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 Abstract 
 
Serpinopathies are a protein misfolding disease caused by members of the serpin superfamily. These 

diseases lead to gain-of-toxicity at the site of synthesis and loss-of-function as a result of a decrease 

in circulating serpin concentration. One of the most studied serpinopathies is a1-antitrypsin (a1-AT) 

deficiency. a1-AT targets human neutrophil elastase (HNE), controlling the serpin: protease ratio in 

the lungs. Deficiency in a1-AT (levels below 35% of normal) allows for HNE to degrade the lower 

lungs, resulting in emphysema. The current treatment to control the activity of HNE is augmentation 

therapy: intravenous injections of plasma purified a1-AT, aiming to restore the deficient levels in the 

blood. However, this treatment is cost ineffective and inactive a1-AT has been detected. Therefore, 

the use of recombinant DNA technology and protein engineering to develop an a1-AT like serpin 

that is stable, yet functional, could provide a better treatment for a1-AT deficiency.  

 Previously, consensus-designed protein engineering was used to produce a synthetic serpin, 

termed conserpin. Conserpin exhibits extreme thermostability and aggregation resistance, while also 

being functional as an inhibitor towards trypsin. This extreme thermostability and aggregation 

resistance makes conserpin an attractive starting molecule for engineering of an a1-AT like serpin 

which also exhibits increased stability.  

 In this thesis, conserpin was used as a starting molecule to engineer a serpin that functions 

like a1-AT with an increase in stability. Engineering was approached in two ways: engineer 

conserpin to target HNE and engineer a1-AT with an increase in stability whilst remaining functional. 

The folding pathway of conserpin was also explored to gain insight as to why it exhibits this increased 

stability and aggregation resistance.  

Conserpin was engineered to contain the specificity of a1-AT through mutating the sequence 

of the reactive centre loop (RCL). However, this process did not change the specificity of conserpin, 

and we found that conserpin acted as a substrate rather than an inhibitor against HNE. This indicates 

there are regions outside of the RCL that contribute to overall determination of a serpin’s specificity. 

There are two possible explanations. The surface electrostatics between the serpin and protease must 

be compatible to allow for the formation of a stable serpin: protease complex formation, and the 

dynamics of the RCL must allow for the RCL to rapidly insert into b-sheet A. 

 Engineering a1-AT for stability involved grafting the identified stabilizing regions of 

conserpin onto a1-AT. This process was successful in producing 3 grafts that were more thermostable 

than WT a1-AT and remained functional as an inhibitor towards HNE. Combining these 3 stable 

grafts together produced an a1-AT variant that is more stable than the naturally occurring 

thermophilic serpin thermopin whilst remaining functional against HNE. 
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 The results presented in this thesis shows the use of protein engineering to develop an a1-AT 

-like serpin that not only retains functionality but also gains stability. This is the start of developing 

a possible cost-effective replacement for the current augmentation therapy used to treat a1-AT 

deficiency. The success here may also be applied to other serpins. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   vi 
 

Declaration  
 

This thesis contains no material which has been accepted for the award of any other degree or diploma 

at any university or equivalent institution and that, to the best of my knowledge and belief, this thesis 

contains no material previously published or written by another person, except where due reference 

is made in the text of the thesis. 

 

 

Signature:  

 

 

Print Name: Emilia Maria Marijanovic 

 

 

Date: 12/11/2018 

 

  



   vii 
 

 

Publications during enrolment 
 

1. Porebski, B. T., Keleher, S., Hollins, J. J., Nickson, A. A., Marijanovic, E. M., Borg, N. A., 

Costa, M. G. S., Pearce, M. A., Dai, W., Zhu, L., Irving, J. A., Hoke, D. E., Kass, I., 

Whisstock, J. C., Bottomley, S. P., Webb, G. I., McGowan, S., and Buckle, A. M. (2016) 

Smoothing a rugged protein folding landscape by sequence-based redesign. Sci. Rep. 6, 

33958. 

2. Marijanovic, E. M., Fodor, J., Riley, B. T., Porebski, B. T., Costa, M. G. S., Kass, I., Hoke, 

D. E., McGowan, S., and Buckle, A. M (2018) Reactive centre loop dynamics and serpin 

specificity. Sci Rep. Submitted 

  



   viii 
 

Thesis including published works declaration 
 
 
I hereby declare that this thesis contains no material which has been accepted for the award of any 

other degree or diploma at any university or equivalent institution and that, to the best of my 

knowledge and belief, this thesis contains no material previously published or written by another 

person, except where due reference is made in the text of the thesis.  

 

This thesis includes 1 submitted publication. The core theme of the thesis is using protein engineering 

to engineer a serpin for function and stability. The ideas, development and writing up of all the papers 

in the thesis were the principal responsibility of myself, the student, working within the Department 

of Biochemistry and Molecular Biology under the supervision of Associate Professor Ashley M. 

Buckle 

 

The inclusion of co-authors reflects the fact that the work came from active collaboration between 

researchers and acknowledges input into team-based research.  

 
In the case of Chapter 3 my contribution to the work involved the following: 
 
 

Thesis Chapter Publication Title 

Status (published, 
in press, accepted 
or returned for 
revision, 
submitted) 

Nature and % of student 
contribution 

Chapter 3 
Reactive centre loop 
dynamics and serpin 
specificity 

Submitted 

Study design, experimental 
work, generation of figures, 
writing of the manuscript, 
50% 

 
The following co-authors contributed to the work. Co-authors who are students at Monash University 

must also indicate the extent of their contribution in percentage terms: 

 
 
Name Nature of contribution Extent of 

contribution (%)  

Co-author(s), 

Monash student 

James Fodor Performed molecular dynamics 

simulations and analysis 

10% No 



   ix 
 

Blake T. Riley Analysis of molecular dynamics 

simulations, generation of 

figures and wrote the manuscript 

20% Yes 

Benjamin T. 

Porebski 

Aid in experimental data and 

crystallography 

1% No 

Mauricio G. 

S. Costa 

Performed frustration analysis 2% No 

Itamar Kass Assisted in molecular dynamics 

simulations and analysis 

1% No 

David E. 

Hoke 

Aid in experimental data 7% No 

Sheena 

McGowan 

Performed crystallography and 

wrote the manuscript 

2% No 

Ashley M. 

Buckle 

Study design, performed 

crystallography and wrote the 

manuscript 

7% No 

 

I have renumbered sections of submitted or published papers in order to generate a consistent 

presentation within the thesis. 

 
 
Student signature:      Date: 12/11/2018   
  
 
 
 
The undersigned hereby certify that the above declaration correctly reflects the nature and extent of 

the student’s and co-authors’ contributions to this work. In instances where I am not the responsible 

author I have consulted with the responsible author to agree on the respective contributions of the 

authors. 

 
 
Main Supervisor signature:   Date: 12/11/2018  
 



   x 
 

 Acknowledgements 
 
I would like to dedicate this thesis to two types of people I have come across during my candidature: 

 

1. The few people who told me I could not undertake a PhD without a scholarship 

and 

2. To whom were unable to complete their candidature and had to withdraw 

 

I would first like to thank my primary supervisor Associate Professor Ashley Buckle for giving me an exciting, 

yet challenging project, in an aspect of biochemistry that I was most interested in, protein folding. I thank you 

for your invaluable expertise and enthusiasm, along with your patience and financial support throughout my 

candidature. I would also like to thank my co-supervisor Dr David Hoke for his teachings, help and suggestions 

with all the laboratory work and every piece of written work I have given him to read. You and Ashley have 

helped shape me into the scientist I am today. 

 

Next, I would like to thank Anne Gershenson (University of Massachusetts, USA) and Patrick Wintrode 

(University of Maryland, USA) for allowing me to spend time in each of your labs. This experience was 

invaluable, I thank you for giving me this opportunity and for everything you taught me while I was there. I 

hope we can continue our collaboration in the years to come. 

 

I would like to say thank you to the former and current members of the Buckle lab, and members of other labs 

for all your help throughout my PhD. I would not have been able to complete this thesis without our 

discussions. I must also thank all my non-science friends for their support and being someone to talk to when 

the stress started to become unbearable.  

 

Lastly, I would like to thank my parents and family. You may not understand the science in this thesis, but 

your support and assistance helped me through my university course and PhD candidature.  

 
  



   xi 
 

 
  



   xii 
 

Abbreviations 
 
ACT     a1-antichymotrypsin 

a1-AT     a1-antitrypsin 

arb     Arbitrary units 

bis-ANS 4, 4’-Dianilino-1, 1’-Binaphthyl-5, 5’-Disulfonic Acid, Diphosphate 

salt 

b-ME     2-mercaptoethanol 

CD     Circular dichroism 

°C     Celsius  

D     Denatured 

DTT     1,4-Dithiothreitol 

DMSO     Dimethyl sulfoxide 

E. coli     Escherichia coli  

EDTA     Ethylenediaminetetraacetic acid 

GndHCl    Guanidinium hydrochloride 

DG     Gibbs free energy  

DDG     Difference in Gibbs free energy 

HNE     Human neutrophil elastase 

IPTG     Isopropyl b-D-thiogalactoside 

K      Kelvin   

MD     Molecular Dynamics 

min     Minute 

N     Native 

OD600     Optical density at 600nm 

PAI-1     Plasminogen activator inhibitor-1  

PCA     Principle component analysis 

PDB ID:    Protein Data Bank identifier  

PEG-3350/8000    Polyethylene glycol 3350/800 

RCL     Reactive centre loop 

SI      Stoichiometry of inhibition 

s      Second 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

Serpin     Serine protease inhibitor 

smFRET    Single-molecule Förster resonance energy transfer 

Tm      Midpoint of thermal denaturation 

TEMED    Tetramethylethylenediamine 

 



   xiii 
 

 



Chapter 1  Introduction 

 1 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
Chapter 1: 

Introduction 
 

      
 
 

 
  



Chapter 1  Introduction 

   2 
 

  
 



Chapter 1  Introduction 

   3 
 

 

1.1. Protein folding and stability 
 

Proteins are essential biomolecules for living systems. They are involved in a large range of 

functions including enzymes, ion channels, structural elements and molecular machines. To 

function, however, proteins must fold into their functional conformation from an unfolded, 

polypeptide chain. Under suitable conditions, the unfolded protein will fold into an ordered 

structure, governed by the proteins amino acid sequence1,2. How proteins fold using the 

information stored in the polypeptide sequence is one of the most sought-after questions in 

protein chemistry. 
 

