10) 1.7 ± 0.15 2.2 ± 0.20 

Z α1AT (23) 1.9 ± 0.27 2.1 ± 0.14 

S α1AT 1.1 ± 0.2 1.0 ± 0.3 
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3.3.4 Using 1H 1D NMR to probe for concentration dependent 
interactions 
 

 At the high protein concentrations used, concentration-dependent self-self 

interactions of the protein (e.g. dimerization) may induce chemical shift 

perturbations in the spectra. To ensure this was not the case, 1H 1D NMR spectra at 

high (410 µM) and low (19 µM) concentrations of each variant were acquired and 

their methyl envelopes were compared as these experiments are highly sensitive to 

conformational change within the protein. No significant chemical shift perturbations 

were observed between the high and low concentration samples for any variant 

(Figure 3.8). 

Figure 3.8 - High sample 
concentrations do not induce chemical 
shift perturbations. 1H 1D NMR spectra 
were acquired for M (A), Z (B) and S α1AT 
(B) at 19 µM (blue trace) and 410 µM (red 
trace) at 900 MHz, 298K over 16 ppm 
sweep width. Figures show the methyl 
region only. The trace of pooled M α1AT 
at 19 µM is also overlaid in panel (A) 
(green). The sharp resonance in panel (C) 
at ~1.2 ppm is that of a protease inhibitor 
that was absent from the 410 µM sample. 
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3.3.5 2D NMR of M α1AT from patient derived samples at natural 
isotopic abundance  
 

To assess the impact of glycosylation on the structure of α1AT and to provide a 

benchmark spectrum with which the spectrum of disease causing variants can be 

compared, we first acquired a natural abundance 1H, 13C correlation methyl 

spectrum of ex vivo M α1AT (WT) using a SOFAST-HMQC experiment (Figure 3.9). 

This experiment was found to provide greater sensitivity and comparable spectral 

quality compared to an optimised gs-BEST-HSQC experiment (Figure 3.10A) and 

dramatically higher quality and sensitivity than a 1H, 15N-SOFAST-HMQC 

experiment (Figure 3.10B).  

 
Figure 3.9 - 1H-13C gsSOFAST HMQC spectrum of ex vivo M α1AT. Representative 1H-
13C-methyl gsSOFAST HMQC spectrum of 410 µM ex vivo M α1AT in 25 mM sodium 
phosphate, 50 mM NaCl, pH 8.0 collected at 298 K, 900 MHz. Peaks are coloured with 
rainbow shading according to intensity with magenta representing low intensity and blue 
representing highest intensity. Dashed lines represent approximate locations of each 
residue type.  
 

 

 

 

 

 

 

 

1H chemical shift / ppm

13
C

 c
he

m
ic

al
 s

hi
ft 

/ p
pp

m

-0.50.00.51.01.52.0

15

20

25

Ileδ1

Ileγ2

Met

Ala

Thr

Leu/Val

Non methyl

FIGURE 4



	 126	

 
Figure 3.10 – Spectral comparison of ex vivo M α1AT at natural isotopic abundance. 
(A) 1H-13C methyl gs-BEST HSQC spectrum of 410 µM M α1AT, summed over 8 
experiments (acquisition times = 103 x 17.7 ms). Horizontal lines and missing signals in the 
centre of the spectrum are the result of poor water suppression. (B) 1H-15N SOFAST HMQC 
spectrum of 410 µM M α1AT, summed over 8 experiments (acquisition times = 103 x 19.4 
ms). 
 

The 1H-13C gsSOFAST HMQC spectrum is the sum of 18 individual experiments, 

acquired on a Bruker 900MHz cryoprobe using 128 scans, with acquisition times of 

103 and 17.6 ms and spectral widths of 22 and 40 ppm in the 1H and 13C 

dimensions respectively. An optimised recycle delay of 300 ms was used. The 

resulting spectrum was of surprising quality given the large molecular weight, 

absence of deuteration and low concentration of 13C (ca. 4 µM relative 13C, for a 

total sample concentration of ca. 400 µM), with all six methyl-containing residues 

(Ala, Ile, Leu, Met, Thr and Val) clearly observable (Figure 3.9). Splitting of the 

Methionine resonances at ~1.96 and 2.02 ppm in the direct dimension is the result 

of these resonances being incompletely inverted by the central RSNOB refocusing 

pulse (Figure 3.11). The splitting was not prohibitive to spectral analysis and only 

the central peaks have been considered in subsequent analyses. Under these 

conditions, around 189 well-resolved peaks were detected out of a total of 240 

expected from all methyl-containing residues, using a cut-off of SNR ≥ 5:1. Including 

highly overlapped yet distinguishable peaks in the crowded central region increases 

this value to 218, thereby resolving 91% of the expected signals from methyl 

containing amino acids. In the low field regions of the spectrum, several broad 

signals are observed arising from non-methyl side chain aliphatic resonances. Due 

to the poor relaxation behaviour of these groups, individual resonances could not be 

resolved, and therefore have not been taken into consideration in subsequent 

analyses. 

 

1H chemical shift/ppm

13
C

 c
he

m
ic

al
 s

hi
ft/

pp
m

-0.50.00.51.01.52.0

15

20

25

678910

105

110

115

120

125

130

15
 N

 ch
em

ica
l s

hif
t (

pp
m

)

1H chemical shift (ppm)

A B



	 127	

Figure 3.11 – 1H-13C gradient selected SOFAST HMQC pulse sequence. Phase cycling 
employed is shown on the right hand side. Pulse marked φ3 is the 180° central refocusing 
pulse (181). 
 

3.3.6 Comparison of recombinant and ex vivo WT (M) α1AT 
 

Having already assigned ~70 % of Ile, Leu and Val residues of recombinant WT 

α1AT by an out-and-back and NOESY based approach (discussed in Chapter 2), 

we sought to assign the spectrum of ex vivo M α1AT by attribution of a spectra 

overlay of the QLAM (labelling scheme Ala β, Ile δ1/γ2, Leu δ, Val γ) and PLAM 

(Ala β, Ile δ1, Leu δ2, Met ε, Val γ2) recombinant samples (Figure 3.12a). The 

spectra of ex vivo M and recombinant WT α1AT are of striking similarity and overlay 

almost perfectly in all regions, indicating that their tertiary structures in solution are 

very similar. This agreement allowed all the residues assigned so far to be 

confidently transferred from the recombinant spectra to the spectrum of ex vivo 

Mα1AT. The subsequent analyses included in this chapter refer only to the data for 

residues that have been attributed in this way. Full-page assignments for 

recombinant and ex vivo spectra are included in the Appendix.  
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Figure 3.12 - Comparison of ex vivo M α1AT with recombinant WT α1AT by NMR. a) 
Spectral overlay of 1H-13C-methyl gsSOFAST HMQC spectrum of 410 µM ex vivo M α1AT in 
25 mM sodium phosphate, 50 mM NaCl, pH 8.0 collected at 298 K, 900 MHz (red) with 
recombinant samples 160 µM QLAM – dark blue (labelling scheme Ala β, Ile δ1/γ2, Leu δ, 
Val γ) and 210 µM PLAM – light blue (Ala β, Ile δ1, Leu δ2, Met ε, Val γ2) in 25 mM sodium 
phosphate, 50 mM NaCl, pD 8.0, 100% D2O v/v, collected at 298 K, 800 MHz. Regions of 
change are highlighted by dashed ovals, which are shown in panels to the right of the 
spectral overlay and labelled with their residue assignment. b) CSPs 13C methyl chemical 
shifts and c) 1H methyl chemical shifts of ex vivo M α1AT with respect to WT recombinant 
PLAM and QLAM α1AT. d) Combined 1H and 13C chemical shift perturbations with a 
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weighting for each nucleus (see Materials & Methods). e) Mapping of combined chemical 
perturbations on to structure of α1AT (PDB 1QLP) with methyl residues shown as spheres, 
coloured according to chemical shift perturbation with gradient from yellow Δδ 0.01 to red Δδ 
≥0.04. Positions of glycan attachment sites shown by cyan spheres. Residue I375 and I272 
highlighted to show position of residue doubling, with L37 and L383 and L288 shown to 
highlight regions of perturbation.  
 

The major differences between the recombinant and ex vivo samples compared 

here are the presence of three N-linked glycan chains in the ex vivo material and 

the presence of 11 ‘vector-derived’ residues which includes the hexa-histidine tag in 

recombinant protein replacing 25 mature N-terminal residues in ex vivo α1AT. While 

there was a high degree of overlap between WT recombinant and ex vivo M α1AT 

spectra, some small differences did exist. To quantify these differences, we 

calculated 1H, 13C chemical shift changes of ex vivo M α1AT relative to the 

recombinant protein and found that while uniformly small, three main clusters 

existed. In order to represent the chemical shift perturbations on the structure, we 

combined the chemical shifts in each dimension, with an appropriate weighting for 

each nucleus (see Materials and Methods) (Figure 3.12d). For a small number of 

resonances, peak doubling was observed in the ex vivo spectrum, these methyls 

are shown in Figure 3.12a. 

 

The most apparent difference was observed for I375. At this position two peaks 

were observed in the spectrum of the ex vivo sample (Figure 3.12a) while only a 

single peak was observed for the recombinant protein at this position. This indicates 

either heterogeneity in the sample, or conformational exchange on a slow timescale 

taking place in this region of strand 4 of β-sheet B. Peak doubling is also observed 

for the neighbouring residue M374. This region of β-sheet B is in very close 

proximity to the glycan attachment site at position N247, found in the unstructured 

loop connecting strands 2 and 3 of β-sheet B. Indeed, residues close in the 

structure to the other glycan attachment sites, N46 and N83 show subtle chemical 

shift perturbations (Figure 3.12e). The splitting of residue I272 was unique to this 

particular sample and not observed in other recombinant samples and was 

therefore not considered here.  

 

In addition to peak doubling, the largest chemical shift perturbations were observed 

in resonances close to the N-terminus of the protein, particularly for residues L37, 

I375 and L383 (Figure 3.12a/e). Differences in these regions of the protein can 

likely be attributed to the impact of the altered N-terminal region which includes the 
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histidine purification tag attached via a short flexible linker to the N-terminus in 

recombinant WT α1AT protein that is absent in ex vivo derived material.  

 

Smaller chemical shift perturbations are also observed between residues 160 - 185 

and 250 – 293. These residues are found in the region of the F-helix and breach 

region of α1AT respectively (Figure 3.12e). The widespread nature of the 

perturbations between recombinant and the ex vivo sample suggest the 

carbohydrate chains impact the structure more globally, as the perturbations 

observed are not simply confined to the sites of attachment.  

 

3.3.7 Investigating the impact of glycan heterogeneity on the 2D 
spectrum of ex vivo α1AT 
 

We sought to investigate the hypothesis that glycan heterogeneity was responsible 

for the observed residue doubling at position 375 (Figure 3.12a). For this we 

prepared a sample of ex-vivo M α1AT from a plasma pool of 8 patients. As N-

glycosylation is a non-templated process dependent upon competition between the 

glycosyltransferase enzymes present within an individual (329), we speculated that 

the microheterogeneity of glycans may differ between samples of M α1AT from a 

single individual and that prepared from individuals. Indeed, analysis of the major 

and minor bands of the individual and pooled samples of M α1AT by IEF confirmed 

differences between each sample with band 6 of the pooled material migrating 

fractionally lower than that of the sample from one individual (Figure 3.5). Band 2 of 

the sample prepared from a single individual also shows a distinct double band, 

indicative of variation in the two bi- and one tri-antennary carbohydrates responsible 

for this glycoform (19). We measured 1H, 13C chemical shifts of the methyl 

resonances of ex-vivo M α1AT from a pooled source and compared these with 

those of sample from one individual (Figure 3.13). Despite the differences in 

glycoforms as indicated by IEF, the methyl region of the spectra shows no 

significant chemical shift perturbations in either nucleus, nor variations in linewidth 

or peak intensity (Figure 3.13). Very small perturbations were observed in the 

carbon dimension for residues I92 and I375 (ΔδC ~0.05 ppm and ΔδC  ~0.07 ppm 

respectively). These positions are close in the structure to attachments sites N83 

and N247 and are likely the result of subtle variations in carbohydrate chains at 

these positions between pooled and individual samples. The peak doubling at 

residues M374 and I375 was still observed. Importantly, these data suggest that 

heterogeneity of α1AT glycans is greater within individuals than between individuals 
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and that glycoform heterogeneity does not significantly perturb the tertiary structure 

as reported by the 1H-13C methyl spectrum. Therefore, chemical shift perturbations 

observed in a comparison of ex vivo samples from different α1AT variants 

discussed later in this chapter are considered to be the result of mutations in the 

sequence as opposed to carbohydrate variations.  

 

 

 
Figure 3.13 - Glycan heterogeneity does not alter the methyl spectrum of ex vivo M 
α1AT. (A) Spectral overlay of 1H-13C-methyl gsSOFAST HMQC spectrum of 410 µM ex vivo 
M α1AT from a single donor (red) with 1H-13C-methyl gsSOFAST HMQC spectrum of 410 
µM ex vivo M α1AT from 8 donors (blue) in 25 mM sodium phosphate, 50 mM NaCl, pH 8.0 
collected at 298 K, 900 MHz. 
 

3.3.8 Comparison of ex vivo M α1AT and Z α1AT by natural abundance 
NMR 
 

The intended use of natural abundance NMR in this study was to enable us to test 

our hypothesis that the conformation of Z α1AT in solution would be different to that 

of M α1AT as a result of altered kinetic processes, recent X-ray crystal structures 

notwithstanding. In addition to the E342K substitution, the Z variant also carries the 

mutation V213A (Figure 3.1). The position of this mutation is on the flexible loop 

linking strands 3 and 4 of β-sheet C (gate region) and was therefore not expected to 

influence the structure. To confirm this, we prepared Ileδ1, Leuδ1&2 and Valγ1&2 
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13CH3-labeled recombinant samples of variants 213V and 213A on a WT 

background to confirm this. No differences were observed between the spectra 

beyond the loss of resonances 213Val γ1&2 when mutated to Ala, and small 

perturbations in neighbouring residues 210 and 216 (see Appendix for spectral 

comparison). I therefore concluded that the remaining perturbations observed in the 

2D spectrum of Z α1AT relative to WT (M) are the result of the primary E342K 

mutation that causes the disease phenotype.  

 

I used 2D 1H-13C methyl gs-SOFAST-HMQC experiments at natural isotopic 

abundance to examine the effect of the E342K mutation by comparing the spectrum 

of Z α1AT from multiple donors (sample 1, n=10; sample 2, n=23) to the spectrum 

of M α1AT pooled from multiple donors (n=8) by a spectral overlay (Figure 3.14a). 

The final spectrum of Z α1AT is the sum of 36 experiments, of which 18 were 

acquired using sample 1, with an additional 18 experiments acquired using the 

sample 2. The spectra were acquired using identical conditions to those described 

for the spectrum of ex vivo M α1AT. Under these conditions, 176 well resolved 

peaks were detected (SNR ≥ 5) in the spectrum of Z α1AT out of a total of 240 

expected from all methyl containing residues, thereby resolving 73 % of the 

expected signals, approximately 7% fewer than resolved in M α1AT. A number of 

positions in the spectrum of Z α1AT display peak doubling, where only a single peak 

is observed at the same position in M α1AT (3.14a). The reduction in peak number 

and observation of peak doubling indicate conformational exchange with the Z 

protein on a slow – intermediate timescale (see Chapter 2 for more details).  

 

Widespread chemical shift changes were observed between the spectra of M and Z 

α1AT. As a result, assignment by attribution of overlaid spectra was more 

challenging. We initially assigned residues that were unperturbed between the 

spectra, moving to assignments of those that showed small perturbation and then 

assigning those with progressively larger chemical shift perturbations. All the 

assignment assumptions for Z α1AT are documented in a full-page spectra in the 

Appendix. 

 

Of the residues assigned, six shifts were so large that the new peak position could 

not be traced. In the plot of combined δH and δC chemical shifts, these are 

represented by blue coloured bars with an arbitrary Δδ ppm value of 0.4 chosen 

(Figure 3.14d). Cyan bars represent the loss of V213γ1&2 resonances as a result of 

their mutation to Ala. Changes in the proton chemical shift were typically less than 
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~0.03 ppm, except for three positions: residues L188, L288 and I340, displaying 

large ΔδH shifts of 0.21, 0.13 and 0.16 ppm respectively. Large shifts in these 

residues were also found in the indirect dimension, in addition to ΔδC shifts of ~0.6 

ppm for residue L245 (Figure 3.14b and c). Combining and weighting the δH and δC 

chemical shifts for structural representation shows the largest chemical shift 

changes were clustered around the site of the mutation. In particular, residues 

located in the cleft between β-sheet B and the top of top of β-sheet A (breach 

region) are perturbed to the greatest extent, with residues in this region adopting an 

untraceable new peak position, shown as blue bars (Figure 3.14d). The exception to 

this is residue L291, found at the top of strand 5 of β-sheet A. L291 is immediately 

adjacent to residue K290, which forms a salt bridge with E342 in the WT (M) 

protein. The loss of this salt bridge as a result of the Z mutation likely destabilises 

this region, changing the structure such that the new position of this residue cannot 

be traced. The effects of the mutation can also be seen to propagate down from site 

of the mutation at position 342 towards the bottom of the molecule via strands 3A 

and 5A, with the degree of structural perturbation relative to M α1AT decreasing 

with increasing distance from the mutation site. Smaller but nevertheless significant 

perturbations were also observed in the F-helix (residue I157) and the flexible loop 

region connecting the F-helix to strand 3 of β-sheet A (residue V170). In addition, 

residues close to the N-terminus in helix A (residue L37) show small shifts 

perturbations (ΔδC  ~0.15 ppm).  

 

A comparison of peak intensities between M and Z α1AT shows approximately 

equivalent intensities across the sequence, with the exception of small cluster of 

peaks that show reduced intensity and a number that are higher with respect to the 

M variant. Peaks with reduced intensities are observed as low as 25% of that in M 

α1AT, especially for residues 172, 245, and 271. Interestingly, these residues are 

clustered close to the site of the Z mutation and in regions that are identified as 

being perturbed by the mutation using other biophysical approaches (90). Positions 

that demonstrate increased intensity cluster close to the top of strand 3 of β-sheet A 

(residues 185 and 188) (Figure 3.14e). The chemical shift of these residues is also 

perturbed by the mutation. In contrast, for residues in the RCL and other loop 

regions, particularly 356, 360 and 375, little change in peak intensities are 

observed. A comparison of linewidths for peaks in the spectrum of Z α1AT relative 

to M shows a non-uniform effect across the whole sequence, but generally smaller 

perturbations than observed for the changes in intensity. Of note, the residues 

showing the greatest reduction in peak intensity also report the greatest increases 
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in linewidth (Figure 3.14f). Such non-uniform changes in intensity and linewidth is 

suggestive of differing dynamics or conformational exchange between the variants.  

Many previous biochemical analyses of the Z variant have postulated that the RCL 

of the Z variant may exchange between exposed and partially inserted 

conformations. Analysis of assigned residues in the RCL shows only very small 

chemical shift perturbations between M and Z α1AT. Although RCL residues N-

terminal to L353 have not yet been confidently assigned, the small changes 

observed in the assigned C-terminal RCL residues would be inconsistent with the 

large conformational rearrangement required for partial loop insertion to occur. It is 

noteworthy that the structures suggestive of partial insertion – those of antithrombin 

and antichymotrypsin have a longer RCL and have an intrinsic tendency to do so as 

part of their regulatory mechanisms (64). Nevertheless, these data do suggest that 

the conformation of Z α1AT is distinct from that of M α1AT, a result inconsistent with 

the recent crystal structure of the Z variant (5iO1, PDB).  
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Figure 3.14 - Comparison of ex vivo Z α1AT with M α1AT by natural abundance NMR. 
(a) Spectral overlay of 1H-13C-methyl gsSOFAST HMQC spectrum of 378 µM ex vivo Z α1AT 
in 25 mM sodium phosphate, 50 mM NaCl, pH 8.0 collected at 298 K, 900 MHz (blue) 
(spectrum the sum of sample 1 and sample 2) with 1H-13C-methyl gsSOFAST HMQC 
spectrum of 410 µM ex vivo M α1AT pooled from 8 patients in 25 mM sodium phosphate, 50 
mM NaCl, pH 8.0 collected at 298 K, 900 MHz (red). Regions of change between spectra 
are highlighted by dashed ovals, which are shown to the right of the spectral overlay and 
labelled with residue assignment. (b) Chemical shift perturbations of the indirect 13C 
dimension of ex vivo Z α1AT calculated relative to the spectrum of M α1AT. (c) Chemical 
shift perturbations of the direct (1H) dimension of ex vivo Z α1AT calculated relative to the 
spectrum of M α1AT pooled from 8 donors. (D) Combined chemical shift perturbations 
weighted for each nuclei of ex vivo Z α1AT calculated relative to the spectrum of M α1AT. 
Blue coloured bars represent residues where the chemical shift was so great that a 
confident assignment could not be made in the spectrum of Z α1AT. Cyan bars represent 
the loss of valine residues at position 213. (e) Relative intensity of assigned residues in 
spectrum of Z α1AT calculated relative to the spectrum of M α1AT. (F) Linewidths of direct 
(maroon) and indirect dimensions (gold) of resonances in the spectrum of Z α1AT 
determined relative to those in the spectrum of M α1AT. (G) Ribbon diagram of WT α1AT 
(1QLP structure) with assigned residues represented as spheres, with two representations 
shown rotated by 180°. Assignments are coloured according to the combined chemical shift 
perturbation, from yellow to red, with red representing the largest perturbation (gradient cut 
off Δδ ppm 0.2). Green spheres represent the site of the Z mutation. Cyan spheres 
represent the site of the V213A mutation. Strands 3 and 5 of β-sheet A are coloured in light 
blue to mark the site where the RCL inserts during inhibition and polymerisation. 
 

3.3.9 Comparison of NMR and X-ray crystallography data for Z α1AT 
 

Solution NMR is ideal for investigating protein dynamics and conformational 

exchange. We next explored whether regions with the largest B-factors observed in 

the crystal structure of Z α1AT corresponded to those regions showing the greatest 

chemical shift perturbations, following the assumption that one factor contributing to 

a high B-factor value is some form of conformational dynamics. Due to the low 

overall resolution (~3.34 Å) the electron density maps did not provide well-resolved 

side chain residues making direct comparison with individual B-factors of methyl 

groups potentially unreliable. Therefore the B-factors of every atom associated with 

each residue (backbone and side chain atoms) were averaged and then averaged 

again for the two chains of the crystallographic unit. The averaged B-factor values 

were plotted against the combined δH and δC chemical shift values determined for 

the equivalent residue (Figure 3.15). For residues where resonances of both pro-R 

and pro-S peaks of leucine and valine were assigned an average chemical shift 

value was used for comparison. Using a similar approach, a comparison of 

combined chemical shift perturbations between ex vivo M and Z α1AT spectra were 

made to the deviation in distance of backbone Cα atoms between crystal structures 

of WT (1QLP PDB) and Z (5iO1 PDB) variants (Figure 3.15). Similarly, no obvious 
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correlations were observed, suggesting that the small number of regions that do 

differ between the crystal structures of the WT and Z variants are not consistent 

with the regions exhibiting conformation differences between the variants in 

solution. If the crystal structures are considered the favoured conformations under 

equilibrium conditions, this is consistent with biophysical experiments in which M 

and Z variants differ only in their kinetic stability.  

 

 
Figure 3.15 – Comparison of NMR chemical shift perturbations of Z α1AT with X-ray 
crystal structure. A) Line representation of native conformations of WT α1AT (black) (PDB 
1QLP) overlaid with crystal structure of Z α1AT (red – both chain A and chain B) (PDB 5iO1) 
and with crystal structure of Z α1AT (magenta and grey – chain A and chain B respectively) 
(PDB 5nbv – stabilising mutations shown in teal). B) Comparison of relative chemical shift 
perturbation of Z α1AT calculated relative to M α1AT with ratio of B factor value from Z and 
M X-ray crystal structures (PDB 5iO1 and PDB 1QLP respectively). The B factors for the 2 
chains in the Z α1AT crystal were averaged. C) Comparison of relative chemical shift 
perturbation of Z α1AT calculated relative to M α1AT with deviation of backbone Cα 
deviation in Angstrom (Å) between Z and M X-ray crystal structures (PDB 5iO1 and PDB 
1QLP respectively).  
 

3.3.10 The Z variant populates a higher energy state in solution 
 

The observation of widespread chemical shift perturbations provides indisputable 

evidence of differences between the solution conformations of M and Z α1AT. 