1.1.1. Thermodynamics of Protein Folding 
 
The understanding that the amino acid sequence codes the folding pathway and structure of 

proteins was concluded through the unfolding and refolding studies of ribonuclease by 

Anfinsen and colleagues3–5. These studies also let Anfinsen to postulate the “thermodynamic 

hypothesis”.  This hypothesis states that, under physiological conditions, ‘the Gibbs free energy 

of the whole system is lowest’, that is, the protein and surrounding solvent is at the lowest 

energy possible, a global free energy minimum6,7. This suggests that the protein will fold into 

the global minima from any unfolded conformation independent of any initial conditions7,8. 

The Gibbs free energy is defined by 3 terms, entropy S, enthalpy H and temperature T. 

Therefore, the Gibbs free energy of protein folding is the difference of energy between the  

unfolded and native states9: 

    DG(Denatured-Native)= DH(Denatured-Native)-TDS(Denatured-Native) 

During protein folding, the entropy decreases as order begins to form in the system, while the 

enthalpy increases with favourable interactions in the protein’s native state. Therefore, the 

Gibbs free energy, DG(Denatured-Native),  between the denatured and native states of most proteins 

is approximately -5 to -15 kcal mol-1, largely due to the loss of entropy while folding10–12. 
 

1.1.2. Kinetics of Protein Folding 
 
Soon after Anfinsen postulated the ‘thermodynamic hypothesis’ of protein folding, Levinthal 

recognized that the time it would take for an unfolded protein to search through a vast number 

of possible conformations to yield a lowest-energy folded structure, is not possible on a 
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biological timeframe. He postulated that protein folding is under kinetic control, through 

specific pathways on a biological timeframe (‘Leventhal’s Paradox’)13,14. Therefore, protein 

folding must be under both thermodynamic and kinetic control: folding into a stable 

conformation in an appropriate timeframe15. This can be described in terms of ‘energy 

landscapes’ (Figure 1). 

 

The rate at which proteins fold is influenced by its size. Small proteins (100-amino acids or 

less/ 20kDa) are said to exhibit two-state folding kinetics, that is, an all-or-none transition from 

unfolded to folded (or reverse). In this mechanism, no folding intermediates have been detected 

experimentally9,11,16. Proteins that are greater than 100 amino acids fold via one or more 

intermediate state (multi-state kinetics). These intermediates are partially folded entities that 

may slow down the rate of folding17,18. Common to both folding kinetic rates are transition 

states. The transition state is the rate-limiting state, and the point in the energy landscape where 

energy is at a maximum. It is not a single structure, but an ensemble of conformations, with 

constant formation and breakage of many weak bonds8,11,16.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Free energy diagrams of two-state and multi-state kinetic folders. A. Two-state 

kinetic folders fold through one transition state with no populated intermediate. These proteins 

fold through an all-or-nothing mechanism from unfolded to native conformation. B. Multi-state 

kinetic folders contain at least one transition state and a folding intermediate along the folding 

pathway. 
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1.1.3. Folding Funnels: Combining Thermodynamic and Kinetic 
folding 

  
The energy landscape of a folding protein can be viewed as a folding funnel, first introduced 

by Leopold and colleagues19. The energy landscape theory combines both the thermodynamic 

and kinetics of folding, imagined as a funnel. At the top of the funnel is the unfolded protein, 

populating many conformations with high entropy and enthalpy8. Here, there is a conflict 

between the maximum entropy keeping the protein unfolded, and the minimal enthalpy 

attempting to drag the protein down the folding funnel11.  As folding proceeds down the funnel, 

favourable, native interactions accumulate, increasing the stability and reducing the number of 

conformational states possible until it reaches the bottom of the funnel, the native state at the 

lowest free energy2,20–22. Individual molecule of the same protein may follow different routes 

to the same native state, with some routes being more populated than others22. Folding pathway 

can contain valleys and hills, corresponding to intermediates or energy-barriers, respectively. 

While climbing up a hill from a valley (from a folding intermediate towards the native state), 

the protein does not necessarily unfold, rather it is the breaking of some contacts which will 

allow the protein to progress to fold to the native conformation8.  
 

The folding funnel for two-state and multi-state folding kinetics differ. Two-state folders are 

said to have a smooth funnel, lacking deep valleys (intermediates) and hills (energy 

barriers)9,23. In contrast, multi-state folders have a rugged funnel, with deep valleys hills24.   

 
1.1.4. Protein stability 

 

For a protein to function, it must fold and remain stable in its native conformation. Just as there 

are two aspects to protein folding, there are two aspects for protein stability, thermodynamic 

stability and kinetic stability. Studies on protein stability often refer to the Gibbs free energy 

between the native and denatured states (DG(Denatured-Native)), and the difference in energy 

between the wild type and mutant proteins (DGWT-Mutant)). This calculation is the 

thermodynamic stability, which is the equilibrium between the unfolded, partially folded and 

the native conformation of the protein25. The kinetic stability relates to the high energy barriers 

that separates the different conformations along the folding pathway (i.e. separation of the 

unfolded, partially folded and the native conformation), while also providing information on 

the folding pathway of the protein25,26.   
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Various different forces contribute to the stability of a protein, with one of the biggest 

contribution being the hydrophobic interactions (greater than 50% of the forces)27–30. This is 

due to more than 80% of a proteins non-polar side chains buried into the tightly packed interior 

of the protein30. The large contribution in stability is from the removal of the non-polar side 

chains from water and the enhanced forces that arise from the tightly packed interior31. Each 

methyl group on a hydrophobic residue contributes to approximately -1.3kcal mol-1 29,32,33. The 

importance of the hydrophobic interactions in the core of the protein can be assessed through 

mutations that decrease the size of the side chain, producing a small cavity32,33. Hydrogen 

bonds also contribute a large contribution to the stability of a protein, by approximately -1.3 

kcal mol-1 per bond31,34,35. Understanding the effect hydrogen bonds have on the stability of a 

protein can be observed through mutagenesis studies, where an amino acid that has the 

capability of forming a hydrogen bond (e.g. asparagine) is mutated to an amino acid that does 

not form hydrogen bonds (e.g. alanine)34. Other forces that contribute to the stability of proteins 

include salt bridges36–38, van der Waals interactions31,34,39 and disulfide bonds40–42. The addition 

of every interaction within the native state of a protein would be large, yet, the energy 

differences between the unfolded and native states of a protein is -5 to -15 kcal/mol, upon 

folding11,12,43. 
 
 

1.1.5. Folding into a metastable conformation 
 

Within the proteome, there are some instances where protein folding is under kinetic control, 

rather than the combination of kinetic and thermodynamic control. Some proteins do not fold 

into the lowest-free energy minima conformation, instead adopt a metastable conformation that 

is necessary for biological function7,44. Proteins that fold into a metastable conformation are 

prevented from reaching the lowest energy minima by either the height of the energy barrier 

separating the metastable and lowest energy states, or by an external factor (e.g. a pro-region 

of a protease) which affects the barrier height7. Examples of proteins that fold into a metastable 

conformation include a-lytic protease45, influenza hemagglutinnin46, bacterial luciferase47 and 

members of the serine protease inhibitor (serpin) superfamily44. Here, the serpin superfamily 

will be discussed. 
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1.2. Serine Protease Inhibitor (Serpin) superfamily 
 

Serine protease inhibitors (serpins) are the largest and most widely distributed family of 

protease inhibitors48 . More than 3000 serpins have been identified within all phyla49,50. The 

identification of this superfamily arose through structural alignment of ovalbumin, 

antithrombin-III and a1-antitrypsin (a1-AT), determining a shared sequence homology of 30-

50%51. Despite its name as serine protease inhibitors, not all members inhibit serine proteases. 

This family also consists of cross-class inhibitors that target cysteine proteases (e.g. SCCA1 

and PI9)52. Some members are also non-inhibitory, instead perform other roles such as 

hormone transport (thyroxine-binding globulin)53, tumour suppression (maspin)54 and as a 

molecular chaperone (HSP47)55.  
 

1.2.1. Folding into a metastable conformation 
 
Serpins are one example where proteins violate the thermodynamic hypothesis of folding into 

the lowest energy minima conformation. Instead, serpins fold into a functional, metastable 

native (‘stressed’, S) conformation that is central to its inhibitory function56,57. There is some 

indication of how serpins fold, based upon biophysical experiments, yet the complete folding 

pathway has not been determined. 

 

1.2.2. Serpin structure 
 
The conformation serpins fold into provides information on the relationship between structure 

and function. The serpin’s metastable, native conformation consist of 3 β -sheets (A-C) 

surrounded by 9 a-helices (A-I) and a protruding mobile reactive centre loop (RCL) (Figure 

2). The largest element of the secondary structure is a dominant β -sheet (β -sheet A) that is a 

characteristic of serpins. This sheet is surrounded by a lower a-helical domain at the N-

terminus and an upper β-barrel at the C-terminus (β-sheets B and C)58–60. Two strands from β-

sheet B and Helix-B form a hydrophobic core, perpendicular to β-sheet A61,62. The protruding 

reactive centre loop (RCL) is central for the serpin’s inhibitory mechanism, acting as bait for 

the target protease to bind. The RCL contains a scissile bond, P1-P1’, where the target protease 

binds and cleaves63. In the serpins native conformation, this loop extends from strand 5 of β-

sheet A (s5A) and strand 1 of β-sheet C (s1C)64,65. With its inhibitory mechanism, this loop is 

cleaved and inserts into β-sheet A, becoming an extra strand within the β-sheet (discussed in 

Section 1.2.4). Many features contribute to the ‘stressed’, metastable conformation of a serpin, 
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including over-packing side-chains in the hydrophobic core66, unfavourable hydrophobic 

interactions67, buried polar groups68 and surface pockets69. This native fold is shared 

throughout the serpin family, despite overall poor sequence homology between its members70–

72.  

 

Figure. 2. The X-ray crystallography structure of archetypal serpin a1-antitrypsin (a1-AT) in 

the native, metastable conformation (PDB: 1QLP73). The serpin structure consists of 3 b-sheets 

(A, blue, B, brown and C, teal, with each strand labelled) and 9 a-helices (grey). b-sheet A 

contains highly conserved regions, Breach and Shutter (black circles), which are essential in 

the serpin’s inhibitory mechanism. The reactive centre loop (yellow) protrudes from the body 

of the serpin, containing the P1 residue (purple). 
 

 

 

 

1.2.3. Folding into a metastable conformation 
 
Many studies, using a1-AT as the archetypal serpin, have attempted to solve how serpins fold 

into this native conformation. They have revealed that it is a 3-state folding mechanism with 

at least one spherical, aggregation-prone folding intermediate74–77. This folding intermediate 
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contains approximately 80% of the secondary structural elements present in the native state. 

These secondary structures include a partially folded β-sheet A, B and C56,75,78, folded Helix-

B79,80 and disrupted Helix-F64,79,81. Within this intermediate, Helix G and H, along with β-sheet 

B, are hypothesized to serve as a nucleus for folding76,82,83.  

 

The folding intermediate may serve to prevent any misfolding and folding into a more stable 

conformation through non-native interactions formed (interactions that are not present in the 

metastable conformation), restricting the conformational space available to the folding 

serpin84. Helix-F, which lays in front of β-sheet A, may play a role in folding. Biophysical 

studies show the top of Helix-F inserting between strand 3 and 5 of β-sheet A. This prevents 

premature insertion of the RCL81,85.  

 

After the folding intermediate has formed, the C-terminus, including regions s4A-s5A, s1C, 

s4B-s5B proceed to fold86. Which of these segments fold first is not clear. One study states that 

strand s5A must associate with the already-folded regions before any other strands86. However, 

a hydrogen-deuterium exchange study indicates that there is a ‘race’ between which region 

folds first: strands s1C and s4B must fold faster than s5A to prevent the RCL from inserting 

into β-sheet A87. What is known is the RCL is anchored above the body of the serpin last by 

hydrogen bonds80,86. 
 

1.2.4. Serpins mechanism of inhibition 
 
The inhibition mechanism of a serpin is unique and viewed as a ‘molecular mousetrap’, which 

involves a large conformational change during the process (Figure 3). Inhibition begins with 

the protease targeting and docking onto the exposed RCL, forming a reversible stoichiometric 

1:1 Michaelis- Menton complex63,88. Next, the catalytic serine (serine-195) of the protease 

attacks the P1 residue, progressing from a reversible to an irreversible covalent acyl-enzyme 

intermediate, disrupting the P1-P1’ peptide bond63,89,90. Here, the N-terminal region of the RCL 

is released in a spring mechanism with the protease covalently attached.  

 

The next stage of inhibition is a branched pathway, where the serpin either continues as an 

inhibitor, or becomes a substrate for the protease. The pathway taken is dependent on the rate 

the RCL inserts into β-sheet A. If loop insertion is rapid and occurs faster than de-acylation 

(completion of the proteases catalytic mechanism), the serpin continues as an inhibitor. In this 
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pathway, the protease, trapped in the acyl-enzyme intermediate, is translocated to the opposite 

pole of the serpin. In the translocation, the catalytic active site of the protease is distorted 

through a pulling force exerted on the catalytic triad. The catalytic serine is pulled away from 

its catalytic partner, histidine (histidine-57), preventing any hydrolysis of the ester bond with 

P1 residue on the RCL. This leaves a stable covalent serpin: protease complex59,63,91. Histidine-

57 is also displaced, allowing for the destruction of the oxyanion hole, preventing de-acylation 

from occurring. Furthermore, the translocation of the covalently attached protease causes a 

clash between the protease and the body of the serpin, further disrupting the catalytic site of 

the protease. Since the serpin: protease complex produced after inhibition is covalently linked, 

it is kinetically stable73,92. 

 

The other pathway, the substrate pathway, occurs when the rate of RCL insertion into β-sheet 

A is slower than the de-acylation step of the proteases catalytic mechanism. Here, the RCL is 

cleaved by the protease and begins to insert into β-sheet A. However, de-acylation occurs, 

resulting in the release of active protease while the RCL still inserts. The final product is 

cleaved, inactive serpin and active protease. This pathway occurs with mutations in the RCL 

that slow the rate of insertion91,93. The insertion of the RCL as an extra strand on β-sheet A, via 

cleavage or insertion producing the latent conformation, releases approximately 32 kcal mol-1 

of energy48,94,95, leaving the serpin in an inactive, but the lowest energy thermodynamically 

stable conformation (‘relaxed’, R). 

 
Stability in the central strands of β-sheet A, s3A and s5A, is important during inhibition as they 

contain two critical regions for RCL insertion: the breach and the shutter region (Figure 2). 

These regions facilitate the opening of the sheet and acceptance of the RCL96. The breach 

region is located at the top of the sheet on strands s3A, s5A, s2B and s4B, where the RCL first 

inserts71,97, and is involved in in stabilizing acyl-enzyme complex98. The shutter region is 

present in the centre of strands s3A and s5A, as well as portions of strand 5B99. The shutter is 

regarded as the controller of the rest of the molecule, with amino acid packing being extremely 

important71. Therefore, cleavage of the RCL causes the opening of β-sheet A, allowing for a 

conformational change to occur99. 

 
Helix-F is hypothesized to be important in the conformational change needed for serpin 

inhibition. Helix-F acts as a barrier for rapid RCL insertion81. The opening of β-sheet A induces 

a conformational change in Helix-F, where there is partial unfolding and displacement of the 
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helix. This allows for RCL insertion99,100. Mutations in Helix-F affect the conformational 

change post protease docking. An interaction between isoleucine-157 in Helix-F and β-sheet 

A must be maintained throughout the inhibitory mechanism, otherwise there is an increase in 

the substrate pathway64,81.  Therefore, Helix-F, along with β-sheet A, must have plasticity to 

allow for the serpin to undergo the large conformational change associated with its inhibitory 

mechanism.  
 
 

1.2.5. Adopting an alternative, inactive conformation 
 
The RCL can insert into β-sheet A without cleavage, producing an inactive conformation defined as the 

latent conformation (Figure 3). For the RCL to insert without cleavage, one strand from β-sheet C 

(strand 1C) is displaced to allow the RCL to insert. Interestingly, plasminogen activator inhibitor-1 

(PAI-1) is regulated by undergoing latency at physiological temperatures101. A serpin can be forced to 

undergo latency under different conditions, including elevated temperatures, low chemical denaturant 

concentrations, low pH or mutations in specific regions of the serpin (e.g. the B/C barrel)44,102–104. Other 

serpins that undergo latency include a1-AT102 and a1-antichymotrypsin105.  
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Figure 3. The inhibitory mechanism of serpins. The  metastable, native (‘stressed’, S) 

conformation contains an exposed RCL (PDB 1QLP73). The protease (e.g. trypsin) (PDB: 1S0Q, 

unpublished) binds to the P1 residue on the RCL, producing a Michaelis serpin: protease complex 

(PDB: 1K9O106). Here, the serpin can take the inhibitory pathway or the substrate pathway. The 

inhibitory pathway involves RCL insertion with the protease covalently attached (PDB: 1EZX63). 

The substrate pathway occurs when the RCL inserts slower than the protease’s catalytic 

mechanism, resulting in RCL insertion and a cleaved serpin (‘relaxed’, R, PDB: 3NDD60), with 

the release of active protease. From the native conformation, the serpin can insert the RCL without 

cleavage, producing the latent conformation (PDB: 1IZ2107). 

 

1.2.6. Serpin misfolding and polymerization 
 
The ability of serpins to fold into a metastable, native conformation, and use this metastability to 

insert its RCL into its own β-sheet, renders the molecule susceptible to misfolding caused by 

mutations84. This misfolding often leads to polymerization. Serpin polymerization forms the bases 

of many diseases, termed serpinopathies. Serpinopathies are characterized by the formation of 

polymers, leading to gain-of-toxicity, and a decrease in circulating active serpin, causing a loss-

of-function disease84,108,109. A deficiency in a1-AT, a1-antichymotrypsin, neuroserpin and 

antithrombin-III results in emphysema110, chronic obstructive pulmonary disease111, dementia112, 

and thrombosis113, respectively. 

 

It is difficult to monitor how serpin misfolding leads to polymerization within the human body, 

therefore in vitro studies have used various conditions to promote polymerization. These include 

altering pH104,114, low concentration of denaturant 54,81, increased temperature115,116, cleavage at 

non-standard positions within the RCL117,118  and destabilizing mutations64,119 to promote 

misfolding and polymerization. Any mutation in the β-sheets B and C can result in the transition 

from metastable to misfolded conformations. Mutations in this region fail to anchor the RCL into 

the correct conformation during folding, allowing off-target, misfolding conformations to occur120.   

 

In vitro misfolding studies have determined that serpin polymerization occurs through a two-step 

kinetic mechanism121. The first step involves the native, active serpin undergoing a rapid 

conformational change to form a polymerogenic species. The change in conformation is 

independent of the concentration of native serpin present. Any factor that decreases the stability 

of the serpin (e.g. pH, heat or mutations) will increase the concentration of the polymerogenic 

species104,114,122. The second step is slower and concentration dependent. Here, the build-up of the 
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polymerogenic species induces the formation of polymers. The polymerogenic species can also 

undergo a side pathway, where it folds into the intramolecular latent, inactive conformation.  

 

Serpin polymerization can also occur through a folding intermediate. This folding intermediate, 

populated under mild denaturant, contains some structural similarities to the polymerogenic 

intermediate. The folding intermediate and polymerogenic species have disruption in β-sheet A, 

as detected by intrinsic and extrinsic fluorescence 121,123–125.  
 