Having established this, a key outstanding question is to understand, in structural or 

dynamical terms, the nature of these chemical shift changes. One possibility is that 

the mutation introduces minor structural changes, such as side chain reorientation, 

that produce altered spectra of the native states. Alternatively, as NMR spectra 

report the ensemble average of the multiple conformational states accessed in 

solution, the changes observed could be the result of the Z mutation inducing a shift 

A B C
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in populations between the ground state and an alternative conformation with 

differing chemical shifts. This hypothetical conformation, presumably sparsely 

populated in the WT, will be referred to as the ‘higher energy state’.  

 

The limited sensitivity inherent to natural abundance NMR precludes the application 

of typical NMR techniques (e.g. CPMG) for the characterisation of higher energy 

states. Nevertheless, indirect evidence in support of the latter scenario comes from 

a comparison of structural elements showing chemical shift perturbations as a result 

of the Z mutation, with the same regions in the recombinant protein exhibiting non-

linear chemical shift changes as a function of temperature (Figure 2.19, discussed 

in more detail in Chapter 2). As discussed in Chapter 2, deviations from linearity in 

the movement of chemical shifts as a function of temperature are indicative of 

population of an alternate conformation (239). The correspondence between 

perturbation of structural elements by both temperature and mutation suggests that 

the Z mutation might favour the formation of a similar ‘higher energy state’ (Figure 

3.16). The absence of linewidth perturbations in the recombinant protein as a 

function of temperature suggests that the higher energy state accessed by 

temperature is in fast exchange with the ground state (see Chapter 2), while for Z 

α1AT, a change in linewidth and intensity is observed, particularly for residues 

where the extent of chemical shift perturbation is greatest (Figure 3.19). Such an 

observation is consistent with increased exchange broadening in the Z variant 

(!!" = !!!!    !!
!

!!"
) associated with an increased population of the higher energy state, 

where Rex represents chemical exchange broadening, PG represents the population 

of the ground state and PE represents the population of the higher energy state, Δω 

represents the difference in chemical shift between two states, and kex represents 

the rate of exchange between the two states (179).   
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Figure 3.16. The Z mutation allows access to a higher energy state with a different 
conformation. (Left) R2 values determined from a fit of chemical shift perturbations as a 
function of temperature for 1H chemical shifts for recombinant WT PLAM α1AT (as described 
in Chapter 2) represented on the structure. Colour gradient from red to yellow where red is 
≤0.5 and yellow =1. (Right) Combined 1H,13C chemical shift perturbations induced in the 
structure of ex vivo Z α1AT as a result of the E342K mutation with respect to the spectrum of 
ex vivo M α1AT as described in Figure 3.13. Assigned residues are coloured according to 
the combined chemical shift perturbation, from yellow to red, with red representing the 
largest perturbation (gradient cut off Δδ ppm 0.2). Green spheres represent the site of the Z 
mutation. Cyan spheres represent the Val213Ala mutation. Strands 3 and 5 of β-sheet A are 
coloured in light blue to mark the site of RCL insertion. 

3.3.11 A Z-selective ligand confirms the presence of an higher energy 
state in Z α1AT 
 

To further investigate the hypothesis that the chemical shift changes observed in 

the spectrum of Z α1AT are the result of intermediate - fast conformational 

exchange, we used our access to a small molecule α1AT ligand which blocks α1AT 

polymerisation. The interaction of this ligand has been thoroughly characterised 

(Lomas et al., in preparation), though this will not be discussed here. The affinity of 

the ligand for Z α1AT is ~100 fold greater than its affinity for M α1AT (ex vivo Z 

α1AT Kd 1.5 nM, ex vivo M α1AT , Kd 120 nM). The mechanism of a 

conformationally-selective ligand recognition posits the pre-existence of multiple 

conformation of the protein, from which the ligand selects the optimum one. Thus, 

the increased affinity of the molecule for Z α1AT may corroborate our hypothesis 

that an alternative conformation is accessed from the native state of Z α1AT, as 

identified from chemical shift perturbations.  

R2 δH 

0.5 1

Non-linear temperature dependent chemical
shift perturbations

0 0.2

∆δ CHppm 

E342K mutation induced chemical shift perturbations
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We investigated the structural effects of ligand binding to M and Z α1AT by 

monitoring changes in 2D 1H,13C methyl correlation spectra at natural abundance. A 

1.5 molar excess of the ligand was used at α1AT concentrations much greater than 

the Kd, to ensure that full occupancy was achieved. Sensitivity considerations 

precluded acquisition of a full titration.  For both variants, ligand binding induced 

large chemical shift perturbations throughout the whole spectrum, indicative of a 

widespread structural rearrangement (Figure 3.17). It is striking that the spectra of 

holo-M/Z α1AT are extremely similar – in contrast to the apo forms – indicating that 

both variants have a common structure in the bound state. In both cases however, 

the shifts induced are so large that the number of peaks that assignments could be 

confidently transferred is reduced. Here therefore, the analysis of these spectra 

focussed predominantly on isoleucine residues and leu and val residues in 

dispersed regions for which this was generally possible.  

 

By comparison of ligand-bound spectra with the unbound counterpart, both M and Z 

α1AT show the largest chemical shift perturbations in three clusters around residues 

A250, L288 and I340 (Figure 3.17b and c). All these residues are within the region 

of the known binding site, and are in close proximity to the site of the Z mutation. It 

is interesting to note that while in their apo form, all previous spectra of ex vivo M 

α1AT have shown a double peak for residue I375, but in the presence of the ligand, 

only a single peak is present, which is more consistent with the other variants at this 

position (Figure 3.17). However, binding of the ligand also induces chemical shift 

perturbations in regions away from the binding site, including strands 3 and 5 of β-

sheet A in addition to helix A and helix F (Figure 3.18 A and B). It is notable that 

these changes co-localise with perturbations that are observed in the Z protein with 

respect to the wild-type M variant. Indeed, a full comparison of the apo- and holo-

spectra of M and Z α1AT shows that, at least in many cases, chemical shifts are 

collinear, with apo Z resonances consistently observed ca. 20 % of the way 

between unbound M and fully bound M and Z α1AT (Figure 3.19A). Collinear 

chemical shift perturbations are a powerful and unambiguous probe of 

conformational exchange/allostery occurring on a fast timescale, relative to the 

chemical shift timescale, i.e. ≤ ms. Together therefore, these data suggest that the 

ligand binds to a higher energy state that is populated to ca. 20 % in Z α1AT and 

access to the hyperstable conformation that the ligand induces is via this higher 

energy state (Figure 3.19B). 
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Figure 3.17 - A conformation specific ligand that binds more readily to Z α1AT 
induces chemical shift perturbations that are consistent with those introduced by the 
Z mutation. (A) Spectral overlay of 1H-13C-methyl gsSOFAST HMQC spectrum of 410 µM 
ex vivo M α1AT in 25 mM sodium phosphate, 50 mM NaCl, pH 8.0 collected at 298 K, 900 
MHz (red) with an equivalent spectrum in the presence of a 1.5 molar excess of GSK ligand 
(grey). (B) Combined chemical shift perturbations weighted for each nuclei of ligand bound 
ex vivo M α1AT calculated relative to the spectrum of M α1AT in the absence of ligand. (C) 
Spectral overlay of 1H-13C-methyl gsSOFAST HMQC spectrum of 378 µM ex vivo Z α1AT in 
25 mM sodium phosphate, 50 mM NaCl, pH 8.0 collected at 298 K, 900 MHz (light blue) with 
an equivalent spectrum in the presence of a 1.5 molar excess of GSK ligand (dark blue). (D) 
Combined chemical shift perturbations weighted for each nuclei of ligand bound ex vivo Z 
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α1AT calculated relative to the spectrum of Z α1AT in the absence of ligand. (E) Spectral 
overlay of ex vivo M α1AT (red) and Z α1AT (light blue) with the spectrum of ligand bound M 
α1AT shown in grey. Arrows show the direction of chemical shift perturbations induced by 
the Z mutation, with larger perturbations induced by ligand binding. (F) Spectral overlay of 
1H-13C-methyl gsSOFAST HMQC spectrum of 410 µM ex vivo M α1AT (magenta) and Z 
α1AT (grey) in the presence of a 1.5 fold molar excess of ligand in 25 mM sodium 
phosphate, 50 mM NaCl, pH 8.0 collected at 298 K, 900 MHz. 
 
 
 

 
Figure 3.18 – Widespread chemical shift perturbations in ex vivo M and Z α1AT upon 
ligand binding. A) Cartoon representation of α1AT showing chemical shift perturbations 
observed in experiments described in Figure 3.17 upon ligand binding to ex vivo M α1AT. B) 
Cartoon representation of α1AT showing chemical shift perturbations observed in 
experiments described in Figure 3.17 upon ligand binding to ex vivo Z α1AT. Assigned 
residues are coloured according to the combined chemical shift perturbation, from yellow to 
red, with red representing the largest perturbation (gradient cut off Δδ ppm 0.2). 
 
 
 

A B
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Figure 3.19 – Ligand binding provides information on population of a higher energy 
state – A) Representative panel from 1H,13C gsSOFAST HMQC spectrum of ex vivo M and 
Z α1AT in the absence (cyan and orange, respectively) and presence (blue and red, 
respectively) of a 1.5 fold molar excess of ligand. Arrows represent collinear chemical shift 
perturbations of the Z spectrum as a result of the E342K mutation with respect to M α1AT, 
and also of the ligand bound M or Z α1AT protein. B) Schematic representation of 
conformational exchange within WT α1AT (black lines). The presence of the Z (E342K) 
mutation or perturbation with temperature (red lines) accelerates exchange by increasing the 
population of the intermediate conformation. This intermediate conformation is the target of 
the ligand, that once bound, induces conformational rearrangements within the protein to 
produce a hyperstable species, in which the structure is identical for the ligand bound 
conformations of both M and Z α1AT.  
 

In addition to the chemical shift changes mentioned above, the ligand was also 

useful in identifying an interaction between Z α1AT and 4,4-dimethyl-4-silapentane-

1-sulfonic acid (DSS). DSS was initially included in natural abundance NMR 

experiments as an internal reference, added to ex vivo α1AT samples at 51 µM (a 

0.125 molar equivalence with respect to the protein concentration). For ex vivo M 

α1AT, the DSS signal was observed at 0 ppm (Figure 3.20A). However, for Z α1AT, 

the DSS signal was entirely broadened, indicative of a specific interaction between 

DSS and the Z variant, on a timescale comparable with that of the chemical shift 

(~ms) (Figure 3.20A). On addition of a 1.5 fold molar equivalence of the 

polymerisation blocking ligand, the DSS signal returned in the sample of Z α1AT, 

while M α1AT remained unchanged (Figure 20B). To ensure the interaction of DSS 

with Z α1AT did not alter the 2D spectra, new samples of M and Z α1AT were 

prepared lacking DSS and 2D gs-SOFAST HMQC spectra acquired. No significant 

changes were observed for either M or Z variants. 
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Figure 3.20 – Interaction of DSS with Z α1AT is displaced upon ligand binding – A) 
Region of 1H 1D NMR spectrum of M α1AT in the absence of ligand (green) with signal of 
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) at 0 ppm highlighted by solid box. B) 
Spectral overlay of a Z α1AT in absence (blue) and presence (red) of polymerisation 
blocking ligand, showing regain of DSS signal at 0 ppm (dashed box) in presence of ligand 
only.  
 

3.3.12 Investigating the structural consequences the of S mutation of 
α1AT 
 

With the spectra of ex vivo M and Z α1AT acquired, we set out to investigate the 

effect of the relatively benign S mutation, E264V. Given that the S variant does not 

have any severe pathological consequences, we hypothesised that the solution 

state structure of the native state would not differ significantly from the WT (M) 

variant. The 1H,13C gsSOFAST HMQC experiment shown is the sum of 18 

experiments from material prepared from a single donor (Figure 3.21a). The spectra 

were acquired using identical conditions to those described for the spectrum of ex 

vivo M α1AT. Under these conditions, 192 well-resolved peaks were detected (SNR 

≥ 5) out of a total of 240 expected from all methyl-containing residues, thereby 

resolving 80 % of the expected signals, identical to the spectrum of M α1AT. A 

comparison with the spectrum of M α1AT shows that the chemical shift 

perturbations are much smaller than those observed with the Z variant, meaning 

that resonance assignments could be confidently transferred. To assess the 

structural effect of the S mutation, we measured 1H-13C chemical shifts relative to 

the M variant, and chemical shift perturbations were plotted onto the structure for 

interpretation (Figure 3.21g). The S mutation at position 264 clearly introduces 

chemical shift perturbations around the site of the mutation. The N-terminus of helix 

A, upstream of residue Y38 that is involved in a hydrogen bond interaction with 

residue 264, is perturbed to the largest degree, with a smaller perturbation observed 
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in more C-terminal regions of the A helix. The neighbouring I helix also shows 

perturbations between residues 300 – 306. These structural elements have been 

shown to be important in the initiation and regulation of polymerisation using 

mutations and limited proteolysis (69). In addition, perturbations were observed in 

residues of strands 3 and 4 of β-sheet B (Figure 3.21d), adjacent to strand 5, which 

loses the stabilising salt bridge at position K385. The effects of the S mutation are 

limited to the opposite side of the molecule to β-sheet A. No major perturbations 

were observed in the structure as a result of the S mutation, which is inconsistent 

with suggestions that its effect is propagated to the breach region. This is interesting 

in light of the ‘C-terminal’ model of polymerisation, which posits that strands 4 and 5 

of β-sheet B (as well as strand 1 of β-sheet C) undergo a domain swap in order to 

generate the polymer chain (97). Indeed, besides a small number of perturbations, 

mainly closest to the site of the largest chemical shift perturbations, the intensities 

and linewidths (Figure 3.21e and f) remain unperturbed by the S mutation, 

suggesting that the dynamics within the molecule are not perturbed to the same 

degree as those in the Z variant.  
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Figure 3.21 - Comparison of ex vivo S α1AT with M α1AT by natural abundance NMR. 
(a) Spectral overlay of 1H-13C-methyl gsSOFAST HMQC spectrum of 410 µM ex vivo S 
α1AT in 25 mM sodium phosphate, 50 mM NaCl, pH 8.0 collected at 298 K, 900 MHz (black) 
with 1H-13C-methyl gsSOFAST HMQC spectrum of 410 µM ex vivo M α1AT pooled from 1 
patient in 25 mM sodium phosphate, 50 mM NaCl, pH 8.0 collected at 298 K, 900 MHz (red). 
Regions of change between spectra are highlighted by dashed ovals, which are shown to 
the right of the spectral overlay and labelled with residue assignment. (b) Chemical shift 
perturbations of the indirect 13C dimension of ex vivo S α1AT calculated relative to the 
spectrum of M α1AT. (c) Chemical shift perturbations of the direct (1H) dimension of ex vivo 
S α1AT calculated relative to the spectrum of M α1AT. (D) Combined chemical shift 
perturbations weighted for each nuclei of ex vivo S α1AT calculated relative to the spectrum 
of M α1AT. (e) Relative intensity of assigned residues in spectrum of S α1AT calculated 
relative to the spectrum of M α1AT. (F) Linewidths of direct (maroon) and indirect 
dimensions (gold) of resonances in the spectrum of S α1AT determined relative to those in 
the spectrum of M α1AT. (G) Ribbon diagram of WT α1AT (1QLP structure) with assigned 
residues represented as spheres, with two representations shown rotated by 180°. 
Assignments are coloured according to the combined chemical shift perturbation, from 
yellow to red, with red representing the largest perturbation (gradient cut off Δδ ppm 0.05). 
Magenta spheres represent the site of the S mutation. 
 

 

3.4 Discussion 
 

We have developed a powerful natural abundance NMR approach to study human 

purified proteins relevant to disease by ‘ex vivo structural biology’. Using this 

approach, for the first time the solution conformation(s) and dynamics of the disease 

causing Z (E342K) variant of α1AT has been explored with residue specific detail 

(Figure 3.14). The mutant Z variant exhibited significant chemical shift perturbations 

relative to the WT ex vivo (M) variant. Incubation of WT α1AT promotes the 

formation of polymers that share conformational similarities with those formed by Z 

α1AT (114). Combining evidence from the NMR data of the unlabelled Z variant, 

heat-treated labelled recombinant protein (Figure 2.19 Chapter 2), and information 

from a small molecule that preferentially binds to Z α1AT (Figure 3.18), we conclude 

that the Z mutation facilitates access to a readily-identifiable alternative ‘higher 

energy state’ conformation (Figure 3.18). Changes in linewidths, intensities and 

chemical shifts suggest that this exchange occurs on an intermediate-fast 

timescale. We therefore propose a mechanism in which the Z mutation shifts the 

equilibrium and therefore relative populations of a native-like ‘low energy state’ and 

a destabilised ‘high energy state’, being approximately 20 % populated in Z α1AT at 

25°C (Figure 3.19). From this high-energy state, in the presence of the 

polymerisation inhibitor small molecule, the protein is trapped in a hyperstable 

conformation identical for both M and Z variants. In the absence of this molecule, 
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we may speculate that further intermolecular interactions may occur from this point, 

leading to the aberrant polymerisation particularly associated with Z α1AT. This 

proposed mechanism is consistent with the prior biophysical data, which, despite 

being unable to report on specifics of structural change, suggest that the effect of Z 

α1AT is to reduce the kinetic barrier of the first step of the three state unfolding 

transition, with the native-to-intermediate transition occurring 1.5x faster than in M 

α1AT using kinetic unfolding monitored by stopped flow fluorescence (90). The 

same group report that the thermodynamic stability of Z α1AT is essentially identical 

to that of M α1AT and our ability to concentrate Z α1AT to ca. 400 µM with minimal 

degradation or polymerisation over time is consistent with this observation. The 

population of an alternate conformation was also observed for the polymerisation 

prone variant, K154N using IM-MS. At 39°C the K154N intermediate was 40 % 

populated (76). It is possible that this observation is similar to what is observed here 

for Z α1AT, with the reduction in temperature at which the experiment was 

conducted being responsible for the reduced population of the high energy state 

species.  

 

While the perturbations of the Z mutation are limited to regions in the face of the 

molecule containing β-sheet A and close to the site of the mutation (breach, shutter 

and gate regions) (Figure 3.3), the S mutation (Glu264Val) perturbs regions on the 

opposite side the molecule only (Figure 3.21). These data suggest the two variants 

destabilise the molecule through different elements and as a result likely induce 

polymerisation through different mechanisms. This is in contrast to studies of 

hetero-polymerisation of the S and Z variants that predict the S mutation transmits 

its perturbing effect to the shutter region at the opposite side of the molecule, 

inducing polymerisation using the same mechanism as Z α1AT (95). The central 

strands of β-sheet B sits between these two sites, raising the possibility that this 

structural element is a common component between the two mutants (97).  

 

The use of patient-derived material for structural characterisation of the 

aggregation-prone Z and S variants of α1AT ensures that this data is more 

representative of the material that is found in humans and involved in the disease, 

with the samples possessing all the appropriate posttranslational modifications and 

naturally occurring variations – which is not the case for samples produced in 

recombinant systems, on which most hypotheses to date for α1AT have been 

made. It has been proposed that aggregation of Z α1AT occurs at the site of 

synthesis in the ER of hepatocytes and is the result of a delay in folding, which 
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increases the concentration of an aggregation-prone folding intermediate. The 

sample of Z α1AT used in these investigations is derived from the pool of ~ 15 % of 

material that folds correctly and is secreted in to the plasma. The reason for this 

defect in secretion is unknown and indeed it is possible that the ER-retained 

material poses an altered tertiary structure. The presence of aggregates in the 

plasma of individuals with the Z mutation suggests polymers also occur from more 

native like conformations that make it through the secretory pathway (330). One 

solution to this question would be to use monomeric material isolated from 

explanted livers of patients homozygous for the mutation undergoing end stage liver 

transplantation and compare that to the spectrum of secreted material. Indeed this 

strategy has proved fruitful for investigation of Z α1AT polymers from explanted 

livers by electron microscopy (Emma Elliston and James Irving, personal 

communication). 

 

In the absence of isotopic enrichment, the sensitivity of multidimensional NMR 

experiments is low, requiring acquisition times that may be prohibitively long for 

some samples, particularly where access to high field magnets is limited. However, 

for samples where elevated temperature and/or increased sample concentrations 

do not cause concern, excellent quality spectra can be achieved in a matter of 

hours rather than days, when using the 1H - 13C gsSOFAST HMQC experiment. 

Indeed, we achieved an excellent quality spectrum of M α1AT at 1.2 mM, 308 K in ~ 

9 hours at 900 MHz. This has also been observed for a ~ 300 µM sample of a 150 

kDa monoclonal antibody of NISTmAb (a recombinant humanised IgG1K antibody 

produced in murine suspension culture) acquired at 328 K using a 1H-13C 

gsSOFAST HSQC sequence (309). For samples that are not sensitivity-limited, 

non-uniform sampling techniques such as Poisson gap sinusoidal weighted 

sampling can further reduce the acquisition time by sampling only 50 % of the 

indirect dimension, with no apparent negative consequences when compared to a 

uniformly sampled equivalent (194). 

 

Low sensitivity as a consequence of natural isotopic abundance precludes the 

detailed investigation of dynamics within the protein and the assignment of natural 

abundance samples by the traditional direct approaches used in NMR (see Chapter 

2). Thus, as demonstrated in this chapter, assignment relies upon the transfer of 

assignments carried out on a typically recombinant sample. While this is feasible 

when the variation between spectra are minimal, larger spectral differences as 

observed in the case of Z α1AT and for both variants in the ligand bound form 
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creates a more challenging problem (Figure 3.14 and 3.19). As a result, the number 

of assignments that can be made is reduced. One possible avenue to improve 

assignment is to exploit the single naturally occurring single cysteine residue found 

in α1AT, which offers scope for the attachment of lanthanide paramagnetic tags to 

the ex vivo samples (331). Paramagnetic metal ions have previously been used for 

assignment and structure determination in solution NMR through the measurement 

of pseudo contact shifts (PCS) (332). Being magnetically anisotropic, the metal ions 

induce PCS that manifest as easily measurable changes in NMR spectra over long 

ranges. PCS depend on the orientation of the paramagnetic susceptibility tensor 

(283) with respect to the protein frame and this is usually determined by using a 

combination of metal ion tags. Such an approach is sample intensive, particularly at 

the concentrations required for natural abundance NMR. Given the scarcity of Z 

α1AT, this strategy is not feasible. However, new methods have been designed that 

allow attachment of metal ions through a cleavable linker (331), potentially allowing 

several paramagnetic tags to be attached to a single sample and so enabling this to 

be used to aid the assignment of ex vivo Z α1AT. 

 

Of the proposed models of Z α1AT polymerisation (see Chapter 1, Introduction), the 

C-terminal model (97) predicts that polymerisation occurs through a domain swap 

involving displacement of strand 1C of β-sheet C, self insertion of the RCL as strand 

4A in β-sheet A, leaving the most C terminal elements, strands 4 and 5 of β-sheet 

B, as the domains that interact with a neighbouring molecule. The associated 

folding and polymerisation intermediate is thought to involve displacement of these 

regions and this would be consistent with the areas of Z α1AT that show the 

greatest extent of perturbations, relative to M α1AT. While the preceding steps for 

polymer formation involve self-insertion of the RCL, our data do not support this 

model (Figure 3.14). Loop insertion requires breaking of several hydrogen bonds in 

the region of β-sheet A and it is likely the Z mutation does not destabilise the native 

state enough to make this transition feasible (82). While our data suggest that the 

RCL is minimally perturbed, a lack of assignments of C terminal loop residues 

precludes any conclusions to be drawn for this region, which has been shown to 

exhibit greater dynamics by HDX data compared to M α1AT (174). Indeed, this is 

similar to the findings of the crystal structure of the Z variant for which the loop is in 

an exposed conformation (84).  

 

Beyond the obvious crystal packing artefacts, the small differences that do exist 

between the crystal structures of WT and Z α1AT should be interpreted with 
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caution. While the R2 value is low, indicative of constraints being used, assessment 

of the low resolution electron density shows that regions of the structure have been 

modelled where there is no supporting density, with one of the most obvious regions 

being the leucine at position 291, next to the K290 that forms the salt bridge in the 

WT molecule (Figure 3.15) (84). The displacement in the gate region of the Z α1AT 

crystal structure can be attributed to hydrogen bonding interactions to the equivalent 

region in the second chain that makes up the crystallographic unit, while the 

perturbation is the C-terminal residues of the RCL are actually consistent with those 

of a more recent WT crystal structure (3NE4, PDB). As a result of the low 

resolution, the small perturbations between the crystal structures of WT and Z α1AT 

means we cannot be confident of any structural differences, particularly given the 

absence of correlation with the perturbations in solution (Figure 3.15).  