1.3. a1-antitrypsin deficiency 
 
One of the most studied serpinopathies is a1-antitrypsin (a1-AT) deficiency. a1-AT is an 

abundant glycoprotein present in the plasma at a concentration of 20-53uM126. Synthesized in the 

liver, a1-AT travels to the lungs where it primarily functions as an inhibitor of neutrophil elastase, 

balancing the serpin: protease ratio in the lower respiratory tract. a1-AT deficiency is a hereditary 

disorder characterized by serum levels below 35% of the normal levels. In the absence of or 

decreased levels of a1-AT, the equilibrium of inhibitor to protease is shifted, so that neutrophil 

elastase is free to degrade elastin, increasing the risk of developing respiratory complications such 

as emphysema127. More than 100 allelic variants have been identified, which have been classified 

into 3 categories: deficient allele variants (decreased level), null alleles (not expressed) and 

dysfunctional allele variants126. Many of the variants identified produce deficient protein, 

including the most common variant, Z variant (Glu342Lys)128. 

 

1.3.1. Z variant: the most common cause of a1-AT deficiency 
 
The Z variant is the most common and well- studied a1-AT variant. This variant is found in 4% 

of the northern European population and results in a decrease to approximately 15% of the normal 

circulating levels129–131. This deficiency does not arise from a reduction in protein synthesis, but 

rather the increased propensity of the protein to misfold and aggregate129,132. Only 15% of the 

protein expressed is secreted from hepatocytes (liver cells), while the remaining is either degraded 

in the endoplasmic reticulum or self-associates to form intracellular polymers (which can lead to 

liver disease)133. Of the 15% protein successfully secreted, a small fraction polymerizes in the 

lungs, further decreasing the amount of circulating functional serpin134, while the remaining serpin 

exhibits a decrease in inhibitory function (in comparison to ‘wild type’ a1-AT)135. 
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The Z variant contains an amino acid substitution, from a negatively charged glutamic acid (Glu) 

to a positively charged lysine (Lys) at a highly conserved residue 342136. Located at the top of s5A 

in the breach region (P17 of the RCL), Glu-342 forms a salt bridge with Lys-270 and hydrogen 

bonds with Thr-20397. Mutating Glu-342 to a lysine disrupts this salt bridge, resulting in a slight 

conformational change, while the breach region becomes open and highly dynamic compared to 

‘wild type’ (WT) a1-AT, as observed in the x-ray crystallography structure, hydrogen-deuterium 

exchange (HDX) and molecular dynamics (MD) simulations78,137,138.  

 

How this mutation leads to polymers is not completely understood. It is suggested that the Z 

mutation slows the folding of a1-AT, with the aggregation-prone folding intermediate being more 

than in WT a1-AT. This indicates that the kinetic stability of a1-AT is compromised in the 

presence of the Z mutation65,124,139.  During folding, strand 5A associates with the folded, N-

terminal portion of the serpin, prior to the folding of the C-terminal portion (as discussed in section 

1.2.3.)86. Strand 5A must be annealed to the N-terminal portion before the C-terminal portion of 

the serpin can begin to fold and associate. The Z mutation causes a loss of key interactions in β-

sheet A, resulting in the partial association of s5A, delaying the folding process of a1-AT78. The 

delayed folding allows premature association of the C-terminal portion of the serpin. As a result, 

the formation of C-terminal domain-swap polymers may occur, as observed in an X-ray crystal 

structure of an a1-AT domain-swapped trimer116. While the folding of Z a1-AT has slowed, the 

unfolding of Z a1-AT from native to folding intermediate occurs faster than WT a1-AT, further 

emphasizing the kinetic instability of Z a1-AT.  
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Figure 4. Zoom of the x-ray crystal structure of Z a1-AT (PDB: 5IO178). This variant contains 

a glutamic acid to lysine mutation at position 342 (white sticks), resulting in a loss of a conserved 

salt bridge between lysine-290 (K290) and Glutamic acid-342 (E342). Z a1-AT misfolds along 

the folding pathway leading to the formation of polymers. 

 
 

1.3.2. Treatment for a1-AT deficiency 
 
The only treatment for emphysema as a consequence for a1-AT deficiency is weekly intravenous 

injections of plasma-purified a1-AT (augmentation therapy). This aims to increase the circulating 

a1-AT concentrations to above 11uM, slowing the progression of emphysema with restoring the 

serpin: protease balance126,133. However, significant complications arise, with the most important 

being the detection of latent a1-AT in the purified sample140. Furthermore, augmentation therapy 

is expensive (USD $60,000-$150,000 per annum) and large quantities are required (60mg/kg of 

body weight)126,141,142. Therefore, alternative treatments are required. 

 



Chapter 1  Introduction 

   17 
 

Currently, 4 main approaches have been investigated to reduce the polymerization of Z a1-AT 

during folding in the liver and increase the levels secreted in the blood: chemical chaperones143–

145, peptide analogues representing the RCL146,147, small compounds142 and intrabody treatment148. 

Each of the approaches all prevent polymerization in vitro, however, each approach prevented a1-

AT from performing its inhibitory mechanism by blocking the insertion of the RCL into β-sheet 

A. Therefore, another approach to produce a treatment for a1-AT deficiency is necessary. One 

approach is to use protein engineering to produce a recombinant, a1-AT -like serpin that is stable 

and aggregation resistant, while remaining functional against HNE. Recombinant protein 

therapeutics have several benefits, including more cost-effective, production of large quantities of 

a given therapeutic, reduction in the possible exposure of human or animal diseases, and the ability 

to modify a protein therapeutic to improve its function149. Protein engineering will allow the 

modification of an a1-AT -like serpin with increased stability and aggregation-resistance.  

 

1.4. Consensus-designed serpin, Conserpin 
 

Previously, we employed a protein engineering technique, termed “consensus engineering” to 

design a synthetic serpin that is active as an inhibitor against serine proteases150. Consensus 

engineering is a sequence-based technique that involves studying the conserved residues in 

homologous proteins. Through using an alignment of the homologous proteins sequence, the most 

conserved residue at a given residue number is selected for a consensus sequence. The conserved 

residues are hypothesized to produce a larger contribution to the proteins structure, function or 

stability than the non-conserved residues. 151,152. This consensus approach has been demonstrated 

to increase the stabilities of a number of proteins153,154.  

 

This consensus-designed serpin, termed conserpin, was produced from an alignment of 212 

sequences from the serpin superfamily, sharing a sequence identity of 62% with α1-AT. Despite 

being a synthetic serpin, conserpin is a functional inhibitor with a consensus-designed RCL, 

inhibiting trypsin with a stoichiometry of inhibition (SI) of 1.8. Conserpin is extremely 

thermostable, with a midpoint of thermal unfolding (Tm) well above 100°C, in comparison to α1-

AT at 61.8°C. Thermal unfolding was only achieved in the presence of 2M guanidinium 

hydrochloride at 72.5°C. This demonstrated the power of consensus design in increasing protein 

stability150. 

 

One of the technical difficulties in studying the folding of many serpins is their tendency to misfold 

and form aggregate from the unfolded state. Conserpin, however, reversibly folds into the native 
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conformation from a chemically denatured unfolding with no aggregation observed. This is 

hypothesized to occur due to conserpin sampling a reduced folding intermediate (as detected with 

fluorescent dye), populated over a small timeframe. In comparison, α1-AT’s folding intermediate 

is populated over a large timeframe. 

 

Why conserpin is so highly stable may be explained by many favourable interactions throughout 

the structure, despite having fewer hydrogen bonds and salt bridges in comparison to α1-AT and 

thermostable serpins thermopin155 and tengpin156. These favourable interactions include 

favourable polar and non-polar interactions, and improved packing in the hydrophobic core. Many 

of these interactions are in regions that are suggested to be important in the folding of serpins, 

including Helix-D and F, β-sheet A and the hydrophobic core, and packing around the B/C-barrel 

(β-sheets B and C). Therefore, the high thermal stability and reduced propensity of aggregation 

makes conserpin an excellent model to study the stability and function of serpins. 

 

 
Figure 5. The X-ray crystal structure of Conserpin (PDB: 5CDX150). Conserpin folds into a 

native conformation consisting of 3 β-sheets (A, sand, B, purple and C, green), 9 helices (grey) 

and a protruding RCL (red). The RCL was not resolved in the electron density due to its flexibility. 

 

 

1.5. Aims of this thesis 
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The use of consensus engineering produced a synthetic serpin, conserpin, containing ideal stability 

and biophysical properties (e.g. thermostability and aggregation resistance), while also being 

completely functional with a consensus-designed RCL. These properties make conserpin an ideal 

base model for further engineering of serpins with enhanced properties and function. The research 

presented in this thesis focuses on using conserpin to further engineer serpins for function and 

stability. The aims of this thesis are: 

1. Engineering function without compromising stability:  

The consensus-design of conserpin did not provide the serpin with specificity against a 

given protease. Conserpin is engineered to target human neutrophil elastase (HNE), α1-

AT’s target, through engineering the reactive centre loop. 

 

2. Engineering stability without compromising function: 

Conserpin’s favourable biophysical properties are hypothesized to be a result of regions of 

favourable interactions throughout the serpin molecule. These regions are grafted onto α1-

AT to increase the stability and biophysical properties of the serpin, without compromising 

α1-AT’s function against HNE.  

 

3. Studying the folding of a synthetic serpin using single-molecule Förster Resonance Energy 

Transfer (smFRET): 

The reversible, rapid folding nature of conserpin differs to mesophilic serpins, but has 

similarities to thermostable serpins. The folding mechanism of conserpin will be 

investigated using single-molecule Förster Resonance Energy Transfer (smFRET), 

providing a detailed outline on its folding pathway. This will provide an insight into how 

thermostable serpins are capable of folding under extreme temperatures. 
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The material and methods described below are the general methods used in the results chapters 

(Chapters 3, 4 and 5) of this thesis. The chemical and reagents used, along with the supplier, are 

listed below: 

Chemical Supplier 

Rubidium chloride (RbCl) 

Manganese chloride (MgCl2) 

Calcium chloride (CaCl2) 

Chloramphenicol (Chlor) 

Ammonium persulfate (APS) 

Sodium dihydrogen phosphate (NaH2PO4) 

Potassium dihydrogen phosphate (KH2PO4) 

Dimethyl sulfoxide (DMSO) 

Trypsin 

N-Methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide 

Na-Benzyol-L-arginine 4-nitroanilide hydrochloride 

4, 4’-Dianilino-1, 1’-Binaphthyl-5, 5’-Disulfonic Acid, 

Diphosphate salt (Bis-ANS) 

Sigma-Aldrich 

Potassium acetate 

MOPS 

Tris base 

Sodium dodecyl sulfate (SDS) 

Imidazole 

Guanidine hydrochloride (GndHCl) 

ethylenediaminetetraacetic acid (EDTA) 

Tween 20 

2-mercaptoethanol (b-ME) 

Amresco 

Acetic acid 

Hydrochloric acid (HCl) 

Potassium hydroxide (KOH) 

Sodium hydroxide (NaOH) 

Yeast extract 

Peptone (tryptone) 

Sodium chloride (NaCl) 

Agar 

Merck 
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Potassium chloride (KCl) 

Glycerol 

Ampicillin (Amp) 

37.5:1 (40%) acrylamide solution 

1,4-Dithiothreitol (DTT) 

Isopropyl b-D-thiogalactoside (IPTG) 

Glycine 

Di-sodium hydrogen phosphate (Na2HPO4) 

Astral Scientific 

Tetramethylethylenediamine (TEMED) 

Commassie brilliant blue G-250 

Precision Plus Protein dual colour standards 

Quick start Bradford 1x Dye reagent 

Mini-PROTEAN tetra System 

Bio-Rad 

ISOLATE II plasmid Mini Kit Bioline 

Kanamycin (Kan) Gibeo by Life Science 

Human neutrophil elastase (HNE) Abcam 

ECL start Western Blot detection reagent Amersham 

Anti-His tag HRP-labelled mouse monoclonal IgG 

antibody 

R&D Systems 

Methanol Sharlau 

Fuji medical X-ray film Fujifilm 
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2.1. Recombinant protein expression 
 

2.1.1. Bacterial cell lines 
 

Cell line Genotype Reference 

DH5a  F- endA1 hsdR17 (rK-, mK+) supE44 thi-1 

l- recA1 gyrA96 relA1 deoR D(lacZYA-

argF) U169 f80lacZDM15  

157 

BL21 (DE3) pLysS  F-, ompT, hsdSB (rB-, mB-), dcm, gal, 

l(DE3), pLysS, Cmr 

158,159 

SG13009 (Qiagen)   F-, Nals, Strs, Rifs, Thi-, Lac-, Ara+, Gal+, 

Mtl-, RecA+ Uvr+, Lon+, Kmr 

160 

Rosetta Blue DE3 endA1, hsdR17 (rK12-mK12+), supE44, 

thi-1, recA1, gyrA96, relA1, 

lacF’[proA+B+acIqZDM15::Tn109tetR)] 

(DE3)pLysSRARE (CmR) 

Novagen 

 

2.1.2. Preparation of competent E. coli cells 
 

Competent cell buffers: 

- Luria-Bertani (LB): Yeast extract (5g/L), peptone (tryptone, 10/L), NaCl (10g/L)  

- Luria-Bertani (LB) agar: Yeast extract (5g/L), peptone (tryptone, 10/L), NaCl (10g/L), 

1.5% agar 

- TFB1: 100mM RbCl, 50mM MgCl2, 30mM potassium acetate, 10mM CaCl2, 15% glycerol, 

pH 5.8 (acetic acid for pH). Cold 

- TFB2: 10mM MOPS, 10mM RbCl, 75mM CaCl2, 15% glycerol, pH 6.8 (KOH for pH). 

Cold 

 

Protocol: 

Competent cells were prepared from a glycerol stock. A small sample of cells was streaked onto 

LB agar, containing the appropriate antibiotics for the cell line, and incubated overnight at 37°C. 

A single colony was picked and inoculated 10ml LB media (with appropriate antibiotics) and grew 

overnight at 37°C. 1ml of the overnight culture inoculated 100ml of pre-warmth LB media (with 

antibiotics). Cells grew until the optical density at 600nm (OD600) reached 0.5, followed by cooling 

of the culture on ice for 5min before collecting cells by centrifugation (4,000xg for 5 minutes at 

4°C). The supernatant was discarded, cells re-suspended in cold TFB1 and remained suspended 
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on ice for 90 minutes. The cells were again collected by centrifugation (4,000xg for 5 minutes at 

4°C), supernatant discarded, and cells re-suspended in cold TFB2. The competent cells were 

aliquoted, snap frozen and stored at -80°C until used. 

 

2.3.2. Transformation of DNA into E. coli cells 
 
Vectors: 

The vectors used in this thesis to express recombinant proteins of interest were the pLIC-His and 

pQE-31 (Qiagen). The vectors containing the DNA for expression of proteins conserpin, 

conserpin-AATRCL and WT a1AT (pLIC-His and pQE-31) were obtained from Shani Keleher and 

Sheena McGowan (Monash University) and the vector containing D31-Tengpin (Chapter 4) was 

obtained from Gordon Lloyd (Monash University). The proteins expressed and studied in Chapter 

4 (a1-AT grafts) were synthesized and cloned into the pQE-31 vector by Genscript (USA).  

 

DNA vector  Transformed into: Reference 

pLIC-His T7 promotor, 

ampicillin resistance, 

N-terminal 6xHis-tag 

DH5a (storage) 

BL21 (DE3) pLysS 

(expression) 

135,161 

pQE-31 T5 promotor, 

ampicillin resistance, 

N-terminal 6xHis-tag 

DH5a (storage) 

SG13009 (expression) 

162,163 

pET-3a T7 promotor, 

ampicillin resistance 

Rosetta Blue DE3 Novagen 

 

Buffers:  

- LB media: Yeast extract (5g/L), peptone (tryptone, 10/L), NaCl (10g/L) 

- LB Agar: Yeast extract (5g/L), peptone (tryptone, 10/L), NaCl (10g/L), 1.5% agar 

- Antibiotics: Ampicillin (100mg/ml), Chloramphenicol (34mg/ml) and Kanamycin 

(50mg/ml). 
 

Protocol: 

20µl of competent cells was thawed, mixed with 1µl of DNA and incubated on ice for 30min. The 

competent cells were heat shocked at 42°C for 45 seconds, followed by incubating on ice for 2 

minutes. 100µl of LB media was added to the cells, and cells recovered at 37°C for 1 hour. The 

cells were plated onto LB agar (with appropriate antibiotics) and incubated overnight at 37°C.  
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2.1.4. DNA sequencing 
 

Vector Primer 

pLIC-His  

T7 promotor 5’ TAA TAC GAC TCA CTA TAG GG 3’ 

T7 terminator 5’ GCT AGT TAT TGA TCA GCG G 3’ 

pQE-31  

Promotor 5’ GGA GAA ATT AAC TAT GAG AGG 3’ 

Terminator 5’ GTT CTF AGG TCA ATT ACT GG 3’ 

 

The protein-containing vectors were amplified for sequencing by a transformation into DH5a (as 

by protocol above), and a single colony selected for an overnight culture in LB media. The vector 

was purified from the bacterial cells using Bioline ISOLATE II plasmid Mini Kit, following 

manufacture’s protocol. DNA sequencing was performed by Micromon (Monash University), 

using the primers listed above.  

 
2.1.5. Site-directed mutagenesis 

 
Site-directed mutagenesis164 was performed to introduce cysteine mutations onto conserpin for 

single-molecule Forster Resonance Energy Transfer (smFRET) study (Chapter 5).  

 

Site-directed mutagenesis primers: 

Mutation Direction Primer Annealing 

temperature (°C) 

 

D25C 

Forward 5’-

GTGAGCTTGCAAAGTCTAGTCCTTGCAAAAA 

CATCTTTTTCTCAC -3’ 

 

64 

Reverse 3’-

CACTCGAACGTTTCAGATCAGGAACGTTTTTG 

TAGAAAAAGSAGTG-5’ 

D205C/ 

C209S 

Forward 5’-

AATACTATCACGATTGTGAGTTAAGTSAGTAA 

GGTTTTGGAACTTCCCTAC-3’ 

63 

Reverse 3’- 

ATATGGTGCTAACACTCAATTCATCATTCCAA 
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AACCTTGAAGGGATG-5’ 

S285C Forward 5’- 

GGTATTACAGATCTTTTCTGCCCAGGGGCTGA 

CTTG-3’ 

65 

Reverse 3’-CCATAATGTCTAGAAAAGGCAGGTCCCCG 

ACTAAAC-5’ 

 

 

Polymerise chain reaction (PCR) reaction mixture: 

Chemical Amount (µl) 

5x Phusion HF Buffer 10 

10mM dNTPs 1 

10uM Forward Primer 2.5ul 

10mM Reverse Primer 2.5ul 

Plasmid DNA 1 

ddH20 32.5ul 

Phusion DNA polymerase 0.5 

Total Volume 50 

 
 

Polymerase chain reaction (PCR) cycling reaction 

 

Set up Temperature (°C) Time (minutes) Cycles 

Initial denaturation 98 2.5 1 

 

 

Amplification 

Denaturation 

 

98 0.5  

 

20 Annealing X 1 

Extension 72 6 

Final extension 72 10 1 

Hold 6 -  

X: The annealing temperature is dependent on the primers. 
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Dpn1 digest: 

Chemical Volume (µl) 

Dpn1 1 

Dnp1 digestion buffer 6 

After completion of the cycling reaction, the parental plasmid was digested with Dnp1 for 1hour 

at 37°C.  

 
The PCR product was transformed into DH5a competent cells as stated above, plated onto 2xYT 

agar plates (with 50µg/µl ampicillin) and incubated overnight at 37°C. A single colony from each 

agar plate was selected and added into 10ml 2xYT media (with 50µg/µl ampicillin) and incubated 

overnight at 37°C. The mutated plasmid was purified using the Bioline ISOLATE II plasmid Mini 

Kit, following manufacture’s protocol. The mutation was confirmed by DNA sequencing by 

Microgen USA.  