 

Taken together, these data show conclusively that the Z mutation allows the α1AT 

molecule to sample an altered conformation where the changes between M and Z 

α1AT are largest in the breach, gate and shutter regions as previously only 

speculated. Given the correlation between structural regions perturbed by the Z 

mutation and those that access an alternate conformation at elevated temperatures 

(Figure 3.16), it is possible that this high energy state of Z α1AT is the conformation 

responsible for, or at least along the pathway towards, polymerisation. The use of 

natural abundance NMR has allowed characterisation of the disease-causing 

variant and we expect the application of this technique to define the misfolding and 

aggregation of other proteins.  
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4.0 Characterising the mechanism of action of 
an antibody capable of blocking serpin 
polymerisation  
 

4.1 Introduction 
 

Therapeutic biomolecules are fast becoming one of the most powerful treatments 

for a range of diseases, with FDA-approved antibodies currently used in the 

treatment of cancer, respiratory disease, cardiovascular disease, arthritis and 

transplant rejection (333–337). The high specificity between antibody and the target 

antigen allows greater control of the interaction with the target and fewer off-

pathway effects than are typically achieved with the traditional small molecule 

therapy (164). While <90% of current therapeutic agents are small molecules, it is 

currently estimated that only ~3000 human proteins are druggable with small 

molecules (338) – that is, a deep pocket exists within the protein structure such that 

a small molecule is capable of binding with high affinity. For target molecules with a 

relatively flat binding surface, or one in which the structural elements of the site of 

interest are dynamic, therapeutic antibodies offer greater scope for treatment of 

such targets (339).  

 

The field of antibody generation was revolutionised by the introduction of hybridoma 

technology (340), which enabled easy manipulation and production of monoclonal 

antibodies. More recently strategies such as phage-display (341), ribosome display 

(342) and yeast display (343) have been used for screening and affinity maturation. 

Currently, strategies are based on three types of antigen-specific fragments of 

antibodies produced in a recombinant process. These include antigen-binding 

fragments (Fab), single chain variable-fragments (scFv) and miniaturized antibody 

molecules such as nanobodies and unibodies (344) (Figure 4.1). These antibody 

fragments are preferred as therapeutics over the full-length monoclonal antibody 

due to their favourable properties during expression, such as lack of a need for 

disulphide bonding. When inside the cell, they are referred to as intrabodies (345). 
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Figure 4.1 - Antibodies and antibody fragment types. The schematic shows a full size 
monoclonal antibody, mAb (top), with antigen binding fragment, Fab (bottom left), single-
chain variable fragment, scFv (bottom middle) and variable heavy chain/unibodies (bottom 
right). CH, constant heavy chain; CL, constant light chain; IgG, immunoglobulin; Fab, 
antigen binding fragment; scFV, single chain variable fragment; VH, variable heavy chain; 
VL, variable light chain. Figure reproduced from (344). 
 

The ability of monoclonal antibodies to block protein aggregation has been 

demonstrated for a number of aggregation-prone proteins (163, 346–348). One 

example includes an anti-tau monoclonal antibody capable of blocking aggregate 

seeding in vitro and when infused into the ventricle of a human tau transgenic 

mouse line (349). Very recently, a phase I trial of a monoclonal antibody against 

amyloidegenic forms of α-synuclein, believed to be central to the pathogenesis of 

Parkinson’s Disease has proved successful (350).  

 

In addition to therapeutic action, antibodies can be used as tools to provide 

information about the mechanism of aggregation, in particular the cryptic epitopes 

revealed as different species are formed along the aggregation pathway (351–354). 

Recently, a monoclonal antibody has been described that binds and stabilises a 

transient aggregation-prone intermediate during α1AT polymerisation by heat or 

denaturant, acting as a catalyst to polymer formation (169). The ability to recognise 

early aggregation-prone intermediates offers scope that these species can be 

sufficiently stabilised to allow investigation by conventional structural and 



	 154	

biophysical techniques such as measures of thermal stability, fluorescence and X-

ray crystallography and NMR. Additionally, antibodies that bind in novel regions of 

the protein provide mechanistic information into the structural role of these regions 

associated with aggregation. 

 

A monoclonal antibody, 4B12 capable of blocking the polymerisation of α1AT was 

identified in a hybridoma screen against monomeric Z α1AT (163). The native state 

of α1AT is in a metastable conformation, kinetically trapped as a folding 

intermediate (29). This higher energy ‘poised’ conformation is necessary for its 

function as a protease inhibitor. A large number of naturally occurring point 

mutations in α1AT have been identified, several of which promote transition to more 

stable conformations, such as the hyper-stable polymeric form that is associated 

with disease. The α1AT polymer contains a six-stranded β-sheet A (see main 

Introduction for a more detailed description, section 1.2).  

 

A similar conformation is formed upon cleavage of the solvent-exposed RCL by a 

target protease, following a marked conformational change involving insertion of the 

RCL as an additional sixth strand into the central β-sheet A that is required for 

essentially irreversible protease inhibition (240). This change is associated with a 

dramatic increase in thermal stability with respect to the native state (27).  

 

The intimate relationship between conformational stability and function of the 

serpins allows for manipulation of their behaviour through interactions with various 

ligands. Stabilisation of the native state in this manner has been trialled previously 

as a mechanism of blocking polymerisation. One of the main approaches has 

investigated using RCL mimetic peptides (88, 111, 355) to prevent the associated 

intra- or intermolecular insertion of the RCL which is a conformation predicted by all 

three models of the α1AT polymer (31, 97, 108). Hormones, oligosaccharides and 

small molecules have also been show to exhibit a similar effect of blocking RCL 

insertion (154, 356, 357). However, all previous attempts of preventing 

polymerisation have been associated with a significant loss of inhibitory activity. 

 

Knowledge of the binding sites of inhibitors of polymerisation may elucidate features 

of the polymerisation pathway and may even provide information on the 

conformation of the terminal polymer species. Indeed, the advent of new techniques 

such as cryo-electron microscopy suited to the characterisation of large 

biomolecules such as protein aggregates has revealed the large degree of 
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heterogeneity of the aggregate species that can originate from a seemingly 

otherwise identical monomer, suggesting that distinct populations may be present in 

a physiological setting (358). Indeed, electron micrographs of the α1AT induced to 

form polymers using different methods (eg. temperature or denaturant) show 

differences in the polymer chain length and the number of self-terminating, circular 

aggregates (Elliston & Irving et al. – in preparation). 

 

Common techniques for defining the epitope of monoclonal antibodies include 

indirect methods such as steric occlusion of antibody binding through prior binding 

of a bulky moiety such as polyethylene glycol, alanine scanning or peptide based 

methods using phage display or chemically prepared libraries of short peptides in 

SPOT peptide arrays (13, 359, 360). More sensitive techniques such as X-ray 

crystallography and nuclear magnetic resonance provide high-resolution detail, but 

require high concentrations of homogenous, well-populated species that can be 

challenging to prepare from complexes and flexible antibody domains. An 

alternative, non-perturbing approach offering very high sensitivity and good site-

specific resolution from relatively low sample concentrations is continuous wave 

electron paramagnetic resonance spectroscopy (CW-EPR). Modern site-directed 

spin labelling involves the incorporation of stable free-radical spin labels at specific 

locations within the protein by introduction of a unique cysteine residue via site-

directed mutagenesis, requiring substantial effort in preparation of reagents. 

Commonly used spin labels include the iodoacetamide functionalised nitroxide spin 

labels (Figure 4.2).  

 

 

 

 

 

 

 

 
 
Figure 4.2 - Structure of the 3-(2-Iodoacetaido)-PROXYL sulfhydryl specific spin label 
used in CW EPR studies. 
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4.1.1 Electron paramagnetic resonance (EPR) 
 

EPR spectroscopy measures the absorption of microwave radiation that 

corresponds to the energy of splitting a single unpaired electron of the attached spin 

label when placed in a strong magnetic field. The electron possess magnetic spin 

components Ms = ± 1/2, that when placed in an external magnetic field (B0) align in 

a parallel or antiparallel configuration to the field, corresponding to lower and higher 

energy states respectively (361). The CW-EPR experiment uses a fixed microwave 

frequency while varying the strength of the magnetic field, (B0). When the 

microwave frequency matches the energy difference between higher and lower 

energy spin states, resonance is achieved and is visualised in the EPR spectra that 

are typically represented as derivative lineshapes due to modulation of the magnetic 

field. In biological molecules, the unpaired electron commonly interacts with the 14N 

nucleus in the sample, which is referred to as a hyperfine interaction. This coupling 

is responsible for the splitting of the derivative EPR spectrum into multiple peaks. 

EPR spectroscopy reveals structural and dynamical information of the spin-labelled 

side chain, with the spectrum reporting differences upon changes in solvent 

accessibility and polarity (361). High probe mobility manifests as sharp, narrow 

linewidths, while reduced mobility is reported as broader lines or lower amplitude 

(Figure 4.3). CW-EPR therefore provides an excellent, sensitive means of 

monitoring the interaction of antibody binding and perturbation of regions of the 

structure outside of the binding epitope.  

 

In this chapter we describe experiments for the detailed characterisation of the 

mechanism of action of a monoclonal antibody, mAb4B12 and use high-resolution 

approaches to triangulate the binding epitope. Additionally, we show mAb4B12 uses 

dynamics within this region to elicit its polymer blocking action, while simultaneously 

inducing allosteric changes at the opposite face of the molecule to the antibody 

binding site, as demonstrated by destabilisation of a complex with a model 

protease, and perturbations in EPR and NMR spectra upon antibody binding.  
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Figure 4.3 - Example EPR spectra for situations representing differing mobility of the 
iodoacetamido spin label. A) In the high mobility regime, such as in the case of spin label 
alone, as demonstrated by the structure on the right hand side representing 3-(2-
iodoacetaido)-PROXYL sulfhydryl specific spin label, the EPR spectrum has characteristic 
sharp peaks with narrow linewidths. B) As the mobility of the probe is reduced, by binding to 
a specific region on a protein - demonstrated by the figure on the right hand side with the 
protein represented in surface view - the linewidths of the high and low field shifted peaks in 
the EPR spectrum begin to broaden and their intensity reduces. C) In the fully immobilized 
situation, such as that of a frozen sample, the probe has no mobility and three very broad 
peaks are observed.  
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4.2 Results 
 

4.2.1 The activity of mAb4B12 is not a consequence of conformational 
selectivity 
 

The mAb4B12 antibody was identified from an initial screen of a hybridoma library 

that was generated, and screened, using monomeric Z α1AT as the antigen. 

Candidates of the library that showed recognition of Z α1AT in an initial ELISA 

based screen were then tested for their ability to block heat-induced polymerisation 

of Z α1AT, using the well-characterised 2C1 (166) monoclonal antibody as a read 

out of polymer level in a sandwich ELISA assay (362). From the same screen an 

antibody that enhanced polymerisation of Z α1AT was identified, 5E3 (169). This 

antibody accelerated polymerisation by binding to a specific conformation, which 

was revealed on transition to the polymerisation intermediate by elevated 

temperature or denaturant. Conformational selectivity has been observed for 

antibodies that bind proteins both within and beyond the serpin superfamily (166, 

353, 363, 364). In order to test whether mAb4B12 displayed a similar conformational 

selectivity for different conformations of α1AT, the ability to recognise native, RCL-

cleaved, polymeric and peptide-incorporated (mimics the hyperstable inserted 

conformation with expanded, 6 stranded β-sheet A) forms of ex vivo α1AT was 

investigated in a sandwich ELISA assay format, using a rabbit anti-α1AT polyclonal 

antibody as the capture antibody and mAb4B12 as the detection antibody. mAb4B12 

recognised all tested conformations of α1AT with equal affinity as shown by the 

plateau value of maximal antibody binding at 50 µg/ml mAb4B12 and normalised 

binding curves for each conformation (Figure 4.4A). Thus, the discontinuous epitope 

that mAb4B12 recognises (362) is within a region of the protein that remains 

structurally conserved between the different conformations tested.  

 

4.2.2 mAb4B12 has activity against several α1AT mutants 
 

As presented in Chapter 3, the polymerogenic mutations of S and Z α1AT alter the 

structure of α1AT with respect to the WT conformation in different ways, with Z 

α1AT inducing much more widespread, allosteric structural perturbations. The Z 

mutation (E342K) is located in the ‘breach’ region of the molecule, at the base of the 

RCL and top of strand 3A of β-sheet A. In addition to the S mutation (E264V) 

located in helix G, other mutations are found distributed throughout the structure of 

the molecule, including the I mutation in helix A (95) and the Queen’s variant 
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(K154N) located in helix F (76). Indeed, of the regions of the molecule mentioned, 

all have been reported to undergo change upon polymerisation or during the 

structural rearrangement that takes place during the inhibition reaction. Given the 

ability of mAb4B12 to recognise native and inserted conformations equally (Figure 

4.4B) we expect that it would also demonstrate a similar ability to recognise each 

mutant variant. To test this, an end-point polymerisation experiment was performed, 

in which a complex of the mutant variant was preformed with a 2 fold molar excess 

of mAb4B12 and then heated at 55°C for 4 hours, or, heated at 55°C for 4 hours and 

then incubated with mAb4B12 to allow complex formation. The recombinant mutants 

were produced on the well-characterised C232S mutant background, to avoid the 

need for excessive reducing agent during protein expression and purification. Non-

denaturing PAGE was used to examine the results of the end-point polymerisation 

experiments. Both polymerised α1AT and α1AT complexed with mAb4B12 display a 

unique reduction in mobility on the gel, as a result of increased molecular weight 

and a combination of increased molecular weight and altered charge, respectively, 

compared to native α1AT not bound by the antibody (Figure 4.4B). For the material 

that was heated prior to complex formation with mAb4B12, there is a loss of the 

monomeric component associated with sequestration into higher molecular weight 

polymers (Figure 4.4B, + heat, - mAb). For the material complexed with mAb4B12 

prior to heating, an antibody bound, monomeric component is visible for C232S, 

E264V and K154N variants, indicative of mAb4B12 blocking the polymerisation 

reaction by maintaining material in the monomeric form (Figure 4.4B, + heat, + 

mAb). This was not observed for the I variant (R39C) however, despite evidence 

that shows this variant has similar tendency to polymerise to the S variant (E264V) 

(95). In the absence of heat, mAb4B12 shows a reduced affinity for the I variant as 

indicated by the presence of band for residual native α1ATR39C, despite the two fold 

molar excess of mAb4B12 α1AT (Figure 4.4B asterisk). This suggests that this 

mutation may be involved in the binding epitope of mAb4B12. Nevertheless, as 

expected from results shown in Figure 4.4A, mAb4B12 shows an ability to block 

polymerisation in α1AT mutants located outside the breach region, despite the 

antibody being raised against Z α1AT.  

 

4.2.3 mAb4B12 has protease-dependent effects on inhibitory activity 
 

The main motivation behind screening for a monoclonal antibody capable of 

blocking polymerisation was as a tool to assess whether a therapeutic molecule 
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would in principle be able to prevent polymerisation during cellular production of 

α1AT and whether this would be achievable while maintaining inhibitory activity 

unlike the therapeutic agents that had previously been characterised (88, 154, 355). 

When using human neutrophil elastase as the target protease, mAb4B12 binding was 

shown to reduce, but not eliminate the inhibitory activity of Z α1AT, with an increase 

in the stoichiometry of inhibition from 1.7 in the absence of, to 2.6 in the presence of 

mAb4B12, a ~50 % reduction in the inhibitory capacity (163). This suggested that 

binding of mAb4B12 was in a region only indirectly associated with the inhibition 

reaction. Other antibodies that bind in the region of β-sheet A of the related serpin, 

e.g. protease nexin-1 completely abolished its inhibitory activity, through 

interference with RCL insertion (348). Additionally, the identity of the target protease 

used has been shown to modify the inhibitory activity (7, 365–367). To investigate 

whether mAb4B12 binding induced similarly variable results, we tested the ability of 

mAb4B12-bound-α1AT to inhibit a different model protease, bovine trypsin, by 

examining the residual inhibitory activity of α1AT:trypsin complex preformed at room 

temperature for 15 minutes in the presence or absence of mAb4B12 at different ratios 

of inhibitor to protease (stoichiometry of inhibition, SI). In contrast to the results 

observed with neutrophil elastase (163), the SI with bovine trypsin in the presence 

or absence of the antibody was not significantly altered (1.17±0.02 and 1.06±0.03 

respectively; SE of the linear regression, n=4) (Figure 4.4C). The contrast in relation 

to the behaviour observed with neutrophil elastase may be attributed to the balance 

between the rate of RCL insertion during inhibition (366), and the rate at which the 

protease is liberated through the deacylation reaction that takes place between the 

protease bound to the RCL and the region of the serpin where this complex comes 

to rest after conformational rearrangement (48, 368, 369). In the absence of 

perturbed inhibitory activity with antibody binding, bovine trypsin was chosen as the 

model protease for subsequent activity experiments.  

 

4.2.4 mAb4B12 maintains α1AT in an active conformation 
 

While mAb4B12 showed the ability to block heat-induced polymerisation of α1AT by 

maintaining the protein in a monomeric conformation (Figure 4.4B), in the antibody-

bound state, the migration on non-denaturing PAGE was altered. To confirm this 

was monomeric material, α1AT at 0.1 mg/ml fluorescently labelled at the cysteine 

residue at position 232 with Alexa-488 and Alexa-594 fluorescent dyes was 

incubated over a range of temperatures from 50.5 – 63.9°C in the presence or 
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absence of a two fold molar excess of mAb4B12 and resolved by non-denaturing 

PAGE (Figure 4.4D). To ensure a uniform cathodal shift on the gel, before running 

samples on non-denaturing PAGE mAb4B12 was added to the material that was 

heated in its absence. The fluorescent dye allowed deconvolution of the α1AT 

fraction from that of the antibody when visualised by fluorescence under UV light. 

The monomeric component migrated at the same position to that of the residual 

monomer heated in the absence of mAb4B12. Notably, monomeric material was still 

present at 56.8°C for the antibody bound material, whereas this had all been 

sequestered into polymers in its absence (Figure 4.4D). While the material 

remained monomeric, it is possible the antibody has induced the formation of an 

inserted-like, latent molecule that is known to be an off-pathway product of the 

polymerisation pathway, and once formed would be inconsistent with further 

polymerisation. Indeed, this latency transition has been observed upon antibody 

binding to another member of the serpin superfamily, PAI-1 (353, 354). The latent 

conformation would also block inhibitory activity. To test this was not the case, ex 

vivo α1AT was heated for 16 hours at 55°C in the presence and absence of mAb4B12 

and the residual inhibitory activity determined by titration with bovine trypsin (Figure 

4.4E). Antibody-bound material retained 90 % of its inhibitory activity, with respect 

to an unheated control, whereas material heated in the absence of mAb4B12 retained 

approximately 25 % of its inhibitory activity. Therefore, mAb4B12 binding maintains 

α1AT in its monomeric form without inducing the latent, inactive conformation.  
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Figure 4.4 - Characterisation of mAb4B12. A) Sandwich ELISA using rabbit anti-α1AT 
polyclonal antibody to capture the native, cleaved, polymeric and loop-inserted variants of 
α1AT as antigens and mAb4B12 as the detection antibody. Normalised absorbance around 
the EC50 values are shown (SD, n=2). B) Recombinant variants of α1AT at 0.1mg/ml were 
mixed with a 2-fold molar excess of mAb4B12 to form a complex for 15 minutes before (mAb 
+) or after (mAb -) heating at 55°C for 4 hours (heat) and resolved by non-denaturing PAGE. 
mAb4B12 binding induces a cathodal mobility shift (indicated by black arrows), as does 
polymerisation – therefore in this gel reduction in polymerisation is observed by retention of 
mAb4B12-bound-monomer. Open arrows indicate a partial loss of intensity. * marks the 
reduced binding of mAb4B12 to the R39C variant. Protein was visualised by Coomassie stain. 
C) Stoichiometry of inhibition of α1AT against bovine trypsin in the presence (closed 
symbols) and absence (open symbols) of a 2-fold molar excess of mAb4B12 (SD, n=2-4). D) 
α1AT labelled at C232 with Alexa-488 and Alexa-594 was incubated at 0.1 mg/ml over a 
range of temperatures for 12 hours in the presence and absence of mAb4B12. Samples were 
resolved by non-denaturing PAGE, and labelled protein was visualised by fluorescence 
under UV light. To ensure a consistent cathodal gel shift for ease of comparison, mAb4B12 

was added to samples from which it was absent during the incubation. E) Stoichiometry of 
inhibition against bovine trypsin was used to determine residual inhibitory activity in the 
presence and absence of a 2-fold molar excess of mAb4B12 before (white bars) and after 
(grey bars) heating at 55°C for 16 hours. Values are reported as a percentage of activity 
exhibited by an unheated α1AT-only control (SEM, n=3).  
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4.2.5 Suppression of polymerisation occurs over a range of 
temperatures in vitro 
 

As shown in Figure 4.4D, in the antibody-bound form in vitro, polymerisation can still 

occur at high temperatures. In vivo, mAb4B12 was able to block the polymerisation of 

α1AT at 37°C (163). To investigate the range of temperatures over which mAb4B12 

was capable of blocking polymerisation, α1AT fluorescently labelled at cysteine 

residue at position 232 with Alexa-488 and Alexa-594 fluorescent dyes was used to 

monitor polymerisation by following an increase in Förster resonance energy 

transfer (FRET) efficiency as labelled monomers come into a FRET compatible 

distance in the polymer conformation (241). FRET efficiency was calculated as the 

fluorescence of the Alexa594 dye (as measured at 615nm) as a ratio of the 

fluorescence of the Alexa488 dye (as measured at 520nm). A 50:50 mix of 

fluorescently labelled α1ATC232S at 0.1 mg/ml was heated over a range of 

temperatures between 50°C and 64°C in the presence or absence of mAb4B12. 

Progress curves over time showed an increase in FRET efficiency indicative of 

polymerisation (Figure 4.5A). In the presence of a 2-fold excess of mAb4B12, a delay 

in the temperature at which polymerisation occurred was observed. Plotting the 

natural logarithm for the half time to reach maximal polymerisation signal against 

the inverse of the temperature gradient in Kelvin, a linear relationship was observed 

(Figure 4.5B). At the midpoint temperature, 55°C, interpolation of the linear 

relationship in Figure 4.5B shows that the presence of mAb4B12 decreased the rate 

of polymerisation by 16.5 fold (±2.5 SEM, n=4). Using the equation described in 

materials and methods (equation 5.8), that describes polymerisation as a kinetically 

controlled, non-equilibrium process, the slopes of the lines in Figure 4.5B enabled 

calculation of the apparent free energy barrier to polymer formation under the 

conditions used in the experiment. In the presence of the antibody, the value of 

Eact,app was calculated to be 349±8 kJ mol-1 (SE of the regression line, n=4) 

compared to 281±4 kJ mol-1 (SE of the regression line, n=4) in its absence. 

Extrapolation of these relationships to a more physiological temperature, 37°C, 

shows a more pronounced (~70 fold) decrease in the rate of polymerisation, under 

the assumption that these values are insensitive to temperature within the 

temperature ranges considered.  
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Figure 4.5 - mAb4B12 mediated stabilisation against temperature-induced 
polymerisation and unfolding. A) Progress curves showing the increase in FRET 
efficiency of a 1:1 mixture of α1AT labelled at C232 with Alexa-488 and Alexa-594 incubated 
at a concentration of 0.1 mg/ml in the absence (left, dashed lines) and presence (right, solid 
lines) of a 2-fold molar excess of mAb4B12. B) The natural logarithm of the half times to 
polymerisation in the presence (solid line) and absence (dashed line) of mAb4B12 (calculated 
from the curves in Figure A) plotted against the inverse absolute temperature, (SEM, n=4). 
C) Thermal unfolding curves of α1ATC232S in the presence and absence of a 1.5-fold molar 
excess of mAb4B12 heated between 25°C and 95°C at a rate of 1°C per min, monitoring the 
increase in fluorescence of SYPRO orange. Unfolding curve of mAb4B12 also shown. D) 
Midpoint of unfolding transition values for α1AT and mAb4B12 obtained from deconvolution of 
the unfolding curves shown in C, (SEM, n=6).  
 