 

2.2. Protein expression 
 

Buffers: 

- 2xYT media: Yeast extract (10g/L), peptone (tryptone, 16g/L), NaCl (5g/L) 

- 2xYT agar: Yeast extract (10g/L), peptone (tryptone, 16g/L), NaCl (5g/L), agar (1.5%) 

- Antibiotics: Ampicillin (100mg/ml), Chloramphenicol (34mg/ml), Kanamycin (50mg/ml) 

and tetracycline (12.5mg/ml) 

- Isopropyl B-D-thiogalactoside (IPTG): 1M 

 

Protocol: 

 

2.2.1. Conserpin, a1-AT and variants 
 

A single colony from a transformation (as protocol above), inoculated an overnight culture of 10ml 

2xYT media (with appropriate antibiotics) and incubated at 37°C overnight with constant shaking. 

This overnight culture inoculated 1 litre of 2xYT, then incubated at 37°C with shaking until the 

cells reached an OD600 of 0.6. Protein expression was induced with IPTG to a final concentration 

of 1mM, and cells left to express protein for a minimum of 3 hours (3 hours for conserpin and 

conserpin-AATRCL, and 4 hours for WT a1-AT and grafts) at 37°C. After the designated protein 

expression timeframe, the cells were harvested by centrifugation (4,000xg for 15 minutes at 4°C) 

and cell pallets stored at -20°C.  
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2.2.2. D31-Tengpin 
 

A single colony from a transformation (as protocol above) was used to inoculate an overnight 

culture of 10ml 2xYT media (with appropriate antibiotics) and incubated at 37°C overnight with 

constant shaking. 20mls of the overnight culture was used to inoculate 1L 2xYT media (with 

appropriate antibiotics) and cells incubated at 37°C with shaking. Once the OD600 reached 0.6, the 

cells were cooled to 16 °C and inoculated with IPTG at a final concentration of 1mM. Protein 

expression occurred overnight. Cells were then harvested by centrifugation (6,000xg for 20 

minutes at 4°C), frozen then stored at -20°C. 

 
 

2.3. Protein Purification 
 

2.3.2. a1-antitrypsin: 
 

WT a1-antitrypsin (a1-AT) was expressed both soluble and insoluble in E. coli, depending on the 

vector the protein DNA was inserted into. WT a1AT in the pQE-31 vector expressed in the soluble 

fraction/ bacterial cytoplasm162, while a1-AT expressed in the pLIC-His vector was in inclusion 

bodies. All a1-AT grafts (Chapter 4) expressed into inclusion bodies, despite the DNA sequence 

cloned into pQE-31 vector. 

 

2.3.1.1. Soluble expressed protein: 
 

Cell lysis buffer: 25mM NaH2PO4, 500mM NaCl, 1mM b-ME, 10mM Imidazole, pH 8.0 

Nickel-NTA (Ni-NTA) Affinity chromatography (native conditions):  

- Loose Nickel-NTA resin (Qiagen) 

- Ni-NTA wash buffer: 25mM NaH2PO4, 150mM NaCl, 1mM b-ME, 10mM Imidazole, pH 

8.0 

- Ni-NTA elution buffer: 25mM NaH2PO4, 150mM NaCl, 1mM b-ME, 250mM Imidazole, 

pH 8.0 

Ion-exchange chromatography:  

- AKTA FPLC (GE Healthcare) 

- HiTrap Q FF anion chromatography column (GE Healthcare) 

- Dilution buffer: 50mM Tris-HCl pH 8.0 
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- Anion buffer A: 50mM Tris-HCl, 50mM NaCl, 1mM EDTA, pH 8.0 

- Anion buffer B: 50mM Tris-HCl, 1M NaCl, 1mM EDTA, pH 8.0 

 

Protocol: 

The cell pallets containing soluble a1-AT were re-suspended in cell lysis buffer and incubated on 

ice for 20minutes. Cells were disrupted by sonication on ice (6x 25 seconds on/ 35 seconds off) 

followed by centrifugation at 48,000xg for 20 minutes (4°C) to pallet cellular debris. The soluble 

fraction was loaded onto pre-equilibrated loose Ni-NTA resin and incubated at 4°C for 1 hour to 

allow batch binding to occur. Any protein that did not bind was eluted and collected, while loose 

binding protein was eluted with Ni-NTA wash buffer. Soluble a1-AT was eluted with Ni-NTA 

elution buffer into 1ml fractions. The fractions that contained protein (as detected by 1:10 protein: 

Bradford reagent assay), were pooled and diluted with dilution buffer at a 1:1 ratio. The diluted 

sample was loaded onto a pre-equilibrated HiTrap Q FF anion exchange chromatography column. 

Ion-exchange chromatography separates the different conformations that serpins can adopt (i.e. 

separates active native from inactive latent and aggregate conformations). Any protein that did not 

bind was collected, and native a1-AT was eluted with an increasing sodium chloride (NaCl) 

concentration. Fractions that contained protein was run on an SDS-PAGE to ensure purity and 

tested against trypsin for inhibitory activity. Pure, active protein was either snap frozen and stored 

at -80°C for long term storage or at 4°C for use. 

 

2.3.1.2. Insoluble expressed protein: 
 

Cell lysis buffer: 50mM NaH2PO4, 300mM NaCl, 10mM Imidazole pH 8.0 

Unfolding inclusion body buffer: 8M Urea, 50mM NaH2PO4, 300mM NaCl, 10mM Imidazole, 

10mM b-ME, pH 8.0 

Nickel-NTA (Ni-NTA) Affinity chromatography (denaturing conditions):  

- Loose Nickel-NTA resin (Qiagen) 

- Ni-NTA wash buffer: 8M Urea, 50mM NaH2PO4, 300mM NaCl, 10mM Imidazole, 10mM 

b-ME, pH 8.0 

- Ni-NTA elution buffer: 8M Urea, 50mM NaH2PO4, 300mM NaCl, 250mM Imidazole, 

10mM b-ME, pH 8.0 

Refolding buffer: 50mM Tris-HCl, 50mM NaCl, 5mM DTT, pH 8.0 

Ion-exchange chromatography: 

- AKTA FPLC (GE Healthcare) 

- HiTrap Q FF anion chromatography column (GE Healthcare) 
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- Anion buffer A: 50mM Tris-HCl, 50mM NaCl, 1mM EDTA pH 8.0 

- Anion buffer B: 50mM Tris-HCl, 1M NaCl, 1mM EDTA pH 8.0 

 

Protocol: 

The cell pallets that contained insoluble a1-AT (a1-AT expressed into inclusion bodies) were 

resuspended in cell lysis buffer and incubated on ice for 20 minutes. Cells were disrupted by 

sonication on ice (30 seconds on/off) and inclusion bodies harvested by centrifugation (48,000xg 

for 20 minutes at 4°C). As the protein has a 6xHis-tag, an inclusion body preparation was not 

necessary. Instead, Nickel-NTA (Ni-NTA) affinity chromatography was performed under 

denaturing conditions to partly purify a1-AT from the inclusion body.  The protein within the 

inclusion body was resuspended in unfolding inclusion body buffer by constant stirring with a 

magnetic stirrer for 2 hours at room temperature (approximately 21°C). Any protein that was not 

resuspended was pelleted by centrifugation (35,000xg for 20 minutes at 4°C). The soluble was 

filtered through 0.8µm filter, loaded onto pre-equilibrated loose Ni-NTA resin and left to batch 

bind for 1 hour at 4°C with rocking. Any protein that did not bind was collected, while loosely 

bound protein was eluted with Ni-NTA wash. a1-AT was batch eluted with Ni-NTA elution 

buffer. To ensure protein was present in the eluted sample, a 1:10 protein: Bradford reagent assay 

was performed.  

The eluted a1-AT was refolded by 1:200 dilution into refold buffer. It is essential that the refold 

buffer contains DTT to reduce the cysteine residues and prevent disulphide-driven aggregation to 

occur. The refold was left to occur overnight at 4°C with constant stirring to minimize 

concentration-dependent aggregation. Any aggregation that occurred was removed through 

filtering the refold buffer through 0.22µm filter before loading the refold onto a pre-equilibrated 

HiTrap Q FF anion chromatography column. Any protein that did not bind was collected, and the 

difference conformations. Protein detected in the fractions were run on an SDS-PAGE to check 

for purity and tested against trypsin for inhibitory activity. Pure, active a1AT was pooled, and 

either snap frozen and stored at -80°C for long term storage or at 4°C for use. 

 

2.3.2. Conserpin and conserpin variants  
 

Cell lysis buffer: 50mM NaH2PO4, 300mM NaCl, 10mM Imidazole pH 8.0 

Nickel-NTA (Ni-NTA) Affinity chromatography (native conditions):  

- Loose Nickel-NTA resin (Qiagen) 

- Ni-NTA wash buffer: 50mM NaH2PO4, 300mM NaCl, 20mM Imidazole pH 8.0 
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- Ni-NTA elution buffer: 50mM NaH2PO4, 300mM NaCl, 250mM Imidazole pH 8.0 

For purification of cysteine-mutations (Chapter 5), 10mM b-ME was added to all Nickel-NTA 

affinity chromatography buffers 

Size-exclusion chromatography (SEC): 

- AKTA FPLC (GE Healthcare) 

- Superdex 200 16/60 prep grade column (GE Healthcare) 

- SEC Buffer: 50mM Tris-HCl, 150mM NaCl pH 8.0 

For purification of cysteine-mutations (Chapter 5), 5mM DTT was added to the SEC buffer 

 

Protocol: 

Conserpin and variants were express in the soluble fraction/ cell cytoplasm of the bacterial cells. 

The cells were resuspended in cell lysis buffer and incubated on ice for 20 minutes. Cells were 

disrupted by sonication on ice (6x 25 seconds on/ 35 seconds off) followed by centrifugation 

(48,000xg for 20 minutes at 4°C) to pallet cellular debris. The soluble fraction was loaded onto 

pre-equilibrated loose Ni-NTA resin and incubated at 4°C for 1 hour to allow batch binding to 

occur. Any protein that did not bind was eluted and collected, while loose binding protein was 

eluted with Ni-NTA wash buffer. Conserpin and variants were eluted off the loose Ni-NTA resin 

with Ni-NTA elution buffer into 10ml fractions. A Bradford assay was performed to determine 

which fractions contained eluted protein. The fractions that contained protein were pooled and 

concentrated using a 10,000Da (10kDa) concentrator (Millipore) and centrifugation (2,500xg for 

15-minute intervals at 4°C). Concentrated protein was further purified by size-exclusion 

chromatography (SEC) of a Superdex 200 16/60 prep grade SEC column in SEC buffer. Fractions 

that contained protein was subjected to SDS-PAGE to check for purity. Purified protein was 

pooled and wither snap frozen and stored at -80°C or 4°C for use. 

 

2.3.3. D31-Tengpin 
 
Cell lysis buffer: 50mM Tris-HCl, 150mM NaCl 1mM EDTA, 1% Triton-100 pH 8.0  

Dilution buffer: 50mM Tris-HCl, 1mM EDTA pH 8.0 

Ion-exchange chromatography:  

- HiTrap Q Fast Flow (FF) column (5ml, GE Healthcare) 

- Buffer A: 50mM Tris-HCl, 10mM NaCl, 1mM EDTA pH 8.0 

- Buffer B: 50mM Tris-HCl, 1M NaCl, 1mM EDTA pH 8.0 

Hydrophobic exchange chromatography: 

- Phenyl stock buffer: 4M (NH4)SO4 
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- HiTrap Phenyl Fast Flow (FF) column (5ml, GE Healthcare) 

- Buffer A: 50mM Tris-HCl, 1.7M (NH4)SO4, 1mM EDTA pH 8.0 

- Buffer B: 50mM Tris-HCl, 0M (NH4)SO4, 1mM EDTA pH 8.0 

Size-exclusion chromatography (SEC): 

- AKTA FPLC (GE Healthcare) 

- Superdex 200 16/60 prep grade column (GE Healthcare) 

- SEC Buffer: 50mM Tris-HCl, 50mM NaCl, 1mM EDTA pH 8.0 

 
Protocol: 

Tengpin was purified from the soluble fraction of bacterial cells. The cells were resuspended in 

lysis buffer and cells incubated on ice for 20 minutes. The cells were disrupted by sonication on 

ice (30 seconds on, 1 minute off), then cellular debris pelleted by centrifugation (35,000xg for 1 

hour at 4°C). The soluble fraction was diluted in a 1:4 ratio with dilution buffer, then loaded onto 

a pre-equilibrated HiTrap Q FF column. Protein was eluted with an increase in salt concentration 

with a linear gradient. Fractions were assessed to contain tengpin by SDS-PAGE (as per protocol 

below). Fractions that contained tengpin were pooled and dialysed against dilution buffer (1:50-

100 dilution). 3 dialysis buffer changes occurred before the 4th dialysis was left overnight (4°C 

with constant stirring). The phenyl stock buffer was added to the dialysed protein sample until the 

final concentration was 1.7M (NH4)SO4, followed by centrifugation (35,000xg for 15 minutes at 

4°C) to remove any precipitated proteins. Tengpin remains soluble in 1.7M (NH4)SO4, and the 

tengpin sample was loaded onto a pre-equilibrated HiTrap Phenyl FF column. Protein was eluted 

with a linear decrease of (NH4)SO4, and fractions detected to contain protein were observed for 

tenpin by SDS-PAGE. Fractions that contained tengpin were pooled, concentrated using a 

10,000Da (10kDa) concentrator (Millipore) and centrifugation (2,500xg for 15-minute intervals at 

4°C), and loaded onto a pre-equilibrated SEC column with the appropriate buffer. Tengpin purity 

was observed by SDS-PAGE, and fractions positive for tengpin were pooled, snap frozen in liquid 

nitrogen, and stored at -80°C. 

 

2.4. Protein buffer exchange 
 

- AKTA FPLC (GE Healthcare) 

- HiTrap Desalting column (GE Healthcare) 

 

Protocol: 
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To buffer exchange all proteins into a specific buffer, a HiTrap desalting column was used. The 

column was pre-equilibrated with the buffer of interest, and protein was loaded onto the HiTrap 

desalting column through the AKTA FPLC at a 1ml volume. The fractions containing protein were 

pooled and stored at 4°C for use. 

 

2.5. Determination of protein concentration 
 

The concentration of each protein sample was performed using a NanoDrop ND-1000 

spectrophotometer (Thermo Scientific), measuring the absorbance at A280. The extinction 

coefficient of each protein was included when measuring the A280, calculated by ExPASy 

ProtParam online tool (https://web.expasy.org/protparam/).  The extinction coefficient (at 1%) for 

each protein is below: 

Protein Extinction coefficient (1%) 

Serpin  

Conserpin 7.74 

Conserpin-AATRCL 7.77 

WT  a1-AT 4.8 

Breach 4.79 

Helix-F 5.37 

F51 4.8 

Citrate 5.13 

B/C Barrel 6.03 

T59S 4.8 

b-sheet C Stapling 4.79 

Helix-H 4.8 

3stable 5.36 

Protease  

HNE 9.85 

Trypsin 14.4 
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2.6. Sodium Dodecyl Sulfate- Polyacrylamide Gel 
Electrophoresis (SDS-PAGE) 

 

An SDS-PAGE gel was run at the end of each protein purification procedure to check the purity 

of the protein. The gel was subjected to western blot only during trial expressions to check if the 

protein of interest was in the soluble (cell cytoplasm) or insoluble (inclusion bodies) fraction of 

the bacterial cells. 

 

Reagents: 

- 37.5% (40%) acrylamide solution 

- 4x Resolving buffer: 0.5M Tris-HCL, 0.4%( w/v) SDS, pH 6.8 

- 4x Stacking buffer: 1.5M Tris-HCL, 0.4% (w/v) SDS, pH 8.8 

- ddH2O  

- 20% (w/v) APS 

- TEMED 

- 1X SDS Running buffer: 25mM Tris base, 192mM glycine, 0.1% (w/v) SDS 

- 6X Laemmli SDS sample loading dye: 375mM Tris-HCl, 9% SDS, 50% glycerol, 60mM 

DTT and 0.03% bromophenol blue 

- Precision Plus Protein dual colour standards (Bio-Rad) 

- Staining solution: 50% (v/v) ddH2O, 40% (v/v) Methanol, 10% (v/v) acetic acid, 0.1% 

(w/v) Commassie brilliant Blue G-250 

- Destaining solution: 50% (v/v) ddH2O, 40%(v/v) Methanol, 10%(v/v) acetic acid 

- Bio-Rad Mini-PROTEAN Tetra System 

 

SDS-PAGE gels were constructed with 10% resolving gel and 4% stacking gel. Each gel was 

constructed as below: 

Reagent 10% Resolving gel  4% Stacking gel  

37.5% (40%) acrylamide solution 

(ml) 

 

2.5 0.325 

4x Resolving buffer (ml) 

 

1.87 - 

4x Stacking buffer (ml) 

 

- 0.625 

ddH2O (ml) 2.62 1.57 
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20% APS (µl) 25 12.5 

TEMED (µl) 10 5 

 

 

Protocol: 

Each sample subjected to electrophoresis were diluted with 6x reducing sample dye and boiled at 

90°C for 5 minutes before loading into the stacking wells of the SDS-PAGE gel. The gel was run 

at 250V for 30 minutes, or when the dye front reached the bottom of the gel, whichever was first. 

The gel was either stained with commassie blue protein stain or subjected to western blot. If the 

gel was to be stained with commassie blue, commassie blue protein stain was added to the gel and 

left to incubate for 30 minutes while rocking (at room temperature). The stain was then removed 

and destain added until the background of the gel has destained.  

 

2.7. Western blot  
 

Reagents: 

- TBS-T: 1x Tris-buffered saline (150mM NaCl, 25mM Tris-HCl, pH 7.4), 0.1% (v/v) 

Tween 20 

- Blocking buffer: TBS-T, 5% (w/v) powdered skim milk 

- Transfer buffer: 25mM Tris base, 190mM glycine, 15% methanol 

- Anti-His HRP-labelled mouse monoclonal IgG 

- ECL western blot detection reagents (Amersham) 

- Fuji medical X-ray film (Fujifilm) 

 

Protocol: 

After an SDS-PAGE gel was performed, the proteins were transferred onto a pre-methanol soaked 

PVDF membrane in transfer buffer using a Bio-Rad transfer system, with a 100V current for 1 

hour. The membrane containing the transferred proteins was blocked with blocking buffer for 1.5 

hours, followed by the removal of the blocking buffer and addition of anti-His HRP-labelled 

antibody in TBST (1: 10,000) for another 1 hour. Following antibody binding, the PVDF 

membrane was washed 4 times for 3 minutes with TBST. The ECL western Blot reagents were 

mixed and added to the membrane and the membrane exposed to X-ray film for 30 seconds, 1 

minute and 30 minutes in a light proof cassette. The film was developed by X-ray developer. 
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2.8. Determination of serpin inhibitory activity 
 

- Assay buffer: 50mM Tris-HCL, 150mM NaCl, 0.2%(v/v) PEG 8000, pH 7.4 

- Proteases: Trypsin (1mM HCl), HNE (50mM sodium acetate, 150mM NaCl, pH 5.5) 

- Chromogenic substrate for trypsin: Na-Benzyol-L-arginine 4-nitroanilide hydrochloride 

(in DMSO) 

- Chromogenic substrate for HNE: N-Methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide (in 

DMSO) 

- BMG FLUOstar Optima plate reader (405nm) 

 

2.8.1. Stoichiometry of Inhibition (SI) 
 

Protocol: 

The stoichiometry of inhibition (SI) of each serpin against protease was performed similarly as 

described165. Different concentrations of serpin were incubated with a constant concentration of 

protease (producing a range of 0-2:1 ratios) at 37°C for 30 minutes in assay buffer to allow a 

serpin: protease complex to form. The residual protease activity was measured for 1 hour with the 

addition of a target substrate (200µM), using an Optima plate reader set at 405nm. The change in 

absorbance from addition of substrate to the final reading after 1 hour was plotted as the percentage 

of active protease against the serpin: protease ratio. The data was normalized, with full protease 

activity (0:1 serpin: protease) at 100%, and fit with a linear regression, where the interaction with 

the X-axis determining the SI. 