4.2.6 mAb4B12 prevents conversion to a polymerisation-prone 
intermediate 
 

Polymerisation is a multistep process, involving a concentration-independent step of 

monomer-to-intermediate conversion, followed by a concentration-dependent step 

associated with the addition of monomers (intermediates) to form polymers (89). 

mAb4B12 may block polymerisation by acting at either stage of the reaction, i.e. by 

stabilising the native state of the molecule, therefore preventing the first transition, 

or simply steric occlusion of two or more monomeric proteins during the second 
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step. Indeed, the method by which most mutants induce polymerisation of α1AT is 

through destabilisation of the native state (241). The first step involving conversion 

to a polymerisation prone intermediate has previously been characterised for α1AT 

using environment sensitive dyes, ANS (89), bis-ANS (301, 370) and SYPRO 

Orange, in thermal stability experiments (241). SYPRO Orange displays a marked 

increase in its fluorescent quantum yield on exposure to hydrophobic environments 

such as during protein unfolding. This sensitivity of this change to the rate of 

temperature increase in thermal denaturation experiments shows that it reports a 

kinetically controlled process (241). To investigate whether mAb4B12 blocked 

polymerisation by altering the native state of the molecule, the midpoint of 

denaturation (Tm) was determined in the presence and absence of a two-fold molar 

excess of mAb4B12. Enhanced stabilisation of the native state would manifest as an 

increased Tm in its presence. Briefly, 0.1 mg/ml α1ATC232S was heated from 25°C to 

95°C at a rate of 1°C min-1 and the fluorescence monitored. In the presence of the 

antibody, these experiments showed that antibody binding stabilised the native 

state by +10.3±0.8°C (SEM, n=6) compared to protein alone (Figure 4.5C&D). The 

contribution of the two protein components in the antibody complexed condition can 

be deconvoluted by fitting the curves of increasing fluorescence to a two-state 

unfolding equation (371). Thus, these data report that the mechanism of polymer 

blocking activity of mAb4B12 is by preventing the transition to the polymerisation 

prone intermediate through enhanced stabilisation of the native state conformation. 

 

4.2.7 Evaluation of the mAb4B12 epitope by continuous wave EPR 
spectroscopy 
 

An initial attempt to identify the epitope of the interaction of mAb4B12 with α1AT was 

performed by a sparse screen of single cysteine substitutions in ten surface-

exposed positions spread around the whole surface of α1AT. At each single 

cysteine position introduced, a methoxypolyethylene glycol 5000 (PEG5K) 

maleimide moiety was conjugated to the side chain with the aim of disrupting a 

potential binding site with mAb4B12 due to the large size of the PEG5K molecule. The 

degree to which the PEG5K disrupted the binding site was established by sandwich 

ELISA with respect to the non-PEGylated form (13). This method identified that 

position 32 in helix A forms part of the binding epitope for mAb4B12, as preforming 

the PEG5K complex with α1ATE32C prevented binding of mAb4B12, while preforming 

the antibody complex before conjugation prevented subsequent binding of PEG5K. 

A similar strategy was then used to narrow down the epitope of mAb4B12 by 
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conducting a finer screen of sites around residue 32. In addition to position 32, 

H43C and L306C, located in the centre of helix A and at the C-terminus of helix I 

respectively showed a significant reduction in the fraction of antibody bound when 

PEGylated at this position. Interestingly for position 43, this reduction did not require 

the introduction of the PEG5K moiety. This data therefore suggested a critical role 

for this histidine side chain at position 43 for antibody binding (13). 

 

The use of the large PEG5K moiety enabled the location of the binding epitope to 

be triangulated, despite a relatively small number of mutants used. The bulky nature 

of the PEG5K molecule precludes the identification of the finer details of the 

antibody epitope, such as residues that are only subtly perturbed by antibody 

binding. A much more sensitive approach to determine the binding interface is 

continuous wave electron paramagnetic resonance (CW-EPR) spectroscopy, which 

reports on the environment of a free radical probe containing unpaired electrons. 

The small size of the probe ensures there is limited structural distortion of the 

attached protein and minimal perturbation the antibody binding interface (372). To 

investigate the epitope of mAb4B12 further, the positions identified by PEGylation 

experiments (32, 36, 43 and 306) (13) in addition to neighbouring positions Asn81 

and Glu266 were mutated to cysteine and labelled with a 3-(2-iodoacetamido)-

proxyl free radical label using iodoacetamide chemistry and CW EPR spectra were 

collected in the presence and absence of mAb4B12 (Figure 4.6A). Spectra were 

recorded for each variant separately to ensure homogenous sample population with 

the free radical spin label at one known position in the protein only. EPR spectra 

have different lineshapes that depend on numerous factors, including interactions in 

the spin Hamiltonian, the physical phase of the sample (liquid or solid, with the latter 

more appropriate to DEER EPR) and the dynamic properties of the molecules, in 

terms of the mobility of the attached spin label and protein dynamics within the local 

environment of the attachment site (361). Indeed of the latter factor, spin probe 

mobility, this has a considerable effect on the morphology of the CW EPR spectrum, 

by changing the width of a given peak. At positions 32, 266 and 306, the CW EPR 

spectra show significant line broadening upon the addition of an equimolar 

concentration of mAb4B12 consistent with antibody binding in this region reducing the 

mobility of the free-radical spin probe. The largest spectral perturbations with 

respect to the unconjugated control were observed for positions 32 and 306, 

consistent with the results observed from PEG5K interference experiments (Figure 

4.6A). More subtle changes were observed at position 266. Interestingly, no change 

was observed for position 81 or 36. The latter is of particular interest as this position 
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is sandwiched in the helix A element by 32 and 43, that show large perturbations of 

the EPR spectrum upon antibody binding and a critical role of the histidine at this 

position in antibody binding epitope respectively. The small change observed at 

position 43 is the result of reduced antibody binding due to substitution of the 

histidine residue with cysteine that is shown above in ELISA experiments to be 

obligate for antibody binding (Figure 4.6A).  
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Figure 4.6 - Epitope mapping of the mAb4B12 interface using CW-EPR. A) CW-EPR 
spectra of spin-labelled cysteine mutants of α1AT. First-derivative plots, normalised to their 
double integral, are shown for samples in the absence (grey with overlaid dashed line) or 
presence (black lines) of an equimolar amount of mAb4B12. Arrows denote the presence of a 
substantial shift to a low mobility regime. B) Classification of the CW-EPR spectra in the 
context of the face of α1AT containing the putative mAb4B12 epitope: red spheres denote 
sites with no significant change in probe spectra, blue represent those reflecting a significant 
change in mobility; the cyan sphere indicates a site with a change in mobility found from 
PEG experiments to be outside the binding site (13); and the asterisk indicates the site 
whose mutation disrupts antibody binding. Prepared using Chimera (373). 
 

 

4.2.8 NMR spectra of binding epitope with Fab 
 

The free radical probe used in EPR is sufficiently small that its conjugation to the 

protein is expected to have minimal effect on the protein structure. However, the 

resolution is limited to the single attachment site of the free radical spin label, and in 

the case of position 43 disturbs a key interaction. Alternatively, nuclear magnetic 

resonance (NMR) offers near-atomic resolution information of the whole protein 

simultaneously, in a non-perturbing manner. With ~72 % of the methyl spectrum of 

recombinant WT α1AT assigned (discussed in Chapter 2), we sought to investigate 

the effect of binding of the Fab4B12 fragment on the spectrum of unbound α1AT 

labelled at the methyl groups of Ala β, Ile δ1, Leu δ2, Met ε and Val γ2. Fab4B12 

(generated as described in Materials and Methods) in deuterated buffer was added 

in 0.5 molar equivalence increments, up to a 2.0-fold molar excess of Fab4B12 over 

α1AT. A 1H-13C HMQC spectrum was recorded at each concentration. At an 

equimolar concentration, for the residues that shift upon Fab4B12 binding, two peaks 

are observed, of almost equal intensity. On increasing the concentration of Fab4B12 

to a 2-fold molar equivalence, the peak in the original, unbound position disappears 

and only the peak in the new position is present (Figure 4.7A). This is indicative of a 

‘slow-exchange’ binding model (see Chapter 2 for more details), typically associated 

with high affinity complexes. In order to determine the effect of Fab4B12 binding, we 

measured 1H, 13C chemical shifts of the spectrum of α1AT in an excess of Fab4B12 

and compared these to the spectrum of α1AT in its absence. In order to represent 

the chemical shift perturbations on the structure, we combined the chemical shifts in 

each dimension for their cumulative effect, with an appropriate weighting for each 

nucleus (see Materials and Methods). For the residues that have been confidently 

assigned (Chapter 2), the largest chemical shift perturbations, as demonstrated by 

Figure 4.7B and as red spheres plotted on the structure in Figure 4.7E are clustered 
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around helix A and helix I, consistent with that observed by CW EPR (Figure 4.6B). 

The residues determined by PEG5K binding and CW EPR experiments to be 

associated most closely with the binding site, specifically L306 and the neighbouring 

regions display the greatest chemical shift perturbation in this region. As a result, 

their new position cannot accurately be determined. These are represented by 

brown bars in Figure 4.7B, with an arbitrarily large Δδ chemical shift value of 0.6 

ppm used. Interestingly, while residue 36 could not be PEGylated, nor did it show 

change in EPR spectrum upon antibody binding, the neighbouring residue 37 shows 

significant perturbation when investigated by NMR. A separate cluster of large 

chemical shift perturbations were observed in helix H, in particular the Cδ1 atoms of 

residues I271 and I272. Within this cluster, chemical shift changes are also 

observed in the neighbouring strands 3 and 4B of β-sheet B. More subtle chemical 

shift perturbations are observed in the lower region of β-sheet A, in particular 

residues Ala 183 and Val 185, located at the base of strand 3 of β-sheet A. Strand 

1C of β-sheet C at the very C-terminus of the protein shows significant perturbation, 

however the remaining strands of β-sheet C remain relatively unperturbed. Binding 

of Fab4B12 is associated with an increasing molecular weight of the molecule and as 

such the intensity of all peaks is reduced with respect to the ‘apo’ spectrum. This 

extent of the reduction in intensity is non-uniform, with the regions showing the 

greatest intensity change corresponding with those regions showing the largest 

chemical shift perturbations upon binding of Fab4B12. It is noteworthy that residue 26 

at the very N-terminus of the protein shows an increased intensity relative to the 

non-antibody bound protein. In a similar manner, the linewidth of peaks in the 

Fab4B12 bound spectrum display a relatively uniform broadening with respect to 

those of the apo spectrum, with significantly increased broadenings associated with 

residues close to position 100, 188 and 272 (Figure 4.7D). Consistent with the 

increased intensity of residue 26 at the N-terminus upon Fab4B12 binding, a narrower 

peak is also observed, indicative of increased mobility of the structure in this region 

or fast exchange between conformational states. Together these data strongly 

support the epitope that was triangulated using indirect methods described above 

and indicate that there are perturbations in regions outside of the antibody binding 

region.  
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Figure 4.7 - Mapping changes in the conformation of WT α1AT by NMR. A) Spectral 
overlay of 1H-13C-methyl TROSY HMQC spectrum of 18 µM WT PLAM α1AT in 25 mM 
sodium phosphate, 50 mM NaCl, pD 8.0 collected at 298 K, 800 MHz (grey) with an 
equivalent spectrum acquired in the presence of a two-fold molar equivalence of Fab4B12 
dissolved in the same D2O buffer (magenta). Fab4B12 was digested from mAb4B12 as 
described in Materials and Methods. B) Combined chemical shift perturbations weighted for 
each nuclei of the Fab4B12 bound spectrum calculated relative to the apo spectrum. Brown 
coloured bars represent residues where the chemical shift was so great that a confident 
assignment could not be made in the Fab bound spectrum. C) Relative peak intensity of 
resonances in the Fab bound spectra calculated relative to the apo bound spectrum. For 
resides where the shift could not be traced, these positions are blank. D) Relative linewidth 
perturbation of the spectrum upon Fab4B12 binding, calculated relative to the apo spectrum. 
Linewidths for 1H dimension shown in red, and 13C dimension shown in gold. E) Cartoon 
diagram of WT α1AT (1QLP structure) with assigned residues represented as spheres, with 
two representations shown rotated by 180°. Assignments are coloured according to the 
combined chemical shift perturbation, from yellow to red, with red representing the largest 
perturbation (gradient cut off Δδ ppm 0.1). 
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4.2.9 Properties of the antibody binding interface evaluated by thermal 
shift experiments 
 

The dramatic increase in thermal stability of mAb4B12 bound α1AT (Figure 4.5C) was 

used as a tool to evaluate the effect of mutations on the ability of mAb4B12 to bind 

and block polymerisation. Firstly, this was used to confirm that the histidine side 

chain at position 43 was critical for binding of mAb4B12. In contrast to the change 

observed for mAb4B12 bound to α1ATC232S, when mAb4B12 was bound to α1ATH43C 

there was no significant change observed in the thermal stability of the native state 

in the absence of the antibody (Figure 4.8, Table 4.1). A similar effect was observed 

when the histidine at position 43 was mutated to alanine (Figure 4.8, Table 4.1) 

confirming the phenomena was not due to the acquisition of the cysteine side chain 

at this position. These experiments support the critical role of histidine at position 43 

for antibody binding.  

 

 

 
 

 

 

 

 

 

 

 

 

Figure 4.8 – The effect of mutations at position 43 on α1AT stabilisation by mAb4B12. 
Variants at position 43 were subjected to thermal challenge by increasing the temperature 
from 25°C and 95°C with a temperature gradient of 1°C per minute in the presence of 
SYPRO orange, in the presence or absence of a 2-fold molar excess of mAb4B12. 
Deconvolution of the resulting fluorescence curves yielded values for the midpoint of the 
transition for α1AT and mAb4B12 components. Grey horizontal bars reflect the mean 
stabilities and SEMs of α1ATC232S and mAb4B12 from Figure 4.5D.  
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Table 4.1 – Thermal stability of α1AT variants in the presence and absence of α1AT of 
mAb4B12. Control and His43 variants were heated between 25°C and 95°C with a 
temperature gradient of 1°C per minute in the presence of SYPRO orange, in the presence 
or absence of a 2-fold molar excess of mAb4B12. Deconvolution of the resulting fluorescence 
curves yielded values for the midpoint of the transition for α1AT and mAb4B12 components. 
Errors reflect SD (n=2-6). 
 

Sample α1AT (°C) mAb4B12 (°C) 

α1ATC232S 57.0 ± 0.6 - 

α1ATC232S + mAb4B12 67.3 ± 1.2 72.8 ± 0.2 

mAb4B12 - 72.6 ± 0.6 

α1ATH43C 57.6 ± 1.6 - 

α1ATH43C + mAb4B12 58.4 ± 1.3 72.8 ± 0.3 

α1ATH43A 59.1 ± 0.4 - 

α1ATH43A + mAb4B12 59.4 ± 0.3 73.2 ± 0.0 

 

4.2.10 Disulphide constraints at the termini of helix I do not replicate 
mAb4B12 behaviour 
 

The marked thermal stabilisation of the native state observed upon antibody binding 

has similarly been observed when structural elements within the protein are 

constrained by the introduction of disulphide bonds, which lead to a similar 

reduction in the ability to polymerise (241, 374). The introduction of disulphides 

serves to prevent dynamic regions of the protein undergoing conformational 

change. It is therefore possible that mAb4B12 binding constrains either helix A or helix 

I which are major components of the epitope. Indeed, both these elements have 

been reported to undergo change in polymerisation, with the latter of the two 

expected to display the greatest degree of mobility (71). In the polymerisation prone 

unfolding intermediate, limited proteolysis suggests helix I is less structured (69, 85) 

and one of the three mechanisms of polymerisation, the β-hairpin model based on a 

dimer of a related serpin, antithrombin, requires that this element is completely 

denatured (108). To investigate if the mechanism of mAb4B12 is to simply prevent the 

unravelling of helix I, I engineered two disulphides into two separate molecules to 

stabilise this element and investigate whether the effect of mAb4B12 is recapitulated. 

Disulphide linkages were formed between residues 79 and 306 by simultaneously 

mutating each position to cysteine to form the double mutant α1ATG79C/L306C. This 

mutant tethers the C-terminus of helix I at position 306 to residue 79 on helix C. The 

N-terminus of helix I was stabilised by forming disulphide linkages between residues 

298 and 333 in a similar manner, to produce the double mutant α1ATD298C/V333C, 

which tethers the N-terminus of helix I to strand 5A of β-sheet A (Figure 4.9A). SDS 
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PAGE was used to determine the degree of disulphide formation in each variant 

through densitometry of faster migrating band that is the result of the presence of 

the disulphide-linked form in non-reduced samples when compared to the reduced 

form. Disulphides were present in ~90 % and ~60 % for α1ATG79C/L306C and 

α1ATD298C/V333C respectively (Figure 4.9B). 

 

The ability of each mutant to stabilise the native state against thermally-induced 

unfolding was investigated using SYPRO Orange thermal denaturation 

experiments. Despite the mixed population of disulphide linked and non-linked 

species in the α1ATD298C/V333C sample, the data could be well-described by a single, 

two-state unfolding equation. Neither α1ATG79C/L306C nor α1ATD298C/V333C 

demonstrated an increase in the midpoint of thermal denaturation. Instead, 

disulphides at these positions reduced thermal stability by -1.2±0.6°C and -

3.5±0.7°C for α1ATG79C/L306C and α1ATD298C/V333C respectively (Figure 4.9C, Table 

4.2). Thermal denaturation experiments using SYPRO Orange report on the 

transition to a polymerisation prone intermediate (241). It is possible that the 

disulphides introduced here may have a specific effect on the concentration-

dependent step of the polymerisation pathway. To investigate this possibility, I 

performed an endpoint polymerisation experiment where monomeric protein was 

heated for 4 hours at temperatures between 45°C and 63°C and samples heated at 

each temperature were resolved by non-denaturing PAGE. Disappearance of the 

monomeric band and appearance of higher molecular weight species was observed 

in each case, with the temperature profile for each variant consistent with the 

control α1ATC232S, suggesting the presence of the disulphides had little effect on the 

ability to polymerise (Figure 4.9D). Together, these data report that stabilising helix I 

at either the C- or N-terminus does not stabilise the native state of the molecule 

against polymerisation, suggesting that the polymer blocking effect of mAb4B12 does 

not occur through this mechanism.  
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Table 4.2 – Thermal stability of α1AT variants in the presence and absence of α1AT of 
mAb4B12. Disulphide variants were heated between 25°C and 95°C with a temperature 
gradient of 1°C per minute in the presence of SYPRO orange, in the presence or absence of 
a 2-fold molar excess of mAb4B12. Deconvolution of the resulting fluorescence curves yielded 
values for the midpoint of the transition for α1AT and mAb4B12 components (Tm). DTT 
denotes samples reduced using 40 mM DTT for 15 minutes prior to dilution (final DTT 
concentration <1 mM) and complex formation with mAb4B12. Errors reflect SD (n=3-6). 
 

 -DTT +DTT 

Sample α1AT (°C) mAb4B12 (°C) α1AT (°C) mAb4B12 (°C) 

α1AT79-306 55.8 ± 0.9 - 54.0 ± 0.3 - 

α1AT79-306 + mAb4B12  61.4 ± 0.6 72.5 ± 0.3 63.3 ± 1.0 71.7 ± 0.3 

α1AT298-333 53.4 ± 1.0 - 52.4 ± 0.6 - 

α1AT298-333 + mAb4B12 62.8 ± 0.9 72.6 ± 0.4 67.2 ± 1.7 72.8 ± 0.8 

α1AT191-339  61.3 ± 0.5 - 56.9 ± 0.4 - 

α1AT191-339 + mAb4B12 71.2 ± 0.7 72.6 ± 0.2 68.5 ± 1.2 72.1 ± 0.5 

 

 

4.2.11 mAb4B12-mediated stabilisation is suppressed by the presence of 
disulphide constraints 
 

While the introduced disulphides did not recapitulate the enhanced native state 

stability observed in the antibody-bound conformation, the ability of these 

disulphides to interfere with the stability in antibody-bound material was 

investigated. In addition to α1ATG79C/L306C and α1ATD298C/V333C, an additional double 

mutant was prepared, α1ATK191C/T339C, chosen for its ability to constrain the opening 

of the top of β-sheet A (241). The disulphide was formed in >90 % of the material, 

as estimated by SDS PAGE of reduced and non-reduced samples (Figure 4.9B). 

Thermal denaturation experiments in the presence of mAb4B12 revealed an 

enhanced stability of the α1ATK191C/T339C variant, with a Tm of 71.2±0.7°C (SD, n=5) 

(Table 4.2, Figure 4.9C). However, the disulphide variants α1ATG79C/L306C and 

α1ATD298C/V333C, reduced the ability of mAb4B12 to stabilise the native state, with Tm 

values reduced by 6.9°C and 4.5°C respectively, with respect to the mAb4B12-bound 

α1ATC232S control.  

 

As a control, the disulphide variants were also tested under reducing conditions by 

treatment with DTT, to account for possible effects from the mutations themselves. 

While the Tm of antibody-complexed material for variants α1ATD298C/V333C and 

α1ATK191C/T339C returned to a value more consistent with the α1ATC232S control under 

reducing conditions, for α1ATG79C/L306C, the antibody mediated stability enhancement 
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was still 4.4°C lower than the control (Figure 4.9C). This suggests that the double 

cysteine mutation in the α1ATG79C/L306C variant partially antagonised the stabilisation 

by mAb4B12. Given the role of L306 in the epitope, we performed a sandwich ELISA 

to test if this was the result of reduced affinity of mAb4B12 for the disulphide linked 

cysteine residue at position 306 (Figure 4.9E). Under the ELISA conditions, 

comparable EC50 values were obtained for α1ATC232S control (10.8±0.4 ng/ml), 

α1ATD298C/V333C (9.1±0.7 ng/ml) and α1ATK191C/T339C (12.2±0.9 ng/ml). In contrast, a 

~1.6 fold increase in the EC50 was observed for the interaction of mAb4B12 with 

α1ATG79C/L306C (17.1±1.8 ng/ml). 

 

Taken together, this data suggests that by restraining the I helix with disulphides, 

the mechanism of mAb4B12 mediated stabilisation is ameliorated, yet remains 

unperturbed when the top of β-sheet A is stabilised.  
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Figure 4.9 – The effect of introduced disulphides on polymerisation and mAb4B12 

mediated stability enhancement. A) The positions of introduced disulphides with respect 
to helix I (hI; dark grey) and adjacent structural elements (helix C and strand 5A; light grey) 
are shown in the zoomed panels. B) The degree of disulphide bond formation between 
D298C-V333C and G79C-L30C was estimated by incubating the variants with increasing 
concentrations of DTT and observing the gel shift in the reduced form. C) Disulphide 
variants were subjected to thermal challenge as previously described. Samples denoted by 
‘r:’ were reduced using 40 mM DTT for 15 minutes prior to dilution (with a final DTT 
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concentration of less than 1 mM) and complex formation. Errors reflect SEM (n=3-6). The 
sites of the mutation are shown by spheres; black bars denote introduced disulphides. 
Figure prepared using Chimera (373). D) Non-denaturing PAGE was used to resolve the 
monomeric and oligomeric states following an experiment in which variants at 0.1 mg/ml 
were heated for 4 h between 45 and 63°C. Polymerised recombinant α1AT migrates poorly, 
as indistinct higher order species (375), such that oligomerisation is most easily observed 
through loss of the monomer band (indicated by arrows). E) A sandwich ELISA using rabbit 
anti-α1AT polyclonal as the capture antibody was used to evaluate the ability of mAb4B12 to 
bind to the disulphide variants. Error bars reflect SD (n=2).  
 

4.2.12 Propagation of structural change to β-sheet A 
 

When screening for the epitope of mAb4B12 using the PEG5K moiety, some positions 

yielded intermediate levels of protection to PEG5K binding when compared with 

position 32 (13). When investigated further in the parallel mAb4B12 binding 

interference/PEG5K protection assays, two positions were identified that showed 

unique behaviour (13). These were position 301 on helix I and position 296, located 

between helix I and the base of strand 6 of β-sheet A. In the absence of mAb4B12, 

these residues were fully available for PEGylation. When binding of PEG5K was 

performed first, mAb4B12 was still able to form a complex with each variant. 

However, if mAb4B12 was bound prior to the addition of PEG5K, the ability to be 

PEGylated was reduced (Figure 4.10A). The reduced PEGylation was not an 

intrinsic property of antibody binding, as cysteines introduced at alternative 

positions outside of the antibody binding region were conjugated equally in the 

presence and absence of mAb4B12.  

 

These data, in the context of a requirement for an untethered helix I and reduced 

inhibitory activity against neutrophil elastase (163) suggest that mAb4B12 may block 

polymerisation by inducing a dynamic change in the structure in this region. To test 

this hypothesis, we used CW EPR to probe structure and dynamics in the region of 

positions 296 and 301. Variants at positions 333, 339 and 360, located at the 

bottom and top of strand 5 of β-sheet A and in the RCL were also tested. As 

discussed previously, a cysteine residue was introduced at each position and the 

free radical spin label introduced using iodoacytamidyl chemistry. CW EPR spectra 

were acquired for each single mutant variant in the presence and absence of an 

equimolar concentration of mAb4B12. For all variants excluding position 360, peak 

broadening and spectral change was observed on addition of mAb4B12, with the 

greatest perturbations observed for residues closest to the binding site, including 

296 and 301 (Figure 4.10A). Interestingly, change was also observed for residues 
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333 and 339 located in strand 5 of β-sheet A, with the extent of change greater for 

position 333 near the bottom of sheet A than for position 339 at the top. Position 

360 remained unchanged in the presence of mAb4B12. Together, these data suggest 

that antibody binding at the back of the molecule can induce a change that 

propagates to the β-sheet A at the front of the molecule (Figure 4.10B).  

 

 
 
Figure 4.10 - mAb4B12 binding induces changes in α1AT beyond the epitope. A) Single 
cysteine mutants on helix I (S301C), at the strand 6A-helix I interface (T296C) and on helix 
F (K155C) were incubated with a 2:1 ratio of mAb4B12 (+m) before (+m+P) or after (+P+m) 
PEGylation for 5 min and visualised by non-denaturing PAGE. Those exhibiting a PEG-
induced mobility shift (+) or lacking a shift (-) are indicated. B) CW-EPR spectra of 3-(2-
iodoacetamido)-proxyl-labelled cysteine mutants on the RCL-β-sheet A axis (T296C, S301C, 
K333C, T339C and I360C – shown in the panel on the right) in the absence (grey with 
overlaid dashed line) and or presence (black) of an equimolar concentration of mAb4B12. The 
experiment was performed as described for the previous CW-EPR experiment. A change in 
probe behaviour is indicated by an arrow.  
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4.2.13 β-sheet A becomes more labile upon binding of mAb4B12 
 

In order to confirm the possibility of antibody binding perturbing the behaviour of β-

sheet A, I investigated the ability of this region to accept a RCL mimetic peptide in 

the absence of RCL insertion. This approach has routinely been used to show the 

role of the RCL in polymer formation (31, 102) and additionally to propose the 

altered native state conformation of Z α1AT due to an altered rate of peptide 

incorporation (88). To see if similar effects were induced in α1AT by mAb4B12 

binding, I used intrinsic tryptophan fluorescence to monitor the rate of incorporation 

of an 11 residue and 4 residue peptides over time (88, 111) (Figure 4.11A). The 

progress curves for peptide incorporation were fit to a single phase exponential 

equation and revealed a 2.5 fold and 1.8 fold increase in the rate of peptide 

incorporation in the presence of mAb4B12 with respect to the non-antibody-bound 

control, for the 11 residue and 4 residue peptides respectively (Figure 4.11B). 

These data therefore suggest that counterintuitively, mAb4B12 binding increases, 

rather than decreases, the lability of β-sheet A.  

 

 
 
Figure 4.11 - mAb4B12 binding induces changes in β-sheet A dynamics. A) The 
incorporation of a 50-fold molar excess of synthetic 11-mer (Ac-SEAAASTAVVI-NH2) and 4-
mer (Ac-FLAA-NH2) peptides as reported by a change in intrinsic tryptophan fluorescence 
(88) of 0.5 mg/ml α1AT at 37°C. The dashed lines correspond to a first-order equation; a 
representative experiment is shown. B) Half-times of fluorescence change (t0.5) were 
calculated using a single exponential equation (SEM, n=4-6) from the time course data 
shown in A. 
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4.2.14 mAb4B12 reduces the stability of the trypsin-α1AT complex 
 

With the knowledge of a perturbed β-sheet A on antibody binding and differential 

effects on the inhibitory activity of α1AT as shown here with trypsin and as 

published previously with neutrophil elastase (163), I sought to investigate this 

effect further. Indeed, an altered rate of association between serpin and a protease 

during the inhibition reaction can be indicative of changes in the behaviour of the 

RCL or β-sheet A. One example of this is in the related serpin, antithrombin, whose 

partially-inserted RCL is expelled during an interaction with the carbohydrate 

heparin, making it more active as an inhibitor of proteases involved in the 

coagulation cascade (357, 376). In addition, it has been proposed that the reduced 

inhibitory activity observed for Z α1AT may be the result of a similar partial insertion 

of the RCL, which makes it more polymerisation-prone (88).  

To investigate whether similar changes are responsible for the differential inhibitory 

behaviour of mAb4B12 α1AT, I followed the progress curves of the inhibition reaction 

of bovine trypsin under pseudo-first order conditions, by monitoring absorbance of 

the chromogenic protease substrate Nα-Benzoyl-L-arginine 4-nitroanilide 

hydrochloride. However, after approximately 15 minutes, in the presence of 

mAb4B12, the progress curves diverted from the typical morphology that is expected 

for an essentially irreversible serpin mediated inhibitory reaction by showing an 

increasing positive gradient, indicative of serpin-enzyme complex dissociation and 

liberation of active protease (377). To explore this possibility, complex stability 

experiments were conducted. Briefly, α1AT and trypsin complexes were formed at 

high concentrations of each component (0.5 µM) and left to incubate for 1 hour 

before diluting to lower concentrations with chromogenic substrate in the presence 

or absence of mAb4B12. The regain of enzyme activity was followed as a function of 

time and the resulting curves were satisfactorily fit to a second order polynomial 

(377) (Figure 4.12A). Indeed, mAb4B12 was found to stimulate the recovery of 

protease activity, with the dissociation rate (kdiss) increased by 4.8-fold and 2.9-fold 

for ex vivo and recombinant α1AT respectively in the presence of mAb4B12 compared 

with its absence (Figure 4.12B). This effect was not observed in the absence of 

mAb4B12 binding, or indeed when using an IgG1 isotype control antibody, nor with 

the α1ATH43C variant that lacks the obligate histidine side chain. To investigate 

whether the observed effect was a result of the large monoclonal antibody causing 

steric occlusion at the bottom of the molecule where the protease would typically 

come to rest, the experiment was repeated in the presence of the smaller, binding 
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competent Fab4B12 fragment. A similar 3.8-fold increase in the rate of complex 

dissociation was observed (Figure 4.12B). 

 

4.2.7 mAb4B12 assists the refolding of the Z variant 
 

The ability of the single chain variant to reduce the polymer load of mammalian cells 

expressing Z α1AT with a concurrent increase in secretion (163) encouraged me to 

investigate the ability of mAb4B12 to assist in the refolding of the protein from a 

denatured state, as a possible explanation for this observed effect in vivo. Indeed, 

examples of monoclonal antibodies have been published that promote the folding of 

a protein to the native, active conformation (378). To test this, ex vivo M and Z α1AT 

were denatured at 10 mg/ml in 6M guanidine hydrochloride for a minimum of 4 

hours at room temperature. Aliquots were then refolded with a 50-fold dilution in the 

presence or absence of a 2-fold molar excess of mAb4B12. The residual inhibitory 

activity of the refolded material was then determined by incubating the refolded 

mixture for 5 minutes with a 1.25-fold molar excess of bovine trypsin. At each time 

point tested, the residual inhibitory activity was calculated with respect to a sample 

of identically treated, but non-denatured control. In the presence of mAb4B12, both M 

α1AT and Z α1AT showed an increasing regain of inhibitory activity over time, as 

well as M α1AT in the absence of mAb4B12 (Figure 4.12C). The steady state levels 

for both M α1AT samples and Z α1AT in the presence of mAb4B12 were (55±2 % and 

55±4 % SEM of the fit, n=3) for M α1AT in the absence and presence of mAb4B12 

respectively and (60±5%) for Z α1AT in the presence of mAb4B12. In contrast, Z 

α1AT alone did not show the same progressive increase in inhibitory activity in time 

after refolding, with a lower fraction residual activity of 42±1 % (Figure 4.12D).  
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Figure 4.12 - mAb4B12 binding induces changes in β-sheet A dynamics that perturb the 
stability of the inhibitory complex. A) Serpin-enzyme complex dissociation assay in which 
0.5 µM complex between α1AT and bovine trypsin was diluted to concentrations between 
1.6-50 nM. The rate of regain of protease activity was calculated from progress curves of 
substrate turnover (inset panel); when apparent rates were plotted against diluted sample 
concentration (main panel), the slopes of the regression yielded first order rate constants 
(error bars show SD, n=3). B) Rates of complex dissociation from experiments as described 
in A, for ex vivo M α1AT, α1ATC232S control and α1ATH43C in the presence or absence of 
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mAb4B12, the corresponding Fab fragment and an IgG1 isotype control. Error bars show SD 
(n=3). C) Stocks of 10 mg/ml ex vivo M (left panel) and Z (right panel) α1AT were pre-
incubated for more than 4 hours in 6M guanidine hydrochloride and diluted 1:50 to TBS 
containing (or lacking) 0.6 mg/ml mAb4B12. The regain of inhibitory activity was evaluated by 
removing aliquots at various time-points and incubating with trypsin, measuring the residual 
protease activity with reference to non-denatured equivalent samples. Dashed lines reflect 
double exponential fits and error bars denote SD (n=3). D) The non-linear regression in C 
were used to infer steady-state inhibitory activity with reference to non-denatured controls, 
for refolded M and Z variants. Error bars reflect SEM (n=3 experiments x 10 time points). E) 
Proposed mechanism of action of mAb4B12, where (i) binding (ii) induces change in helix I 
which (iii) propagates to β-sheet A via strand 6A or the loop connecting helix I with strand 
5A, (iv) shifting the lower region towards a more open ‘permissive’ conformation. Residues 
of the epitope are shown in blue, those that report indirect change upon binding are black, 
the site of the interface between serpin and enzyme in the inhibitory complex is shown as a 
partial surface and the shift that occurs in the lower portion of β-sheet A during RCL 
insertion is highlighted as cyan ribbon.  
 

4.3 Discussion  
 

Polymerisation of α1AT in vivo is the result of pathogenic mutations that result in the 

sequestration of the protein as long, ordered chains in the endoplasmic reticulum 

(31). Much of the sequestered protein, particularly for the most common 

pathological variant, Z α1AT, is degraded by the proteasome in the endoplasmic 

reticulum associated degradation (ERAD) pathway (113). As a result, protein 

secretion is attenuated leading to the associated respiratory problems due to an 

imbalance in serine proteases and the availability of inhibitor in α1AT deficiency 

(22). The search for a therapeutic antibody that was capable of blocking 

polymerisation while maintaining inhibitory activity was the aim of the experiments 

that identified mAb4B12. In this chapter, I discuss the characterisation of the 

mechanism of action of this antibody, and discuss how, when used as a molecular 

tool, its binding has provided new understanding of the polymerisation pathway that 

it acts to attenuate.  

 

mAb4B12 was produced by a hybridoma cell line generated using a mouse 

immunized against monomeric Z α1AT (163). Despite this, the antibody was 

capable of suppressing polymerisation of a variety of other aggregation prone 

variants, where the site of the mutation is distal to that of Z α1AT (Figure 4.4). It has 

been reported that the mechanism by which these other variants induce 

polymerisation is via a common mechanism (76, 95), however, as shown by natural 

abundance NMR in Chapter 3, the native state of S α1AT and Z α1AT show distinct 

perturbations with respect to the WT conformation. This suggests that the antibody 
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blocks polymerisation by a mechanism that is independent of the conformational or 

dynamical changes introduced in to the molecule by the different variants and that 

the binding site of the antibody must be outside of regions that are structurally 

perturbed by these mutations.  

 

Indeed, this was shown to be the case, with sparse scanning methods by 

PEGylation (13) and more sensitive methods including CW EPR locating the 

primary epitope to the region of helix A and helix I (Figure 4.6). Given the lack of 

conformational selectivity for monomeric and polymeric conformations, these 

regions must remain structurally similar before and after the polymerisation reaction 

has taken place (Figure 4.4). A comparison of the crystal structure of native and 

cleaved α1AT, with the latter representing a similar conformation to the polymeric 

form, with an inserted RCL to form a hyperstable molecule with 6-stranded β-sheet 

A, shows little change of these structural elements (163).  

 

Dynamics within helix I have been suggested in a number of studies, particularly 

from the ability of mutations in this region to alter inhibitory activity (66) and also the 

requirement for deformation of this element in order to undergo structural changes 

necessary for polymerisation (379), according to the β-hairpin model (108). While 

one might predict that mAb4B12 may reasonably block polymerisation by stabilising 

against these dynamic changes, constraining this element by introduction of 

disulphides failed to replicate the enhancement of native state stability (Figure 4.9, 

Table 4.3) and ameliorated the effect of antibody binding (Figure 4.9E). It is 

noteworthy however, that NMR data report an increased intensity and reduced 

linewidth for residue 26 at the N-terminus of helix A in the presence of a 2-fold 

molar excess of Fab4B12. Such an observation may be consistent with the Fab4B12 

causing partial unfolding of this region, increasing mobility in the vicinity of this 

residue (Figure 4.7). The requirement of a dynamic helix I for the mAb4B12 polymer 

blocking action, suggested its mechanism of action was itself to introduce dynamic 

changes in α1AT, paradoxically resulting in a concomitant increase in thermal 

stability of ~ 10°C (Figure 4.5). This was observed using CW EPR, with a 

procession of conformational changes observed along helix I toward β-sheet A, 

whose degree of perturbation decreased with increasing distance from the antibody 

epitope. Similar perturbations in the structure were observed by NMR (Figure 4.10 

& 4.7). Observation of changes on the opposite face of the molecule to the region of 

antibody binding is strong evidence for an allosteric mechanism asserted by the 

antibody in blocking polymerisation. These allosteric behavioural changes induced 
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in β-sheet A were confirmed by the increased rate of exogenous RCL peptide 

incorporation in the presence of the antibody (Figure 4.11), and the ability of 

mAb4B12 to destabilise a preformed, ‘irreversible’ inhibitory complex with trypsin 

(Figure 4.12).  

 

Antibody binding has been known to result in a structural change in the antigen. It is 

possible that the allosteric change observed here is entirely artificial; however, it 

seems more likely that this represents a characteristic motion of α1AT that is 

induced or stabilised. It is of note that 4B12 was raised against the Z variant, which 

is known to be a more ‘labile’ form if the protein, with a tendency to populate a 

polymerisation-prone intermediate (89). Therefore, it may be that the mAb4B12-

induced change provides clues as to the structural effects in the region of the Z 

mutation: an unstable breach region leads to a permissive lower β-sheet A, with 

propagation to the helix A and helix I regions. Indeed these regions were identified 

as being perturbed in ex vivo Z α1AT relative to ex vivo M α1AT (Chapter 3) and 

also on perturbation of recombinant WT α1AT with elevated temperature (Chapter 

2). If this is so, this propagation does not operate efficiently in reverse: mAb4B12 fails 

to recapitulate the motion-induced lability of the breach region.  

 

Numerous monoclonal antibodies against α1AT and related serpins have been 

published, with a distinct range of epitopes dispersed throughout the whole surface 

of the molecule, inducing a diverse array of behaviours (348, 353, 354, 380, 381). 

Interestingly, the binding site of mAb4B12 is next to that of a monoclonal antibody of 

PAI-1 that stabilises the protein against inactivation by binding to the region 

involving the loop between helix I and strand 5 of β-sheet A (381).  

 

Of the several models of α1AT polymerisation, while all propose RCL insertion for 

the formation of a six-stranded β-sheet A through intermolecular or intramolecular 

interactions, the degree of conformational perturbation outside of this region differs 

for each. Unravelling of the C terminus (97), and unfolding of helix I and strand 5 of 

β-sheet A are proposed in the β-hairpin model (108). Additionally, changes in helix 

F (52, 110) and release of strand 1C of β-sheet C (382) have been reported to take 

place during polymerisation. Perturbations are observed in the 1H-13C NMR 

spectrum of α1AT upon Fab4B12 binding in the region of strand 1C and neighbouring 

residue of strand 3C of β-sheet C that suggest some degree of conformational 

change in this region (Figure 4.7). While a lack of assignments in the rest of β-sheet 

C and nearby residues of β-sheet B preclude us from drawing detailed mechanistic 
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conclusions about this region upon antibody binding, the lack of perturbations in the 

C-terminal residues of the RCL that immediately precede β-strand 1C do not 

support release of strand 1C or structural rearrangement consistent with partial 

insertion of the RCL. 

 

The β-sheet A is also strongly implicated in polymerisation, particularly at the top in 

a region defined as the ‘breach’ (31, 88, 97, 301, 382). For PAI-1, binding of ligands 

including heparin and vitronectin causes ‘closure’ of the β-sheet A in this region and 

expulsion of the RCL from its partially inserted conformation which is associated 

with a significant increase in the thermal stability of the molecule (376, 383). The 

evidence presented in this chapter suggests that the mechanism of mAb4B12 blocks 

polymerisation by inducing a more open conformation of β-sheet A, as evidenced by 

peptide incorporation experiments (Figure 4.11).  

 

Proceeding downwards from the location of the breach in β-sheet A, the ‘shutter’ 

region has also been implicated in regulating β-sheet A dynamics and stability of the 

molecule (74, 93, 384). The allosteric effects induced in β-sheet A upon mAb4B12 

binding flank the shutter region. A more open conformation of β-sheet A with only 

minimal perturbation of the breach region suggests mAb4B12 induces an ‘inserted-

like’ conformation in the absence of any changes in the RCL, as confirmed by 

unperturbed inhibitory activity when determined by stoichiometry of inhibition with 

bovine trypsin and the lack of change in RCL residues upon mAb4B12 binding by CW 

EPR (Figure 4.10). The kinetically trapped native fold of α1AT contains many 

unfavourable interactions that are satisfied upon conformational rearrangement to 

the inserted state, consistent with the marked enhancement in thermal stability of 

this form (29). We propose that by mAb4B12 inducing an incomplete ‘inserted-like’ 

conformation in the bottom of β-sheet A, in the absence of other conformational 

rearrangements that facilitate polymer formation such as the release of strand 1C 

and opening of the shutter, some of these unfavourable interactions are satisfied 

and thereby partially stabilise the protein. 

 

The observations presented here in regard to the I-helix, a major component of the 

mAb4B12 epitope, suggest that the β-hairpin model of polymerisation, which predicts 

plastic deformation of this region should be reappraised. The model is based on 

observations from the crystal structure of a dimer of antithrombin with supporting 

information from limited proteolysis and introduced disulphides (108). The 

recognition of monomeric and polymeric forms by mAb4B12 and the reduced 
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stabilisation observed when the I helix was constrained by the presence of 

disulphide bonds suggests this helix remains unperturbed between monomer and 

polymer and therefore substantially structured, consistent with other studies (97, 

109, 241). The data we show here suggests that extending the implications of this 

work to α1AT polymerisation is not appropriate and that the other two proposed 

models of polymerisation should be considered more heavily when evaluating 

effects of mutations and modifiers of polymerisation.  

 

One of the main questions regarding α1AT polymerisation and indeed a very 

important one for the development of therapeutics is whether polymerisation ensues 

from a molecule of native, or native-like conformation, or one that is substantially 

unfolded. Evidence in support of polymerisation occurring from a near-native 

conformation comes from cell models of disease, in particular a lack of the 

Unfolded-Protein-Response (UPR) pathway and a lack of up-regulation of ER 

associated chaperones (113, 385, 386). Indeed, the ability of mAb4B12 in the form of 

a short chain variable fragment (ScFv) to block polymerisation of Z α1AT in 

mammalian cells by up to 60 %, with a concurrent increase in protein secretion 

suggests the process occurs from a molecule in which all of the regions that make 

up the antibody epitope are substantially intact (163), especially as the epitope is 

discontinuous and the interaction lost upon denaturation. In support of this 

hypothesis is the evidence that mAb4B12 binding could improve the yield of active Z 

α1AT obtained after equilibrium refolding from denaturant to a value that is 

comparable to M α1AT.  

 

Together these data describe the mechanism of action of an antibody that blocks 

polymerisation of α1AT from a native conformation using dynamic and allosteric 

changes to induce an unexpected ‘open’ conformation in the absence of the other 

conformational changes required for polymerisation (Figure 4.12E). While the use of 

a monoclonal antibody as a therapeutic for targeting endoplasmic reticulum 

associated polymerisation is not likely to be a feasible goal due to difficulties in 

targeting the molecule to this region, polymerisation does occur outside of the ER in 

the plasma, where α1AT performs its inhibitory role. In these situations, mAb4B12 

may be considered useful as a complimentary therapy alongside other approaches. 

Indeed, the information provided by the mechanism of action of mAb4B12 may be 

used to identify allosteric small molecules that target to the well structured region of 

the antibody binding site at the base of the molecule, in the region of helix A and 

helix I. While other therapeutic strategies have been trialled previously, all have 
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been associated with loss of inhibitory activity, and so far, to our knowledge, neither 

of these have bound in the region we have identified by mAb4B12 binding.  
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5.0 Conclusions and outlook 
 

The polymerisation of α1AT is the underlying cause of α1AT deficiency that is 

associated with liver cirrhosis and the development of emphysema and COPD 

(387). The same pathological process underlies other diseases of members of the 

serpin superfamily, such as FENIB (388) and thrombosis (57). Polymerisation is a 

dynamic process that is well suited to investigation by solution-state techniques, 

particularly in regard to understanding the conformations within the monomeric 

protein prior to subunit association. This holds the key to a well-described 

mechanism of polymerisation and development of therapeutic strategies to prevent 

it. While data exists that describe the structural consequences of mutations and 

thermal/chemical perturbations that induce polymerisation, typically these studies 

use time and population averaged data from a single probe to make structural 

predictions about the whole molecule (89, 90, 241, 389, 390).  

 

This work aimed to use biophysical and biochemical techniques including NMR to 

obtain a near-atomic characterisation of WT and disease causing mutants of 

monomeric α1AT under physiological and polymerisation inducing conditions. This 

was then used to interpret the mechanisms of action of tool molecules that block 

polymerisation.  

 

5.1 Studying monomer dynamics in α1AT by NMR 
 

The non-perturbing nature and high-resolution data provided by NMR make it an 

ideal approach to study α1AT, as a protein that is intrinsically dynamic. Previously, 

NMR has been used to investigate the structural consequences associated with 

cleavage of the RCL by a protease and of a rare mutation (76, 176, 177). These 

studies relied on isotopic enrichment of backbone atoms of α1AT and while the 

spectra were sufficiently-resolved for assignment (178), the quality was not high 

enough for detailed investigation of the chemical exchange with invisible state 

conformations. Taking advantage of selective methyl labelling (216, 266, 391) and 

TROSY NMR applications (228), high-quality methyl spectra of recombinant WT 

α1AT were obtained that allowed conformational dynamics to be studied by NMR. 

By perturbing the protein with temperatures known to induce polymerisation, 

regions of the molecule were identified that are in exchange with an alternate state 
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conformation. While some of these regions correlated with those identified 

previously using single site probes, (breach region, shutter region and helix A/helix 

I) (31, 52, 69, 89, 392), other regions were identified that have not previously been 

associated with polymerisation – specifically the base of the molecule including loop 

regions at the c-terminus of helix I and helix D. This data is of interest for studies 

investigating therapeutics against polymerisation, as this identifies a new region that 

may be targeted by molecules that stabilise the protein with the benefit that these 

regions lie outside of the structural elements that are involved in the inhibitory 

function of α1AT. 

 

NMR can reveal the timescale of this conformational exchange through experiments 

such as CPMG (231, 232), CEST (234) and R1ρ relaxation dispersion (233). This 

data has been acquired and will now need to be interpreted in the context of a more 

complete methyl assignment to determine the conformational dynamics of the WT 

protein. 

 

5.2 The Z mutation induces an altered native state 
conformation in α1AT compared to WT 
 

The tendency of Z α1AT to aggregate when expressed recombinantly in E.coli has 

limited high-resolution structural biology studies of the disease-causing variant 

(318). Thus, structural information of this variant is generally inferred from the X-ray 

crystal structure of the WT protein. Only recently, the X-ray crystal structure of Z 

α1AT expressed in Drosophila was published, with a structure remarkably similar to 

the WT variant (84). Using high-resolution, solution-state, 2D NMR at natural 

isotopic abundance of α1AT isolated directly from human blood plasma, we confirm 

our hypothesis that the Z variant does indeed exist with an altered native state. 

Large chemical shift perturbations at sites distal from the position of the mutation 

are indicative of allosteric networks existing within the protein. Altered peak 

intensities and linewidths with respect to the WT, M variant hint at conformational 

change within the protein. Interestingly, the regions of greatest perturbation 

correspond to those that are perturbed when the molecule is heated. This is the 

first, whole-molecule study to definitively confirm the similar conformational changes 

induced by both mutation and temperature and supports the wealth of existing data 

that temperature induced polymers best recapitulate those found in vivo (109, 114). 

The dynamics associated with the Z variant have been proposed to involve the 
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molecule sampling a conformation similar to that of the polymerisation intermediate 

(89, 91). Using a small molecule selective for the Z α1AT, we show for the first time 

this variant populates an intermediate conformation to ca. 20% under the conditions 

studied. In the ligand bound form, this conformation is highly stable and therefore 

may enable the conformation of the intermediate to finally be obtained.  

 

5.3 Timings of conformational change are important for 
polymerisation 
 

The β-sheet A of α1AT plays a critical role in the regulation of function and 

dysfunction of the protein (31, 88, 97, 379, 384). A more ‘open’ conformation of β-

sheet A is typically associated with the both the Z variant and the final polymer, 

according to the three existing models of polymerisation. Characterising the 

mechanism of action of the polymerisation blocking 4B12 monoclonal antibody 

revealed a counterintuitive method that involves inducing a more open conformation 

of β-sheet A, rather than a closed conformation usually associated with enhanced 

stability (241). The timing of this conformational change, being out of sync with 

other changes in the molecule that are required for polymerisation is critical for the 

ability of mAb4B12 to inhibit aggregation. Such a mechanism suggests that mAb4B12 

binding induces or alters dynamic processes within the molecule. Indeed, while the 

binding site of mAb4B12 was localised to the back of the molecule, structural 

perturbations were observed on the opposite face of the protein, using highly-

sensitive EPR and NMR.  

 

The binding site also included the helix I element. In the β-hairpin model of 

polymerisation (108), helix I is proposed to be unfolded. Given this is inconsistent 

with antibody binding of a discontinuous epitope, this data supports that this model 

is not representative of the α1AT polymer and suggests more consideration should 

be given to the loop-sheet A and C-terminal models (31, 97).  

 

While its use as an anti-polymerisation therapeutic is limited, the use as a tool to 

understand polymerisation offers scope for better characterisation of the 

polymerisation process. Indeed, due to the ability of mAb4B12 to bind to all 

conformations of α1AT, cryo-EM investigations of mAb4B12 bound ex vivo α1AT 

polymers is underway to characterise the inter-subunit linkage (Emma Elliston, 

unpublished).  
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6.0 Materials and Methods  
 

All reagents described in this chapter are purchased from Sigma-Aldrich, St. Louis, 

MO, USA, unless otherwise stated.  

6.1 Molecular Biology and Biochemistry 
6.1.1.1 Plasmids and bacterial strains  
 

Recombinant α1AT protein constructs were cloned into the PQE30 vector (see 

Appendix) and include an N-terminal hexa-histidine purification tag. For some 

experiments, recombinant α1AT was expressed as a cysteine-free variant, referred 

to as C232S, in order to prevent the formation of disulphide liked species in the 

absence of reducing agents. Protein expression of α1AT for NMR studies was 

performed in combination with a pREP4 vector encoding the lac I gene for stronger 

repression of the T5 promoter. The pREP4 vector contains a gene for Kanamycin 

resistance. This vector was a kind gift from Emma Jones at GlaxoSmithKline. 

 

All α1AT constructs contained genes for ampicillin resistance and a T5 promoter 

allowing protein expression to be induced by isopropyl-β-D-1-thiogalactopuranoside 

(IPTG).  

 

Cloning was performed using E. coli XL1-Blue (Agilent) super competent cells, 

genotype: recA1, endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F’ proAB 

lacIqZΔM15 Tn10 (Tet)]. Expression of proteins for biochemical studies was carried 

out in E. coli XL1-Blue super competent cells. Expression of proteins for NMR 

studies was carried out in E. coli BL21 (NewEngland BioLabs, Ipswich MA, USA) 

competent cells, genotype: fhuA2 [Ion] ompT gal [dcm] ΔhsdS. All bacterial strains 

were purchased from commercial suppliers. 

 

6.1.1.2 Growth media and antibiotic 
 

Filter-sterilised ampicillin (100 µg/ml) was added to media and agar plates when 

required. For NMR protein expression containing the additional pREP4 vector, filter-

sterilised kanamycin (30 µg/ml) was added to media and agar plates in addition to 

ampicillin.  
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Lysogeny Broth (LB) media (Sigma-Aldrich) was used for bacterial growths for 

generation of plasmid DNA and for starter cultures preceding expression of protein 

in minimal media for NMR. Terrific Broth (TB) was used for routine expression of 

unlabelled protein. All media was autoclaved before use. For agar plates, the LB 

media was supplemented with 15 % (w/v) Agar (Sigma-Aldrich). For heat shock 

recovery media during transformations, sterile SOC media (NewEngland BioLabs, 

Ipswich MA, USA) was used.  

 

For the expression of uniformly and selectively isotopically labelled protein for NMR, 

minimal media (EM9) was used as the growth media composed as shown in Table 

6.1.  

 
Table 6.1. Composition of EM9 media. *For uniform 13C-labelling, 0.2 % (w/v) 13C-glucose 
was added, otherwise 0.4 % 12C glucose is used. †For 15N-labelled samples, 15NH4Cl was 
used, otherwise 14NH4Cl was used. ‡For selectively isotopically labelled samples, BME 
vitamins were replaced with Yeast Nitrogen Base. When media is used for perdeuterated 
samples, all components are sterile filtered, NOT autoclaved. EM9 salts (Na2HPO4, KH2PO4, 
and NaCl are adjusted to pH 7.4). 
 
Reagent Stock Concentration Final Concentration Sterilisation 

Na2HPO4 71 g/L 7.1 g/L Autoclave 

KH2PO4 34 g/L 3.4 g/L Autoclave 

NaCl 5.84 g/L 0.58 g/L Autoclave 

MgSO4 1 M 5 mM Filter 

CaCl2 1 M 200 µM Filter 

BME vitamins 100 X 0.25 X Filter 

Trace Metals 1000 X 0.025 % (v/v) Filter 

D-glucose* 20 % (w/v) 0.4 % (w/v) Autoclave 

NH4Cl† pH 7.4 20 % (w/v) 0.1 % (w/v) Filter 

Yeast Nitrogen Base‡ 40 g/L 0.8 g/L Filter 

 
1000 X Trace metals - 350mM FeCl2 [dissolved in 0.1M HCl], 20mM CaCl2, 1mM each (MnCl2.4H2O, 

ZnSO4.7H2O), 2mM each (CoCl2.6H2O, CuCl2.2H2O, NiCl2.6H2O, Na2MoO4.2H2O, Na2SeO3.5H2O, 

H3BO3 ) 

 

6.1.2.1 Site-directed mutagenesis 
 

The QuickChange site-directed mutagenesis kit (Qiagen, Hilden, Germany) was 

used to modify the constructs to introduce single point mutations.  
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6.1.2.2 Polymerase chain reaction (PCR) 
 

DNA amplification was performed by polymerase chain reaction (PCR) using an MJ 

Research PTC 225 peltier thermal cycler, pfu Turbo DNA polymerase (Agilent 

Technologies, Santa Clara, CA, USA) and primers (Sigma Aldrich). The typical 

reaction mixtures and temperature cycles are included in Table 6.2 and Table 6.3 

respectively.  

 
Table 6.2 – Typical PCR reaction mixture. 

 
Reagent Final Concentration Volume added (µL) 

Template DNA (50 ng/ µL) 1 ng/ µL 1.0 

5’ primer (12.5 µM) 6.25 µM 1.0 

3’ primer (12.5 µM) 6.25 µM 1.0 

10 mM dNTPs (10 mM) 200 µM 1.0 

Pfu Turbo polymerase (2.5 U/µL) 0.05 U/µL 1.0 

10 X Pfu Turbo buffer 1 X 5.0 

Sterile dH2O - 40.0 

 
Table 6.3 – Typical PCR temperature cycle method. 

 
Step Temperature Time Cycles 

Initialisation 95°C 1 min X 1 

Denaturation 95°C 1.5 min X 25  

Annealing 55°C 1.5 min 

Elongation 68°C 7.5 min 

Final elongation 68°C 10 min X1 

 

6.1.2.3 DpnI digestion 
 

Following PCR amplification, any remaining template DNA was digested using the 

DpnI enzyme (1 µL) in 10X DpnI reaction buffer (5 µL), diluted with sterile dH2O to 

50 µL. This was mixed with the PCR reaction mixture (total reaction volume of 100 

µL). The mixture was incubated at 37°C for 2 hours. 

 

6.1.2.4 Transformation 
 

Aliquots of 50 µL of competent cells were thawed on ice and 1 µL (~100 ng/µL) 

DNA was added. For NMR samples, both plasmids for WT α1AT and prep4 were 
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added simultaneously. Tubes were agitated by hand several times and placed on 

ice for 30 min. Cells were then heat shocked by incubating at 42°C for 45 seconds 

and allowed to recover on ice for a further 2 min. SOC media (NewEngland 

BioLabs, Ipswich MA, USA) (950 µL) pre-warmed to 37°C was added to the cells 

and the mix was incubated at 37°C, shaking at 200 rpm. After 1 h, two volumes of 

cell culture (50 µL and 200 µL) were plated onto pre-warmed LB agar plates 

containing the appropriate antibiotic. The plates were incubated for 12-18 h at 37°C. 

 

6.1.2.5 DNA purification and quantification 
 

DNA was purified from 12 mL LB cultures of a single colony of transformed E. coli 

XL1-Blue super competent cells grown overnight at 37°C using the QIAprep Spin 

Miniprep kit (QIAGEN, Hilden, Germany) following the manufacturer’s instructions. 

Purified DNA was quantified by measuring the absorbance at 260 nm using a 

NanoDrop One instrument.  

 

6.1.3.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis  
 

The Nu-PAGE Bis-Tris gel system (Life Technologies, Carlsbad, CA, USA) was 

used following the manufacturer’s instructions. Typically samples containing 4 µg 

protein were mixed with NuPAGE lithium dodecyl sulphate (LDS) sample buffer (1X 

final concentration) containing either 1,4-Dithiothreitol (DTT) (10 mM final 

concentration) or 2-Mercaptoethanol (BME) and heated at 90°C for 5 min. Samples 

were resolved using 4-12% w/v acrylamide Bis-Tris SDS-PAGE gels at 180 V for 50 

min in NuPAGE MOPS-SDS running buffer (Life Technologies, Carlsbad, CA, 

USA). Molecular weight of sample components were estimated by comparison to 

the Spectra Multicolour Broad Range protein ladder (ThermoScientific, Waltham, 

MA, USA). Gels were visualised by staining with Instant blue Coomassie stain 

(Expedeon, San Diego, CA, USA). Running conditions were constant at 180 volts 

for 50 minutes at room temperature in 1x SDS PAGE running buffer (Life 

Technologies, Carlsbad, CA, USA). 

 

6.1.3.2 Non-Denaturing (NATIVE) polyacrylamide gel electrophoresis 
 

Native gels were used to evaluate the monomeric and oligomeric state of α1AT and 

observe complex formation with antibody. The Novex Bis-Tris 3-12 % (w/v) 
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acrylamide gel system (Life Technologies, Carlsbad, CA, USA) was used following 

the manufacturer’s instructions. Protein samples were mixed 1:1 with sample buffer 

(50% (v/v) glycerol containing bromophenol blue to colour the solution) containing 

either 1,4-Dithiothreitol (DTT) (10 mM final concentration) or 2-Mercaptoethanol 

(BME) (50 mM final concentration) and loaded at 4 µg protein per lane. Running 

conditions were constant at 35 milliamps (mA) per gel, for 35 minutes at room 

temperature in 1x Native PAGE running buffer (Life Technologies, Carlsbad, CA, 

USA). 

6.1.3.3 Isoelectric focusing gels (IEF) 
 
The Novex Pre-Cast isoelectric focusing (IEF) gels pH 3-10 (Life Technologies, 

Carlsbad, CA, USA) were used to determine the isoforms of the ex vivo α1AT 

material used in this study, following the manufacturers instructions. Samples 

containing 4 µg protein were mixed with 5 µL Novex IEF sample buffer pH 3-10 and 

diluted to 10 µL using dH2O. Samples were loaded on to the gel alongside the IEF 

migration markers and run using Novex IEF cathode buffer and IEF anode buffer at 

100 V constant for 1 hour, followed by 200 V constant for 1 hour, followed by 500 V 

constant for 30 mins, at 4°C. The gel was fixed using 12% (v/v) Trichloroacetic Acid 

(TCA) solution for 30 mins at room temperature before staining with Instant blue 

Coomassie stain (Expedeon, San Diego, CA, USA). 

6.2 Protein expression and purification 
 

6.2.1 Expression of α1-antitrypsin 
 

A single colony of transformed cells was used to inoculate 5 mL of LB media with 

appropriate antibiotic. After incubation overnight at 37°C, shaking at 220 rpm, the 

starter culture was used to inoculate 1L of LB or TB at an initial OD600 of ~0.2. The 

culture was grown at 37°C with shaking until an OD600 0.6 – 0.9 was reached. At 

which point, IPTG was added to the culture at a final concentration of 1 mM to 

induce protein expression, and the culture was incubated at 24°C for 16 hours with 

shaking. Following expression, the cells were harvested by centrifugation at 4000 

rpm for 30 mins (JA 8.1 rotor, Beckman coulter). The cell pellet was resuspended in 

a minimal volume (several mL) of lysis buffer (Table 5.4) in the presence of a final 

concentration of 3 mg/mL lysozyme from chicken egg white, 1 x EDTA free 

protease inhibitor cocktail (Roche, Basel, Switzerland) and AEBSF 4-(2-

aminoethyl)benzenesulfonyl fluoride hydrochloride at a final concentration of 0.1 



	 197	

mM (VWR International, Randor, PA, USA). The cell pellet was frozen at -80°C and 

thawed at room temperature for a minimum of two cycles to aid bacterial cell lysis. 

The lysed cell pellet was then stored at -80°C until required.  

 

6.2.1.1 Purification of recombinant Alpha-1 Antitrypsin 
 

The purification and assay buffers used are detailed in Table 6.4. 

 

Table 6.4 – Recombinant protein purification and assay buffers. 

 
Buffer Composition 

Lysis 20 mM Tris, pH 8.0, 500 mM NaCl, 15 mM Imidazole, 0.2 µg/mL DNase 

I, 3 mg/ml lysozyme, 1 EDTA free protease inhibitor cocktail tablet, 0.1 

mM AEBSF 

Equilibration  20 mM Tris, pH 8.0, 500 mM NaCl, 15 mM Imidazole 

Wash 20 mM Tris, pH 8.0, 500 mM NaCl, 15 mM Imidazole 

Elution  20 mM Tris, pH 8.0, 500 mM NaCl, 15, 40, 60, 120, 160, 200, 250 & 300 

mM Imidazole 

Dialysis  20 mM Tris, pH 8.0, 0.02 % w/v NaN3 

Ion-exchange buffer A 20 mM Tris, pH 8.0, 0.02 % w/v NaN3 

Ion-exchange buffer B 20 mM Tris, pH 8.0, 1 M NaCl, 0.02 % w/v NaN3 

Assay buffer 1 X PBS (1.44 g/L Na2HPO4, 0.24 g/L KH2PO4, 0.2 g/L KCl, 8 g/L NaCl, 

0.02 % w/v NaN3 adjusted to pH 7.4 with HCl) 

 

NMR Assay buffer 25 mM Sodium phosphate (mixing appropriate volumes of Na2HPO4 and 

NaH2PO4 to pH* 7.6), 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.02 % w/v 

NaN3, 100 % v/v D2O 

 

Partially lysed cells were thawed and diluted further with fresh lysis buffer containing 

DNase I and protease inhibitors. Cells were lysed further by either sonication on ice, 

using 10 cycles of 10 sec on followed by 20 s off. Alternatively, cells were lysed by 3 

– 4 passages through the french press, at 1200 psi. The cellular debris was pelleted 

at 18000 rpm for 40 min at 4°C using Beckman Avanti JP26 centrifuge in JA 25.50 

rotor. The supernatant was passed through a 0.45 µm filter. 

 

The filtered cell lysate was passed through ~10 mL nickel-nitrilotriacetic acid (Ni-

NTA) resin (GE Healthcare) (washed with equilibration buffer) to allow binding. The 

resin was washed to baseline with wash buffer, as determined by Bradford assay 

(10 uL flow through added to 90 uL Bradford reagent). The protein was eluted using 
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the stepped imidazole elution (20-500 mM, in 50 mM steps) and the protein 

containing fractions determined by SDS PAGE. The purest fractions were pooled 

and transferred to an appropriate length of SnakeSkin dialysis tubing (with a 12 kDa 

molecular weight cut-off) (ThermoScientific, Waltham, MA, USA) and dialysed 

overnight at 4°C in 5 L dialysis buffer.  

 

Following dialysis, samples were reduced by addition of a final concentration of 100 

mM beta-mercaptoethanol (BME) at room temperature for 10 min. Ion-exchange 

chromatography was then performed by loading the dialysed sample onto a 5 mL 

HiTrap Q HP ion-exchange column (GE Healthcare), equilibrated in Ion-exchange 

buffer A, using an NGC purifier (Bio-Rad, Steenvorde, France) at a flow rate of 2 

mL/min. The column was typically washed to baseline with ~ 50 mL Ion-exchange 

buffer A at a flow rate of 2 – 5 mL/min, as determined by the UV280 nm trace. The 

protein was subsequently eluted over a gradient of 0 – 50 % (v/v) Ion-exchange 

buffer B, over a length of 80 mL at a flow rate of 2 mL/min, collecting fractions of 1 

mL. Protein containing fractions, as determined by the UV280 nm trace were 

collected and analysed by SDS and non-denaturing PAGE. The pure, monomeric 

fractions were pooled and buffer exchanged into PBS assay buffer and 

concentrated to 1 mg/mL using a 10-kDa molecular weight cut-off centrifugal filter 

device (Amicon, Merk Millipore, Frankfurt, Germany). 

The concentration of the final sample was determined from the absorption at 280 

nm using a Nanodrop spectrometer, with an E1% extinction coefficient of 5.8 for 

recombinant protein, calculated experimentally. Purified protein samples were 

frozen at -80°C until required.  

 

6.2.1.2 Preparation of isotopically labelled α1-antitrypsin with 
deuteration 
 

NMR samples of α1AT with specific isotopic labelling were prepared following the 

protocols described above with the following adjustments: 

For uniform 15N-labelled samples, cells were initially grown in LB media until an 

OD600 of ~ 0.6. Cells were harvested in a sterile manner by centrifugation at 3000 

rpm for 20 min and washed with sterile 1 X EM9 salts (Na2HPO4, KH2PO4, NaCl) 

before resuspension in EM9 media with 15NH4Cl (0.1% (w/v)) and grown at 37°C, 

shaking at 220 rpm and induced and harvested as described before.  
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For the production of uniform 2H-Ileδ1,Leuδ1/2,Valγ1/2-[13CH3] (ILV) labelled 

samples, cells were progressively adapted into deuterated media and isotopes in a 

gradual manner. A 5 mL starter culture of LB was grown at 37°C, shaking at 220 

rpm for 3 – 5 hours and used to inoculate 5 mL of EM9 media prepared in 80 % 
2H2O (media components prepared in D2O, diluted to final volume in sterile dH2O) at 

OD600 ~0.1-0.2 and incubated overnight at 37°C, shaking at 220 rpm. This culture 

was used to inoculate 5 mL of EM9 media prepared in 100 % 2H2O (media 

components prepared in D2O, diluted to final volume in D2O) and grown for 5 – 7 

hours at 37°C with shaking. The resulting culture was then used to inoculate 5 mL 

of EM9 media prepared in 100 % 2H2O containing 50 % 12C-d7-glucose (0.1 % (w/v)) 

and 50 % unlabelled glucose (0.1 % (w/v)) and grown overnight. This culture was 

used to inoculate the final starter culture of EM9 media prepared in 100 % 2H2O 

containing 12C-d7-glucose (0.2 % (w/v)) and grown at 37°C with shaking throughout 

the day. This culture was then used to inoculate 50 mL of EM9 media prepared in 

100 % 2H2O containing 12C-d7-glucose (0.2 % (w/v)) and grown at 37°C with shaking 

overnight. The cells were centrifuged at 4000 rpm for 20 min at room temperature 

(JA 8.1 rotor, Beckman coulter), and resuspended into 1L of fresh EM9 media 

prepared with 100 % 2H2O containing 12C-d7-glucose (0.2 % (w/v)). The culture was 

grown at 37°C with shaking until an OD600 ~ 0.6 was reached, at which point the 

temperature was reduced to 30°C and 80 mg/L of the isoleucine precursor 2-

ketobutyric acid sodium salt (methyl-13C, 99%; 3,3-d2) and 160 mg/L of the 

Leucine/Valine precursor 2-ketoisovaleric acid sodium salt (3-methyl-13C, 99%; 

3,4,4,4-d4) was added to produce methyl only labelled samples. The culture was 

grown for 1 further hour before induction with 1 mM IPTG (prepared in D2O) for 16 

hours at 24°C and harvested by centrifugation (as above) and purified as described 

above. Deuterated protein samples were buffer exchanged in to deueterated buffer 

for NMR (see Table 5.4).  

 

For ILV samples used for assignment (with all carbon residues of the side chain 

labelled with 13C), the same protocol was followed with substitution of 12C-d7-

glucose with 13C-d7-glucose and the substitution of ILV precursors for the following: 

α-Ketobutyric Acid, Sodium salt (13C4, 98%; 3,3-D2, 98%) for isoleucine and α-

Ketoisovaleric Acid, Sodium salt (1,2,3,4-13C4, 99%; 3,4’,4’,4’-D4, 98%) for Leucine 

and Valine labeling. Isotopes were purchased from Cambridge Isotopes, 

Tewksbury, MA, USA.  
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For the production of PLAM {Ala β, Ile δ1, Leu δ2, Met ε, Val γ2} U-[15N,12C,2H] 

labelled samples, an isotopic labelling kit was purchased from NMRBio, Grenoble, 

France. Cells were progressively adapted into deuterated EM9 media containing 

0.1% (w/v) 15NH4Cl and 0.2% 12C-d7-glucose in a gradual manner as described 

above and following manufacturers protocols. One hour prior to induction with IPTG, 

D2O solutions containing 2-(13C) methyl-4-(D3)-acetolactate and 2,3,3,4,4-(D5),(13C) 

methyl-L-methionine were added to the culture. 20 minutes prior to induction, 2-

ketobutyric acid 4-(13C), 3,3 (D2) sodium salt and 3-(13C)-2(D)-L-Alanine was added 

to the culture. All labelling reagents provided by NMR-Bio in liquid aliquots 

calibrated for addition to 1L of culture medium (217, 222, 271). The culture was 

grown at 37°C with shaking until an OD600 ~ 0.8 was reached, at which point the 

sample was induced with 1 mM IPTG (prepared in D2O) for 16 hours at 24°C and 

harvested and purified as described above. Deuterated protein samples were buffer 

exchanged in to deueterated buffer for NMR (see Table 5.4). 

 

For the production of QLAM {Ala β, Ile δ1/γ2, Leu δ1/2, Val γ1/2} U-[15N,13C,2H] 

labelled samples an isotopic labelling kit was purchased from NMRBio, Grenoble, 

France. Cells were progressively adapted into deuterated EM9 media containing 

0.1% (w/v) 15NH4Cl and 0.2% D-glucose-(13C6, d7) in a gradual manner as 

described above and following manufacturers protocols. One hour prior to induction 

with IPTG, a D2O solution (in 300 mM TRIS, pH 7.5) containing a mixture of 2-(D2) 

methyl-1,2,3,4-(13C4) acetolactate (to link [13CH3] proR of leu and val residues to the 

backbone through a linear 13C spin system) and 3,4-(13C2), 2-(13C) methyl-4(D3) 

acetolactate (to link [13CH3] proS to [13CD3] proR of leu and val resiudes through a linear 
13C spin system). 20 minutes prior to induction, solutions of U-(13C)-2-(D)-L-Alanine, 

2-hydroxy-2-[1’,2’-13C2-1’-D2]ethyl-3-oxo[1,2,3-13C3]-4-[D3] butanoic acid and 2-

hydroxy-2-[D5] ethyl-3-oxo-[1,2,3,4-13C4] butanoic acid were added to the culture. All 

labelling reagents provided by NMR-Bio in liquid aliquots calibrated for addition to 

1L of culture medium (217, 222, 271). The culture was grown at 37°C with shaking 

until an OD600 ~ 0.8 was reached, at which point the sample was induced with 1 mM 

IPTG (prepared in D2O) for 16 hours at 24°C and harvested and purified as 

described above. Deuterated protein samples were buffer exchanged in to 

deueterated buffer for NMR (see Table 6.4). 
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6.2.2 Preparation of human derived ex vivo α1-antitrypsin 
variants 
 

6.2.2.1 Plasma preparation 
 

Human ex vivo α1AT variants were isolated from human blood that was collected in 

the presence of 10 % (w/v) sodium citrate anti-coagulant. Briefly, blood samples 

were centrifuged at 1200 g for 30 minutes at 4°C for plasma isolation. The 

supernatant containing blood plasma was removed and whole blood fraction 

discarded, before a second round of centrifugation to remove contaminating whole 

blood. The supernatant was collected and stored at -80°C until required.  

 

6.2.2.2 Purification of human plasma derived α1AT 
 
The purification and assay buffers used for ex vivo material are detailed in Table 

6.5. 

 
Table 6.5 – Ex vivo purification and assay buffers. 

Buffer Composition 

Alpha select column 

regeneration 

1 X PBS, pH 2 (1.44 g/L Na2HPO4, 0.24 g/L KH2PO4, 0.2 g/L KCl, 8 g/L 

NaCl, 0.02 % NaN3 adjusted to pH 2 with HCl) 

Equilibration  20 mM Tris, 150 mM NaCl, pH 7.4 

Wash 20 mM Tris, 150 mM NaCl, pH 7.4 

Elution  20 mM Tris, 150 mM NaCl, 2M MgCl2 pH 7.4 

Dialysis  20 mM Tris, pH 8.0, 0.02 % (w/v) NaN3 

Ion-exchange buffer A 20 mM Tris, pH 8.0, 0.02 % (w/v) NaN3 

Ion-exchange buffer B 20 mM Tris, pH 8.0, 1 M NaCl, 0.02 % (w/v) NaN3 

Biochemical Assay buffer 1 X PBS (1.44 g/L Na2HPO4, 0.24 g/L KH2PO4, 0.2 g/L KCl, 8 g/L NaCl, 

0.02 % (w/v) NaN3 adjusted to pH 7.4 with HCl) 

 

NMR Assay buffer 25 mM Sodium phosphate (mixing approp. volumes of Na2HPO4 and 

NaH2PO4 to pH 8.0), 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.02 % (w.v) 

NaN3, 10 % (v/v) D2O 

 

Frozen ex vivo α1AT variants were defrosted on ice and centrifuged for 2 rounds of 

10 minutes at 3000 g to remove aggregates that appear upon thawing. Cleared 

plasma was filtered through a glass wool fibre pre-filter and then again through a 

0.45 µm filter before loading on to a self packed column containing Alpha-1 

Antitrypsin Select resin (GE Healthcare) at 1 ml/min. The Alpha-1 Antitrypsin Select 
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resin is a packed bed agarose based medium containing Camelidae-derived-single-

domain antibody as a ligand with high affinity for α1AT. Before loading the plasma, 

the column was cleaned with column regeneration buffer and equilibrated with 

equilibration buffer. The column was washed with ~10 column volumes of wash 

buffer at 1 mL/min before batch eluting the protein in elution buffer at 1 mL/min 

collecting 2 mL fractions. The protein containing fractions were pooled and 

transferred to an appropriate length of SnakeSkin dialysis tubing (with a 12 kDa 

molecular weight cut-off) (ThermoScientific, Waltham, MA, USA) and dialysed 

overnight at 4°C in 5 L dialysis buffer, and again for a second period of 2 hours at 

room temperature in fresh dialysis buffer. Dialysed protein was then reduced with 

100 mM BME and further purified using Ion exchange chromatography protocol as 

described above for recombinant protein. The concentration of the final sample was 

determined from the absorption at 280 nm using a Nanodrop spectrometer, with an 

E1% extinction coefficient of 5.2 for ex vivo material, calculated experimentally. 

Purified protein samples were frozen at -80°C until required.  

6.2.2.3 Production of in vitro polymers 
 

In vitro polymers were produced from ex vivo M α1AT at a concentration of 0.2 

mg/ml in 1 X PBS, 0.02% NaN3, pH 7.4, and heated at 55°C for 48 hours in a water 

bath. After heating, polymerisation was confirmed by non-denaturing PAGE. A final 

purification step using ion exchange as described for monomeric α1AT was 

performed. Polymeric fractions elute from the ion exchange column at a higher salt 

concentration, allowing separation from any non-polymerised, residual monomer.  

 

6.3 NMR spectroscopy 
 

6.3.1 NMR experimental conditions  
 

NMR experiments were performed on 600 MHz Bruker Avance III, 700 MHz Bruker 

Avance III HD, 800 MHz Bruker Avance III HD, 900 MHz Bruker Avance III and 950 

MHz Bruker Avance III HD spectrometers, all equipped with TXI or TCI cryogenic 

probes and with a uniaxial gradient coils generating a maximum gradient strength of 

ca. 0.55 T m-1.  

 

NMR samples of recombinant α1AT were prepared in 25 mM Na2HPO4, pH* 7.6, 50 

mM NaCl, 1 mM EDTA, 1 mM DTT, 0.02 % (w/v) NaN3, in 100% D2O (v/v). Samples 
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of ex vivo α1AT were acquired in 25 mM Na2HPO4, pH 8.0, 50 mM NaCl, 1 mM 

EDTA, 1 mM DTT, 0.02 % (w/v) NaN3, in 10 % D2O (v/v) as a lock solvent. All NMR 

experiments were recorded using 5 mm diameter Shigemi tubes. All NMR 

experiments were performed at 25°C, except for temperature perturbation 

experiments which were acquired at 5°C increments between 5 and 55°C. 

Temperature calibration was performed using the chemical shift difference of a 

sample of perdeuterated methanol as a function of temperature as described by 

Findeisen et al (393).  

 

6.3.1.1 NMR data acquisition, processing and analysis  
 

All NMR spectra were processed with nmrPipe (394) and imported into CCPN 

Analysis (395) or MATLAB (R2015b, The MathWorks Inc.) for analysis. For 

measurements of peak linewidth and intensity, spectra were imported into 

NMRFAM-Sparky.  

6.3.1.2 1D 1H experiments 
 

For recombinant samples, typical one-dimensional 1H spectra were acquired using 

excitation sculpting for water suppression, with spectral widths of 20 ppm and 

32768 points for an acquisition time of ~1.14 s, and a recycle delay of 1s. For ex 

vivo samples, typical one-dimensional 1H spectra were acquired using excitation 

sculpting for water suppression, with spectral widths of 16 ppm and 32768 complex 

points for an acquisition time of ~1.14 s, and a recycle delay of 1s. Spectra were 

processed using cosine window functions. 

6.3.1.3 NMR diffusion measurements  
 

1H STE diffusion experiments were acquired with diffusion delays Δ between 100 

and 300 ms. The gradient strength G was varied (between 0.28 and 0.55 T m-1) to 

ensure a constant echo attenuation I/I0 in all experiments, maintaining a constant 

value of the product G2(Δ – δ/3 – τ/2) ≈ G2Δ according to the Stejskal-Tanner 

equation (396, 397): 

 
!
!!
= exp [−! !! !!!!!! ! −  ! 3 − ! 2 ]     (6.1) 
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where D is the diffusion coefficient, γ is the gyromagnetic ratio, δ is the length of the 

encoding and decoding gradient pulses (δ = 4 ms), σ is the shape factor of gradient 

pulses (σ=0.9 for trapezoidal gradient shapes used in the diffusion experiments 

performed in this thesis), τ is the delay between bipolar gradient pulses. To monitor 

diffusion over time for extended acquisition times with ex vivo samples, we 

measured STE experiments with Δ = 100 ms (G = 2, 98% Gmax). STE spectra were 

recorded with 16 scans, 32768 points with a sweep width of 20 ppm in the 1H 

dimension, with acquisition times of ~900 ms. Diffusion spectra were processed with 

exponential window functions with solvent suppression filter.  

The signal in the methyl region was integrated at each gradient strength and the 

diffusion coefficient, D, calculated using the Stejskal-Tanner equation (6.1) by non-

linear fitting in dosyView (nmrPipe) (394). Error bars report the standard error of the 

diffusion coefficient determined from the non-linear fit.  

6.3.1.4 1H-13C Methyl-TROSY-HMQC experiments 
 

For typical recombinant samples, two-dimensional 1H-13C methyl-TROSY-HMQC 

spectra were acquired using 256 points with a sweep width of 17.5 ppm in the 

indirect 13C dimension, and 4096 points and a sweep width of 20 ppm in the direct, 
1H dimension, corresponding to acquisition times of ~32 ms and ~114 ms 

respectively. Spectra were recorded with a 1 second inter-scan delay. Spectra were 

processed using cosine squared window functions. 

 

6.3.1.5 1H-13C gs-SOFAST-HMQC experiments 
 

Ex vivo samples were acquired on a high field spectrometer (900 MHz) equipped 

with a cryogenic probe to maximise sensitivity. For typical ex vivo samples, two-

dimensional 1H-13C gs-SOFAST-HMQC experiments were acquired using 4096 

points with a sweep with of 22 ppm, in the direct 1H dimension; and 320 points and 

a sweep width of 40 ppm in the indirect, 13C dimension, corresponding to an 

acquisition time of ~103 ms and ~18 ms respectively. Spectra were recorded with a 

300 ms inter-scan delay. Spectra were processed using cosine squared window 

functions. 

 

The chemical shift perturbations of α1AT upon ligand/Fab binding and the effect of 

mutations was measured for each nucleus (1H, 13C) as the difference between the 
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apo/WT protein and the bound/mutant protein chemical shift (example shown below 

in equation 5.2 is for the 1H nucleus and WT and Z protein): 

 

!"!" =  !!"!" − !!"!         (6.2) 

 

The combined chemical shift was calculated by combining the chemical shift 

changes in each nucleus for each residue, with relevant scaling factors introduced 

(398): 

 

!" =  Δ!! ! + Δ!!/4 !       (6.3) 

 

6.3.1.6 Three-dimensional HMCM[CG]CBCA experiment  
 

Three-dimensional HMCM[CG]CBCA experiments (182) were recorded using a 

‘divide-and-conquer’ strategy (264) where shift of individual carbons are collected in 

separate experiments rather than simultaneously in HMCM(CA)CO, 

HMCM(CBCA)CO and HMCM(CGCBCA)CO experiments. Experiments were 

acquired using a 900 MHz spectrometer equipped with a cryogenic probe for 

optimum sensitivity. Experiments were acquired with 4096 points with a sweep 

width of 20 ppm in the direct, 1H dimension; 128 points with a sweep width of 20 

ppm in the 13Cmethyl dimension; and 110 points and a sweep width of 20 ppm in the 
13Caliphatic dimension; corresponding to acquisition times of ~114, ~14 and ~12 ms 

respectively. A 1 s inter-scan delay was used and spectra were processed using 

cosine window functions. 

 

For carbonyl carbon assignment experiments, HMCM[CGCBCA]CO experiments 

were acquired on a 500 MHz spectrometer equipped with a cryogenic probe to 

reduce the impact of chemical shift anisotropy on the transverse relaxation of 

carbonyl carbons at high field strengths. Spectra were acquired with 4096 points 

and sweep width of 20 ppm in the direct, 1H dimension; 128 points and sweep width 

of 19 ppm in the 13Cmethyl dimension; and 64 points and sweep width of 14 ppm in 

the 13CO dimension; corresponding to acquisition times of ~102, ~13 and ~9 ms 

respectively. A 2 s inter-scan delay was used and spectra were processed using 

cosine squared window functions. 
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6.3.1.7 3D CCH HMQC-NOESY-13C HMQC experiments 
 

Three-dimensional CCH HMQC-NOESY-13C-HMQC experiments were acquired on 

an 800 MHz spectrometer equipped with a cryogenic probe. Spectra were acquired 

with 3072 points and a sweep width of 20 ppm in the direct, 1H dimension; 128 

points and a sweep width of 18 ppm in the 13Cmethyl dimension; and 128 points and a 

sweep width of 18 ppm in the 13CNOE dimension; corresponding to acquisition times 

of ~95, ~17 and ~17 ms respectively. A 1.3 s inter-scan delay was used and spectra 

were processed using cosine squared window functions. Uniformly sampled data 

were processed using SMILE (195) reconstruction in place standard of linear 

prediction (LP).  

 

6.3.1.8 3D HCH SOFAST-HMQC-NOESY-13C HMQC experiments 
 

Three-dimensional 3D HCH SOFAST-HMQC-NOESY-13C HMQC experiments were 

acquired on an 800 MHz spectrometer equipped with a cryogenic probe. Shaped 1H 

pulses (90° Pc9_4_90 and 180° Reburp) were used to selectively excite only methyl 

resonances (294). Spectra were acquired with 3072 points and a sweep width of 20 

ppm in the direct, 1H dimension; 116 points and sweep width of 18 ppm in the 
13Cmethyl dimension; and 114 points and sweep width of 3 ppm in the indirect 1HNOE 

dimension; corresponding to acquisition times of ~95, ~16 and ~23 ms respectively. 

A 1 s inter-scan delay was used and spectra were processed using cosine window 

functions. 

6.3.1.9 4D 13C-HMQC-NOESY-13C HMQC experiment 
 

Four-dimensional NOESY experiments were acquired on a high field spectrometer 

(900 MHz) equipped with a cryogenic probe to maximise sensitivity. Spectra were 

acquired with 4096 points and a sweep width of 20 ppm in the direct, 1H dimension; 

128 points and sweep width of 17.5 ppm in the 13Cmethyl dimension; 128 points and a 

sweep width of 17.5 ppm in the 13CNOE dimension; and 128 points and a sweep 

width of 2.4 ppm in the 1HNOE dimension, corresponding to acquisition times of ~114, 

~16, ~16 and ~29 ms respectively. A 1 s inter-scan delay was used and spectra 

were processed using cosine window functions. Experiments were acquired with 

NUS, with a sparsity of 1.7%. Experiments were reconstructed using SMILE (195) 

and/or hmsIST (196) following recommended protocols. Spectra were handled in 

MATLAB (R2015b, The MathWorks Inc.) as described in the Appendix.  
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6.3.1.10 4D HCCH SOFAST-HMQC-NOESY-SOFAST-HMQC experiment  
 

Four-dimensional NOESY experiments were acquired on a high field spectrometer 

(900 MHz) equipped with a cryogenic probe to maximise sensitivity. Spectra were 

acquired with 4096 points and a sweep width of 20 ppm in the direct, 1H dimension; 

128 points and a sweep width of 18 ppm in the 13Cmethyl dimension; 128 points and a 

sweep width of 18 ppm in the 13CNOE dimension; and 128 points and a sweep width 

of 2.4 ppm in the 1HNOE dimension, corresponding to acquisition times of ~114, ~16, 

~16 and ~25 ms respectively. Experiments were acquired using NUS with 20,000 

hypercomplex points acquired, corresponding to a sparsity of 7% and 

reconstructured using SMILE2.0b (195) following recommended protocols. Spectra 

were handled in MATLAB (R2015b, The MathWorks Inc.) as described by the 4D 

processing script in Appendix. 

 

6.4 Protease Inhibition assays 
 

6.4.1 Inhibitory Activity assays 
 

The stoichiometry of inhibition (SI) values of α1AT variants were determined by 

incubation of the protein for 15 minutes with 0.1 uM bovine trypsin in 20 µL of 

protease assay buffer (20 mM Tris, 100 mM NaCl, 0.1 % (w/v) PEG 8000, 10 mM 

CaCl2 pH 8.0). 180 µL of 1 mM Nα-Benzoyl-L-arginine 4-nitroanilide hydrochloride 

substrate was added and the rate of absorbance increase at 405 nm was recorded 

for 5 minutes using a SpectraMax M2e plate reader (Molecular Devices). Rates 

were plotted as a function of the molar ratio of α1AT concentration to protease and 

linear regression was used to extrapolate to the X-intercept for the amount of 

inhibitor required to abrogate enzyme activity. Bovine trypsin was titrated using p’ –

Guanidinobenzoate HCl (399). Where specified, some assays also used bovine α-

chymotrypsin as the model protease. Chymotrypsin was titrated using 4-nitrophenyl 

acetate. The assay was performed as above, using N-succinyl-Ala-Ala-Pro-Phe-p-

nitroanilide (AAPF) as the substrate.  

 

6.4.1.2 Kinetics of association (Kass) 
 
The association rate constant of inhibitor with enzyme (kass) was measured by 

reaction progress curves under pseudo-first order conditions for 4 hours at 25°C 
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with a final concentration of 50-250 nM inhibitor, 1 mM Nα-Benzoyl-L-arginine 4-

nitroanilide hydrochloride substrate and 5 nM bovine trypsin in chymotrypsin assay 

buffer as described above. The progress of inhibition was monitored by reading 

wells at 405 nm every 30 seconds for 2 hours. Data analysis was performed as 

described by Hopkins et al (400). Curves were fit in GraphPad Prism to the 

followin)g equation:  

! = !" ∗ ! + !! − !! ∗ (1 −  !!"#∗!
!!"#

)      (6.4) 

where the kobs value for each inhibitor concentration was used to determine the 

apparent association rate constant (M-1 s-1) of each mutant. The plot of kobs as a 

function of inhibitor concentration gives a linear relationship and the apparent kass is 

calculated from the slope of the linear least squares regression line. Apparent kass  

(kass
app) was corrected for the substrate concentration and the Km (Michaelis 

constant) of the protease for the substrate using the following equation, where S is 

substrate concentration:  

!!"" =  !!""!""(1 + !
!")      (6.5) 

6.4.1.3 α1AT-trypsin complex stability assays  
 

First order dissociation rates were determined by continuously monitoring protease 

dissociation (377) using the chromogenic reporter substrate Nα-Benzoyl-L-arginine 

4-nitroanilide hydrochloride. α1AT-trypsin complexes were formed by incubating 0.5 

µM α1AT with 0.5 µM bovine trypsin in 20 mM Tris, 100 mM NaCl, 0.1 % (w/v) PEG 

8000, 10 mM CaCl2 pH 8.0 at room temperature for 1 hour. Complexes were then 

diluted in assay buffer containing 1 mM Nα-Benzoyl-L-arginine 4-nitroanilide 

hydrochloride substrate, to a final volume of 200 µL. Complex dissociation was 

monitored by continuously following the increase in absorbance at 405 nm using a 

SpectraMax M2e plate reader (Molecular Devices) at 25°C for 4 hours. A 

proteinase-only control was included to calibrate the change in absorbance to 

proteinase concentration.  

 

Progression curves were fit in Graphpad Prism to the following equation: 

 

!!"#,! =  !!"#,! +  !! ! ! +  !!"##,!"" ! [! − !]! ! !" ! !!/2   (6.6) 
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where S405, t  and S405, 0 is the absorbance at time t and time zero respectively, v0 is 

the initial rate of absorbance change at time zero, kdiss,app is the apparent first order 

rate constant for complex dissociation, TN is turnover number calculated from the 

protease only calibration curve relating initial velocity of substrate cleavage to 

protease concentration and [E-I]0 is the concentration of the α1AT-Trypsin complex. 

Computer fitting of progress curves to a second order polynomial function in 

GraphPad Prism gave the coefficient term of t2. A derivative plot of these 

coefficients as a function of the α1AT-Trypsin complex concentration gave a linear 

dependence. kdiss,app  was then calculated from the slope linear least squares 

regression line and multiplied by 2/TN.  

 

6.5 Thermal stability assays  
 

Fluorophore-based thermal stability assays were used to determine the stability of 

α1AT mutants. Assays performed using a five-fold final concentration of SYPRO 

Orange dye solution (Life Technologies) in PBS, with a protein concentration of 0.1 

mg/ml in 20 µl (241). Protein samples were heated in a 96-well PCR microplate 

from 25°C to 95°C at a rate of 1°C min-1 on an Applied Biosystems 7500HT real-

time PCR instrument (Life Technologies), with fluorescence in the ROX range 

recorded. The descending arm of the unfolding curves following the transition to a 

partially unfolded species was truncated once the intensity dropped 20% below the 

maximum.  The midpoint of denaturation (Tm) was determined from the optimum fit 

of an equation describing two-state unfolding (61, 241): 

!! =  !! +  !! ! − !! + !! +!! ! − !! !!(
!
!!!!!)

!!!!(
!
!!!!!)

   (6.7) 

 

where FT represents the fluorescence intensity at temperature T, Tm is the transition 

midpoint temperature, FN and FI are the fluorescence intensities of the native and 

intermediate states and mN and mI reflect their temperature dependence around Tm, 

and C=ΔHm/R, the enthalpy of unfolding at Tm divided by the gas constant. 

6.6 FRET-based polymerisation assay  
 

Polymerisation kinetics were monitored using a FRET based microplate assay 

(169). Purified α1AT C232C was labelled at the endogenous Cys232 site by incubation 

with a 10-fold molar excess of Alexa Fluor 488 maleimide or Alexa Fluor 594 

maleimide (Life Technologies, Carlsbad, CA, USA) overnight at 4°C. Following 
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quenching with 5mM cysteine, a 1 ml HiTrap Q sepharose column was used to 

remove unconjugated label as described for the purification of monomeric α1AT. 

The resulting protein was diluted to 0.1 mg/ml in PBS in the presence and absence 

of a 2-fold molar excess of antibody in a volume of 10 µl.  Polymerisation was 

reported by an increase in Förster resonance energy transfer (FRET) between the 

donor (λex= 470 nm) and acceptor dye (λem=605 nm±15 nm) upon heating in a 

Realplex quantitative PCR instrument (Eppendorf, Santa Clara, CA, USA).  The 

ascending and initial descending components of the FRET signal were well-

described by an empirically determined single or double sigmoidal function in Prism 

(Graphpad): 

 

!! = 2 ! +!! ! ln 2 − !!.!,! !
!!.!,!

 !! !"!!!
+  (!!!)

!! !"!!! + !   (6.8) 

  

where Ft is the fluorescence at time t, H is the dynamic range of the curve at t0.5,2, L 

is the baseline, mh is the slope of the decay in maximal fluorescence over time, w is 

the fraction contribution to the signal by the curve with a half-time of t0.5,1 and (1-w) 

is the fraction contribution to the signal by the curve with a half-time of t0.5,2.  This 

equation permitted calculation of the overall time to half-maximal fluorescence 

intensity using Octave (GNU Software Foundation). 

 

6.7 Monoclonal antibody purification  
 
Mouse IgG1 was purified from hybridoma supernatant using a 5 mL HiTrap Protein 

G HP column (GE Healthcare). Supernatant was diluted 1:1 in Pierce Protein G IgG 

binding buffer (Thermo Scientific), which had been equilibrated to room 

temperature. Typically, 1L of diluted supernatant was passed through the column in 

each purification. After loading, the column was washed with 10 column volumes of 

binding buffer before elution using Pierce IgG elution buffer (Thermo Scientific), 

equilibrated to room temperature. Protein-containing fractions were identified and 

neutralized using 150 µL Tris, pH 9 buffer. Fractions were assayed for purity using 

SDS-PAGE. NaN3 (0.02 % (w/v)) was added to prevent microbial infection before 

the purified mAb was divided into aliquots, snap frozen in liquid nitrogen and stored 

at -80°C. 
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6.8 Fab4B12 production  
 

The fragment antigen binding (Fab) of mAb4B12 was produced using the Pierce 

Mouse IgG1 Fab and F(ab’)2 preparation kit (Thermo Scientific, Waltham, MA, 

USA) following the manufacturers protocol. In each preparation, multiple digestions 

were typically performed using the maximum addition of mAb4B12 recommended (0.5 

mL at 8 mg/mL) and samples were incubated at 37°C for 4.5 hours. Digestion was 

assessed by SDS PAGE. Digested samples were neutralised with 150 µL Tris, pH 9 

buffer. 4B12 Fab was purified before use using HiTrap Q HP column following the 

protocol as described above for α1AT, using Tris purification buffers adjust to pH 

8.7 instead of pH 8.0. Purified samples were buffer exchanged in to 1X PBS with 

0.02% NaN3 and 10 mM E64 protease in DMSO was added to the purified sample 

to inhibit any inactivated ficin that may otherwise further cleave the Fab. 

6.9 Binding assay by sandwich enzyme-linked immune-
absorbance assay (ELISA)  
 

96-well Corning flat bottom, high binding ELISA plates (Fischer Scientific, Waltham, 

MA, USA) were coated overnight with 50 µL of 2 µg/ml antigen-purified rabbit 

polyclonal anti-α1AT antibody (raised in house against α1AT) in PBS and washed 

(using 0.9% w/v sodium chloride, 0.05% v/v Tween 20), blocked with blocking buffer 

(PBS, 0.25% w/v bovine serum albumin, 0.05% v/v Tween 20, 0.025% w/v sodium 

azide) for two hours, washed again. Plates were incubated for another two hours at 

4°C with 0.2 µg/ml of each antigen followed by washing and incubation with 1 in 3 

serial dilutions of 2 µg/ml mAb4B12 in PBS for 2 hours at room temperature. The 

binding antibody was removed and plates washed as above. The secondary 

antibody, rabbit anti-mouse HRP antibody (Abcam, cat: ab6728) was used at a 

1:20000 dilution in azide-free blocking buffer, with 50 µL added to each well and 

incubated for 1 hour in the dark. The reaction was then developed in the dark with 

TMB substrate solution (Sigma Aldrich), stopped with 1 M H2SO4, and an endpoint 

measurement of HRP activity at 450 nm made using a SpectraMax M2e plate 

reader (Molecular Devices).  All steps were performed at room temperature. 

6.9.1 Evaluation of binding interfaces by ELISA 
 

Methoxypolytheylene glycol maleimide 5kDa (PEG5K) (Sigma Aldrich) was 

conjugated to an introduced cysteine residue on α1AT. PEG labelled variants and 

unPEGylated controls were diluted to a concentration of 2 µg/ml in ELISA blocking 
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buffer. 50 µL of each sample was applied to each well of an ELISA plate (as 

described above). Wells were treated with mAb4B12 as the binding antibody. The 

interaction of mAb4B12 was assessed using an affinity assay where the binding 

antibody at various concentrations was added to a single antigen concentration. 

mAb4B12 was added at a starting concentration of 1 µg/mL in a 1 in 3 dilution across 

the plate, including a buffer only control. Affinity data curves were acquired and fit 

by a sigmoidal function from which the plateau of absorbance at 450 nm was 

determined. This represented the maximal binding of a sample. The ratio of the 

PEG-conjugated material to the non-conjugated sample reflected the impact on 

mAb recognition.  

 

6.10 Polyethylene glycol conjugation experiments  
 

Methoxypolytheylene glycol maleimide 5kDa (PEG5K) (Sigma Aldrich) was 

conjugated to an introduced cysteine residue on α1AT by incubating at 10-fold 

molar excess to 0.5 mg/ml α1AT overnight at room temperature. The reaction was 

quenched by addition of 10-fold molar excess of L-cysteine with respect to PEG5K 

and the free PEG5K removed through purification using a 1ml HiTRAP Q HP 

column as described above; successful conjugation was assessed by a molecular 

weight shift under SDS-PAGE. For mAb4B12 binding assays, mAb4B12 and PEGylated 

α1AT and non-PEGylated counterparts were incubated at a molar ratio of 2:1 for 

30 minutes at room temperature in PBS. For protection assays, protein variants 

were first bound to mAb4B12 for 30 minutes, followed by conjugation to PEG5K 

maleimide for 5 minute to 3 hours, and the extent of labelling determined from a 

change in mobility of the antigen-antibody complex by SDS-PAGE. Steric hindrance 

by the PEG5K molecule of mAb4B12 binding was assessed by electrophoretic 

mobility using bis-Tris non-denaturing NATIVE PAGE (Life Technologies) as 

described above.  

 

6.11 Continuous-wave electron paramagnetic resonance 
(CW-EPR) 
 

Continuous-wave electron paramagnetic resonance (CW-EPR) was performed at 

room temperature on a Bruker e-Scan spectrometer at a protein concentration 

range of 50-100 µM in 50 µL glass capillary tubes, with an incident microwave 

power of 1.06 mW, a modulation amplitude of 0.1 mT and a scan range of 150 



	 213	

guass and spectra averaged over 500 scans (20 seconds per scan). First derivative 

spectra were normalised to the same number of spins using the double integral. 

6.12 Peptide incorporation experiments  
 

Previous experiments have shown that a model peptide corresponding with the RCL 

of antithrombin, when incorporated by α1AT, causes an increase in intrinsic protein 

fluorescence (88). Wild-type α1AT at 0.5 mg/ml in PBS was correspondingly 

incubated with a 50-fold molar concentration of an 11-mer (Ac-SEAAASTAVVI-

NH2) and 4-mer (Ac-FLAA-NH2) peptide, at 37°C, in a 50 µl volume.  Peptide 

incorporation was monitored for 24-48 hours with excitation at 290 nm, emission at 

330 nm, on a SpectraMax Gemini plate reader (Molecular Devices) using a half-well 

plate with UV-transparent base (µClear, Corning).  Samples were degassed prior to 

the experiment and overlaid with VaporLock (Qiagen).  Peptide incorporation was 

confirmed at the end of the experiment by non-denaturing PAGE. 
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7.0 Appendices 
 

 

 
 

Figure 7.1 – Bacterial vector used for expression N-terminally hexa-His-tagged 
recombinant α1AT variants.  
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Figure 7.2 – Spectral overlay of WT and V213A α1AT – 1H, 13C Methyl TROSY spectrum of WT (black) and V213A (red) Ile δ1, Leu δ and Val γ 
labelled α1AT, 30 uM, in 25 mM sodium phosphate, 50 mM NaCl, pD 8.0 collected, D2O at 298 K, 800 MHz. Labels show loss of Valine at position 
213 in V213A mutant. Remainder of spectrum remains unchanged.  
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Figure 7.3 - ILV Assignment - Assignment of 1H-13C Methyl TROSY HMQC spectrum of 219 µM {Ile δ1, Leu δ1/2, Val γ1/2} U-[2H] labelled WT α1AT 
acquired at 800 MHz, 298K, pD 7.6. Assignments are in the format of (L123-1) where the letter indicates the residue type Ile, Leu or Val, followed by 
a number indicating the residue position in the sequence using the numbering according to the 1QLP crystal structure. For Leu and Val residues, an 
additional number separated by (-) represents the diastereotopic atom of the labelled methyl group.  
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Figure 7.4 – QLAM assignment - Assignment of 1H-13C Methyl TROSY HMQC spectra of 160 µM QLAM {Ala β, Ile δ1/γ2, Leu δ1/2, Val γ1/2} U-
[15N,13C,2H] labelled WT α1AT acquired at 800 MHz, 298K, pD 7.6. Assignments are in the format of (L123-1) where the letter indicates the residue 
type Ile, Leu or Val, followed by a number indicating the residue position in the sequence using the numbering according to the 1QLP crystal 
structure. For Ile an additional number separated by (-) represents each methyl group of Ile (δ1/γ2). For Leu and Val residues, an additional number 
separated by (-) represents the diastereotopic atom of the labelled methyl group. Some assignments coloured red for clarity. 
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Figure 7.5 – PLAM assignment. Assignment of 1H-13C Methyl TROSY HMQC spectra of 210 µM PLAM {Ala β, Ile δ1, Leu δ2, Met ε, Val γ2} U-
[15N,12C,2H]  labelled WT α1AT acquired at 800 MHz, 298K, pD 7.6. Assignments are in the format of (L123-1) where the letter indicates the residue 
type Ile, Leu or Val, followed by a number indicating residue position in the sequence using the numbering according to the 1QLP crystal structure in 
the PDB. For Leu and Val residues, an additional number (2) represents the pro-S labelled methyl group. 
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Figure 7.6 – Assignment of ex vivo M α1AT. Assignment of 1H-13C Methyl gsSOFAST HMQC spectrum of 410 µM ex vivo Mα1AT pooled from 8 
patient plasma sources. Spectra acquired at 900 MHz, 298K, pH 8.0, 10 % D2O. Assignments are in the format of (L123-1) where the letter 
indicates the residue type, followed by a number indicating the residue position in the sequence using the numbering according to the 1QLP crystal 
structure. For Ile an additional number separated by (-) represents the methyl groups of Ile (δ1/γ2). For Leu and Val residues, an additional number 
separated by (-) represents the diastereotopic atom of the labelled methyl group.  
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Figure 7.7 – Assignment of ex vivo Z α1AT. Assignment of 1H-13C Methyl gsSOFAST HMQC spectrum of 378.8 µM ex vivo Zα1AT pooled from 23 
patient plasma sources. Spectra acquired at 900 MHz, 298K, pH 8.0, 10 % D2O. Assignments are in the format of (L123-1) where the letter 
indicates the residue type, followed by a number indicating the residue position in the sequence using the numbering according to the 1QLP crystal 
structure. For Ile an additional number separated by (-) represents the methyl groups of Ile (δ1/γ2). For Leu and Val residues, an additional number 
separated by (-) represents the diastereotopic atom of the labelled methyl group.  
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Figure 7.8 – Assignment of ex vivo S α1AT. Assignment of 1H-13C Methyl gsSOFAST HMQC spectrum of 410 µM ex vivo S α1AT. Spectra 
acquired at 900 MHz, 298K, pH 8.0, 10 % D2O. Assignments are in the format of (L123-1) where the letter indicates the residue type, followed by a 
number indicating the residue position in the sequence using the numbering according to the 1QLP crystal structure. For Ile an additional number 
separated by (-) represents each methyl groups of Ile (δ1/γ2). For Leu and Val residues, an additional number separated by (-) represents the 
diastereotopic atom of the labelled methyl group.  
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Figure 7.9 – Assignment of ex vivo M α1AT bound to a polymer blocking ligand. Assignment of 1H-13C Methyl gsSOFAST HMQC spectrum of 
410 µM ex vivo Mα1AT from a single patient in the presence of a 1.5-fold molar excess of the polymer blocking ligand. Spectra acquired at 900 
MHz, 298K, pH 8.0, 10 % D2O. Assignments are in the format of (L123-1) where the letter indicates the residue type, followed by a number 
indicating the residue position in the sequence using the numbering according to the 1QLP crystal structure. For Ile an additional number separated 
by (-) represents the methyl groups of Ile (δ1/γ2). For Leu and Val residues, an additional number separated by (-) represents the diastereotopic 
atom of the labelled methyl group. 
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Figure 7.10 – Assignment of ex vivo Z α1AT bound to a polymer blocking ligand. Assignment of 1H-13C Methyl gsSOFAST HMQC spectrum of 
378.8 µM ex vivo Zα1AT pooled from 23 patient plasma sources in the presence of a 1.5-fold molar excess of the polymer blocking ligand. Spectra 
acquired at 900 MHz, 298K, pH 8.0, 10 % D2O. Assignments are in the format of (L123-1) where the letter indicates the residue type, followed by a 
number indicating the residue position in the sequence using the numbering according to the 1QLP crystal structure. For Ile an additional number 
separated by (-) represents the methyl groups of Ile (δ1/γ2). For Leu and Val residues, an additional number separated by (-) represents the 
diastereotopic atom of the labelled methyl group. 
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A7.2 NMR processing scripts 
	
NMR data was processed in nmrPipe (394). Example scripts used for the 
processing of each experiment type are shown below. 
 
Processing scripts for 1D 1H NMR experiments 
 
A typical script for the conversion of time domain data to frequency domain data for 
1D experiments is shown below. Once processed, the data was converted to a text 
file for processing in MATLAB (R2015b, The MathWorks Inc.). 
	
	
bruk2pipe	-in	./fid	\	
-bad	0.0	-ext	-aswap	-AMX	-decim	1386.66666666667	-dspfvs	21	-grpdly	76		\	
-xN													32768		\	
-xT													16384		\	
-xMODE												DQD		\	
-xSW								14423.077		\	
-xOBS									899.794		\	
-xCAR											4.700		\	
-xLAB														1H		\	
-ndim															1		\	
-out	./test.fid	-verb	–ov	
	
nmrPipe	-in	test.fid	\	
|	nmrPipe		-fn	SP	-off	0.5	-end	1.00	-pow	1	-c	0.5				\	
|	nmrPipe		-fn	ZF	-auto																															\	
|	nmrPipe		-fn	FT	-auto																															\	
|	nmrPipe		-fn	PS	-p0	-147.40	-p1	0.00	-di	-verb									\	
-ov	-out	test.ft1	
	
pipe2txt.tcl	–index	ppm	test.ft1	>	1D.txt	
	
	

Processing scripts for 2D 1H,13C HMQC NMR experiments 
	
An example script for the conversion and processing of 1H-13C HMQC spectra is 
shown below. 
	
bruk2pipe	-in	./ser	\	
-bad	0.0	-aswap	-AMX	-decim	1109.33333333333	-dspfvs	21	-grpdly	76		\	
-xN														4096		-yN															256		\	
-xT														2048		-yT															128		\	
-xMODE												DQD		-yMODE				States-TPPI		\	
-xSW								18028.846		-ySW									3958.828		\	
-xOBS									899.791		-yOBS									226.256		\	
-xCAR											0.500		-yCAR										19.25		\	
-xLAB														1H		-yLAB													13C		\	
-ndim															2		-aq2D										States		\	
-out	./test.fid	-verb	-ov	

	
#!/bin/csh	
	
nmrPipe	-in	test.fid	\	
|	nmrPipe		-fn	SP	-off	0.5	-end	1.00	-pow	1	-c	0.5				\	
|	nmrPipe		-fn	ZF	-auto																															\	
|	nmrPipe		-fn	FT	-auto																															\	
|	nmrPipe		-fn	PS	-p0	-152.40	-p1	0.00	-di	-verb									\	
|	nmrPipe	-fn	EXT	-x1	-1.0ppm	-xn	3.2ppm	-sw	-verb																															\	
|	nmrPipe		-fn	TP																																					\	
|	nmrPipe	-fn	LP	-fb																																											\	
|	nmrPipe		-fn	SP	-off	0.5	-end	1.00	-pow	1	-c	1.0				\	
|	nmrPipe		-fn	ZF	-auto																														\	
|	nmrPipe		-fn	FT	-auto																															\	
|	nmrPipe		-fn	PS	-p0	-90.00	-p1	180.00	-di	-verb									\	
-ov	-out	test.ft2	

	
Processing scripts for 2D 1H,13C gsSOFAST HMQC NMR experiments 
	
An example script for the conversion and processing of 1H-13C gsSOFAST HMQC 
spectra used for ex vivo material at natural isotopic abundance is shown below. 
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#!/bin/csh	
	
bruk2pipe	-in	./ser	\	
		-bad	0.0	-ext	-aswap	-AMX	-decim	1008	-dspfvs	21	-grpdly	76		\	
		-xN														4096		-yN															320		\	
		-xT														2048		-yT															160		\	
		-xMODE												DQD		-yMODE		Echo-AntiEcho		\	
		-xSW								19841.270		-ySW									9057.971		\	
		-xOBS									899.790		-yOBS									226.257		\	
		-xCAR											0.500		-yCAR										28.274		\	
		-xLAB														1H		-yLAB													13C		\	
		-ndim															2		-aq2D									Complex		\	
		-out	./test.fid	-verb	-ov	
	
#		
#	nmrDraw	-process	-in	test.fid	-fid	test.fid		
	
#!/bin/csh	

	
nmrPipe	-in	test.fid	\	
|	nmrPipe	-fn	SP	-off	0.50	-end	0.95	-pow	2	-elb	0.0	-glb	0.0	-c	0.5	\	
|	nmrPipe	-fn	ZF	-zf	1	-auto	\	
|	nmrPipe	-fn	FT	-verb	\	
|	nmrPipe	-fn	PS	-p0	62	-p1	0.0	-di	\	
|	nmrPipe	-fn	EXT	-x1	38%	-xn	57%	-sw	\	
|	nmrPipe	-fn	TP	\	
|	nmrPipe	-fn	LP	-fb	-ord	8	\	
|	nmrPipe	-fn	SP	-off	0.50	-end	0.95	-pow	2	-elb	0.0	-glb	0.0	-c	0.5	\	
|	nmrPipe	-fn	ZF	-zf	1	-auto	\	
|	nmrPipe	-fn	FT	-neg	-verb	\	
|	nmrPipe	-fn	PS	-p0	90	-p1	0.0	-di	\	
|	nmrPipe	-fn	TP	\	
		-out	test.ft2	-ov	

	
	

Processing scripts for 3D NMR experiments 
	
An example script for the conversion and processing of 3D HMCM(CGCBCA)CO 
experiments used for assignment of α1AT by through-bond strategies is shown 
below.	
#!/bin/csh		
	
rm	ft/*	
rm	*.dat	
rm	final.ft	
	
bruk2pipe	-in	./ser	\	
		-bad	0.0	-aswap	-AMX	-decim	1109.33333333333	-dspfvs	21	-grpdly	76		\	
		-xN														4096		-yN															110		-zN															128		\	
		-xT														2048		-yT																55		-zT																64		\	
		-xMODE												DQD		-yMODE				States-TPPI		-zMODE				States-TPPI		\	
		-xSW								18028.846		-ySW									4524.887		-zSW									4524.887		\	
		-xOBS									899.794		-yOBS									226.256		-zOBS									226.256		\	
		-xCAR											4.773		-yCAR										20.000		-zCAR										40.000		\	
		-xLAB														HM		-yLAB														CM		-zLAB														CA		\	
		-ndim															3		-aq2D										States																									\	
		-out	./ft/test%03d.fid	-verb	-ov	
	
#	copy	the	phases	of	xyz	axis	from	procxy.com	&	procxz.com		
	
xyz2pipe	-in	ft/test%03d.fid	-x	-verb												\	
|	nmrPipe	-fn	SOL																																														\	
|	nmrPipe		-fn	SP	-off	0.5	-end	1.00	-pow	1	-c	1.0				\	
|	nmrPipe		-fn	ZF	-auto																															\	
|	nmrPipe		-fn	FT	-auto																															\	
|	nmrPipe		-fn	PS	-p0	-36.00	-p1	0.00	-di	-verb									\	
|	nmrPipe	-fn	EXT	-x1	2ppm	-xn	-1ppm	-sw																	\	
|	pipe2xyz	-out	ft/test%03d.ft3	-x	
	
#	first	run	through	z	axis	(CA	=	nonCT)		
xyz2pipe	-in	ft/test%03d.ft3	-z	-verb												\	
#|	nmrPipe	-fn	SP	-off	0.5	-end	0.98	-pow	1	-c	0.5		\		
|	nmrPipe	-fn	ZF	-auto																													\	
#|	nmrPipe	-fn	PS	-p0	0	-p1	0			\		
|	nmrPipe	-fn	FT	-auto	-di																												\	
|	pipe2xyz	-out	ft/test%03d.ft3	-z	-inPlace	
	
xyz2pipe	-in	ft/test%03d.ft3	-y	-verb												\	
|	nmrPipe	-fn	LP	-fb	-ps90-180			\	



	 226	

|	nmrPipe	-fn	SP	-off	0.5	-end	0.98	-pow	1	-c	1			\	
|	nmrPipe	-fn	ZF	-auto																														\	
|	nmrPipe	-fn	FT	-auto																														\	
|	nmrPipe	-fn	PS	-p0	-90	-p1	180.0	-di	-verb								\	
|	pipe2xyz	-out	ft/test%03d.ft3	-y	-inPlace	
	
#Hilbert	inverse	Fourier	Transformation		
xyz2pipe	-in	ft/test%03d.ft3	-z	-verb																		\	
|	nmrPipe	-fn	HT	-auto	\	
|	nmrPipe	-fn	FT																																				-inv			\	
|	nmrPipe	-fn	ZF	-auto	-inv	\	
|	nmrPipe	-fn	LP	-fb	\	
|	nmrPipe	-fn	SP	-off	0.5	-end	0.98	-pow	1	-c	0.5									\	
|	nmrPipe	-fn	ZF	-auto																																				\	
|	nmrPipe	-fn	FT																																				\	
|	nmrPipe	-fn	PS	-p0	0	-p1	0	-di	-verb			\	
|	pipe2xyz	-out	ft/test%03d.ft3	-z	-inPlace	
#	if	need	to	reverse,	use	FT	-neg	above		
	
#xyz2pipe	-in	ft/test%03d.ft3	-x	-verb												\		
#|	nmrPipe	-fn	POLY	-auto																												\		
#|	pipe2xyz	-out	ft/test%03d.ft3	-x	-inPlace		
	
#remove	the	*.fid	raw	data		
#rm	ft/test*.fid																																																																																																																																																																						
	
xyz2pipe	-in	ft/test%03d.ft3	-out	./final.ft	
	
proj3D.tcl	

	
An example script for the conversion and processing of 3D HMQC-NOESY-
13C HMQC experiments used for assignment of α1AT by through-space 
(NOE) is shown below.	
	
#!/bin/csh		
	
#	Generated	by	basicFT3.com	Version	2017.263.16.39		
#		
#	basicFT3.com	-in	fid/test%03d.fid	-out	ft/test%03d.ft3	\		
#														-xEXTX1	40%	-xEXTXN	58%	-xP0	72.0	-yFTARG	alt	-yP0	-90.0	\		
#														-yP1	180.0	-zLP	fb,ord=8	-zFTARG	alt		
	
	
rm	ft2/*	ft/*	ftproj/*	
	
xyz2pipe	-in	fid/test%03d.fid	-x	-verb	\	
|	nmrPipe	-fn	SP	-off	0.5	-end	0.95	-pow	2	-elb	0.0	-glb	0.0	-c	0.5	\	
|	nmrPipe	-fn	ZF	-zf	1	-auto	\	
|	nmrPipe	-fn	FT	\	
|	nmrPipe	-fn	PS	-p0	72.0	-p1	0.0	-di	\	
|	nmrPipe	-fn	EXT	-x1	40%	-xn	58%	-sw	\	
|	nmrPipe	-fn	TP	\	
|	nmrPipe	-fn	SP	-off	0.50	-end	0.95	-pow	2	-elb	0.0	-glb	0.0	-c	1.0	\	
|	nmrPipe	-fn	ZF	-zf	1	-auto	\	
|	nmrPipe	-fn	FT	-alt	\	
|	nmrPipe	-fn	PS	-p0	-87.0	-p1	180.0	-di	\	
|	nmrPipe	-fn	TP	\	
|	pipe2xyz	-out	ft2/test%05d.ft2	-x	-ov	
	
xyz2pipe	-in	ft2/test%05d.ft2	-z	-verb	\	
#|	nmrPipe	-fn	LP	-fb	-ord	8	\		
|	nmrPipe	-fn	SP	-off	0.50	-end	0.95	-pow	2	-elb	0.0	-glb	0.0	-c	0.5	\	
|	nmrPipe	-fn	ZF	-zf	1	-auto	\	
|	nmrPipe	-fn	FT	-alt	\	
|	nmrPipe	-fn	PS	-p0	-3.0	-p1	0.0	-di	\	
|	pipe2xyz	-out	ft/test%03d.ft3	-z	-ov	
	
/bin/rm	-rf	ft2	
	
proj3D.tcl	-in	ft/test%03d.ft3	-axis	-outDir	ftproj	
	

4D NMR processing script - MATLAB 
	
%%	open	4D	
fid	=	fopen('final.ft4','rb');	%open	file	
header	=	fread(fid,	2048,	'char');	
y=fread(fid,	inf,	'float=>single');	%read	in	the	data	
fclose(fid);	
y=reshape(y,[128	128	128	635]);	
tmp=max(y,[],3);	
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tmp=max(tmp,[],2);	
p2=reshape(tmp,[128	635]);	
imagesc(p2)	
dH=linspace(2.2,-0.9,635);	
dHnoe=linspace(2.1,-0.281,128);	
dC=linspace(28,10.638,128);	
dCnoe=linspace(28,10.638,128);	
		
%%	open	2D	
		
fid	=	fopen('test.ft2','rb');	%open	file	
header	=	fread(fid,	2048,	'char');	
hmqc=fread(fid,	inf,	'float');	%read	in	the	data	
fclose(fid);	
hmqc=reshape(hmqc,[512	635]);	
dH2=linspace(2.2,-0.9,635);	
dC2=linspace(28,10.536,512);	
contour(dH2,dC2,hmqc,logspace(6.5,11,10),'m')	
set(gca,'xdir','reverse');set(gca,'ydir','reverse')	
		
%%	plot	4D:	
%contour(dH,dC,p2,logspace(7,11,10),'m')	
contour(dH2,dC2,hmqc,logspace(6.5,11,10),'m')	
set(gca,'xdir','reverse');set(gca,'ydir','reverse')	
set(gcf,'color','w')	
[gx,gy,but]=ginput(1);	
cscale	=	1;	
windowtitle='';	
while	true	
				%contour(dH,dC,p2,logspace(7,11,10),'m')	
				contour(dH2,dC2,hmqc,logspace(6.5,11,10),'m')	
				p=y(closest(dC,gy),:,:,closest(dH,gx));	
				p=reshape(p,[128	128]);	
				noise=std(vec(p(8:22,23:33)));	
				clev	=	logspace(.7,2,10)*noise*cscale;	
				hold	on	
				contour(dHnoe,dCnoe,p,clev,'b')	
				contour(dHnoe,dCnoe,p,-clev,'r')	
				contour(dHnoe-2.4,dCnoe,p,-clev,'c')	
				xlim([-0.9	2.2])	
				plot(gx,gy,'mx')	
				hold	off	
				set(gca,'xdir','reverse');set(gca,'ydir','reverse')	
				title(windowtitle)	
					
				%	get	next	input	
				[gx2,gy2,but]=ginput(1);	
				%	LMB	=	1,	up	=	30,	down	=	31,	q	=	113	
				if	but==30	
								cscale	=	cscale	*	1.3;	
				elseif	but==31	
								cscale	=	cscale	/	1.3;	
				elseif	but==1	
								cscale	=	1;	
								gx=gx2;	
								gy=gy2;	
								windowtitle	=	'';	
				elseif	but==112	%	p	
								windowtitle	=	sprintf('1H	peak	position:	%.2f	ppm',gx2);	
				elseif	but==113	
								break	
				end	
End	
	
	

VEC: 
	
function	v	=	vec(A)	
		v	=	A(~isnan(A));	
End	
	
	

CLOSEST: 
	
function	idx	=	closest(array,	val)	
if	length(val)	==	1	
				[~,	idx]	=	min(abs(array	-	val));	
else	
				for	n=1:length(val)	
								[~,	idx(n)]	=	min(abs(array	-	val(n)));	
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