 

2.8.2. Refolding and determining the stoichiometry of inhibition 
 

- Unfolding buffer: 6M GndHCl, 50mM Tris-HCl, 150mM NaCl pH 8.0 

- Refolding buffer: 50mM Tris-HCl, 150mM NaCl pH 8.0 

 

Protocol: 

Serpin was unfolded in unfolding buffer, consisting of 6M GndHCl, for 2 hours before refolding 

by dilution for another 2 hours. Any aggregate formed was pelleted by centrifugation (desktop 

centrifuge, 16,000xg for 5 minutes at 4°C) and refolded sample dialysed against the refolding 

buffer to remove remaining GndHCl. The SI was performed as stated above. 
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2.8.3. Serpin: protease complex SDS-PAGE gels 

 
- 10% SDS-PAGE gel 

- 6X Laemmli SDS loading dye 

 

Protocol: 

Different concentrations of serpin to a constant concentration of protease (producing a 1:1 and 2:1 

ratio) was incubated at 37°C for 30 minutes to allow for a serpin: protease complex to form. This 

reaction was stopped after 30 minutes with the addition of 6X reducing sample buffer and 

quenching the samples on ice. The samples were subjected to SDS-PAGE, using a 10% acrylamide 

gel, as stated above. The gel was stained with commassie blue stain and destained to observe any 

SDS-stable serpin: protease complex formation. 

 

2.9. Biophysical analysis of serpins 
 

2.9.1. Circular Dichroism (CD) 
 

- Protein buffer: 1x Phosphate-buffered saline (1x PBS) (136mM NaCl, 2.7mM KCl, 10mM 

Na2HPO4, 1.8mM KH2PO4, pH 7.4) 

 

All circular dichrosim techniques were performed on a Jasco J-815 circular dichroism 

spectrometer at a protein concentration of 0.2mg/ml in 1x PBS, pH 7.4, using a path-length of 

0.1cm in a quartz cell. 

 

2.9.1.1. Spectral Scan 
The observation of protein secondary structure was performed with Far-UV spectra (195-250nm), 

scanning 100nm/min. The concertation of protein was 0.2mg/ml and the temperature held constant 

at 20°C. 

 

2.9.1.2. Thermal denaturation 
Thermal denaturation was performed with an increase in temperature from 25°C -100°C (unless 

otherwise stated), at a rate of 1°C/ min, recording the change in signal at 222nm. The protein 

remained at a concentration of 0.2mg/ml. The sample was the cooled from 100°C to 25°C to 

observe if any thermal refolding occurred. The midpoint of transition (Tm) was obtained by fitting 

the data with a Boltzmann sigmoidal curve for both the melting and reverse melting/cooling 

denaturation experiments.  
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For proteins that did not undergo an unfolding transition from heating to 100°C, 2M GndHCl 

was added to aid in the unfolding. The sample with 2M GndHCl was again subjected to an increase 

in temperature from 25°C -100°C to determine the midpoint of transition. 

 

 

2.9.1.3. Determining the thermodynamic properties using thermal melts 
 

The thermodynamic properties of the serpins were determined using the unfolding transition slope 

of the thermal melts. First, the ellipticity signal was normalized, producing a Y-axis of ‘Fraction 

of unfolded’ against temperature. The ‘fraction of unfolded’ when then converted into Keq using 

the following equation: 

!"# =
%&

1 − %&
 

Where fu is the fraction of unfolded protein. Keq was then converted into logKeq. The temperature 

was converted into kelvin (°C + 273.15), then transformed into 1/ temperature (K). Next, the logKeq 

was plotted against the corresponding 1/Temperature (K) to produce a van’t Hoff analysis166–168. 

The resulting plot was fitted to a linear equation, with the Y-intercept producing the change in 

entropy, DS, using the gas constant, R (8.314 J/K/mol) and the following equation: 

 
D)
*   

The change in enthalpy, DH, was calculated using the slope of the line and the gas constant, R, and 

the equation: 

      
+D,
*  

The Gibbs free energy determined by thermal denaturation was calculated at room temperature 

(25°C) using the Gibbs free energy equation: 

     ∆. = 	∆0 − 1∆2 
 

The change in Gibbs free energy (DDG) between the WT and grafts was calculated using the 

equation: 

     ∆∆. = 	∆.34 −	∆.56789: 
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2.9.2. Analysis of protein refold by gel filtration 
 

- AKTA FPLC (GE Healthcare) 

- Superdex 200 increase 10/300 GL (GE Healthcare) 

- Protein/ refolding buffer: 1x Tris-buffered saline (1xTBS) (150mM NaCl, 25mM Tris-

HCL, pH 7.4) 

- Unfolding buffer: 8M GndHCl (in 1x TBS pH 7.4) 

 

Protocol: 

Analysis of refold was performed by comparing the absorbance peak (at 280nm) of native and 

refolded protein using a Superdex 200 10/300 column at a final concentration of 2µM. For 

refolding, the protein was unfolded in 5M GndHCl for 1.5 hours, then refolded by diluting the 

sample 10 times with refolding buffer until the final concentration of protein was 2µM. The 

refolded sample was centrifuged to remove any aggregate and a total volume of 500µl loaded onto 

the column. The yield was analysed by comparing the peak absorbance between native and 

refolded protein, normalizing the refolded peak against the top absorbance for the native protein 

(where top absorbance of native protein is 100%). 
 

2.9.3. Bis-ANS unfolding 
 

- Cary Eclipse Fluorescence spectrophotomer (Agilent Technologies) 

- Native buffer: 1x Phosphate-buffered saline (1x PBS) 

- 8M GndHCl (in 1x PBS, pH 7.4)  

- 4, 4’-Dianilino-1, 1’-Binaphthyl-5, 5’-Disulfonic Acid, Diphosphate salt (Bis-ANS) 

Protocol:  

Bis-ANS unfolding experiment was performed in a similar manner to equilibrium unfolding, but 

in the presence of Bis-ANS. The protein sample (2µM concentration) was incubated for at least 3 

hours in different concentrations of GndHCl (ranging from 0-6M) and a 5-molar excess of Bis-

ANS (final concentration of 10µM). Reading of Bis-ANS fluorescence was obtained from a 1cm 

pathlength cuvette with the excitation wavelength was 390nm and emission detected from 400-

700nm (5nm slits for both excitation and emission wavelengths). The peak fluorescence was 

plotted against the corresponding GndHCl concentration to analyse the chemical unfolding 

intermediate. 
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2.10. Determination of X-ray crystal structure of native 
conserpin-AATRCL 

 

2.10.1. Generation of native conserpin-AATRCL crystals 
 

Native conserpin-AATRCL crystals were generated using the hanging drop vapour diffusion 

method. The crystallisation conditions screened were based off the conditions native conserpin 

was crystallised in150. All screening buffers contained 0.1mM Bis-Tris, 0.2M Magnesium chloride 

(MgCl2), while the concentration of polyethylene glycol-3350 (PEG3350) varied from 15-30%, 

and buffer pH varied from pH 5.5-7.5. Freshly purified protein, concentrated to 10mg/ml (234µM), 

was mixed with equal amounts of crystallisation buffer (1µl protein mixed with 1µl mother liquor), 

before being sealed and stored at room temperature. Protein crystals appeared in the crystallisation 

buffer 0.1mM Bis-Tris, 0.2M MgCl2, 20% PEG-3350 pH 6.5 after 5 days. 
 

2.10.2. Data collection and determination of native conserpin-AATRCL 
crystal structure 

 

Diffraction data for native conserpin-AATRCL crystal was collected at the Australian Synchrotron 

macro crystallography MX2 beamline by Sheena McGowan (Monash University). A 2.2Å dataset 

was collected, but resolution cut to 2.48 Å. The diffraction images were processed using 

iMOSFLM169. Scaling of the processed data was performed using SCALA170 in the CCP4 suite171 

in the C 2 2 21 space group. The structural determination was performed by molecular replacement 

(MR) and the PHASER172 program, using the native conserpin structure as a search model (PDB 

ID: 5CDX)150. The model was built, refined and structural validation was done using PHENIX173 

and Coot174 with the 2FC-FO and FO-FC electron density maps at 1s. Any side chains not present 

in the electron density were cut to carbon-a, while loops without density (e.g. the reactive centre 

loop) were completely removed in the final model.  
 

2.11. Data analysis and production of figures 
 

 

All data analysis was performed in Graphpad Prism version 7 for Macintosh, GraphPad Software, 

La Jolla California, USA, www.graphpad.com. The structural figures were produced using Pymol 

version 2.0.4175. All figures were finalised using Adobe Illustrator 2014. 
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Abstract 
 

Serine proteinase inhibitors (serpins), typically fold to a metastable native state and undergo a 

major conformational change in order to inhibit target proteases. However, conformational lability 

of the native serpin fold renders them susceptible to misfolding and aggregation, and underlies 

misfolding diseases such as α1-antitrypsin deficiency. Serpin specificity towards its protease target 

is dictated by its flexible and solvent exposed reactive centre loop (RCL), which forms the initial 

interaction with the target protease during inhibition. Previous studies have attempted to alter the 

specificity by mutating the RCL to that of a target serpin, but the rules governing specificity are 

not understood well enough yet to enable specificity to be engineered at will. In this paper, we use 

conserpin, a synthetic, thermostable serpin, as a model protein with which to investigate the 

determinants of serpin specificity by engineering its RCL. Replacing the RCL sequence with that 

from α1-antitrypsin fails to restore specificity against trypsin or human neutrophil elastase. 

Structural determination of the RCL-engineered conserpin and molecular dynamics simulations 

indicate that, although the RCL sequence may partially dictate specificity, local electrostatics and 

RCL dynamics may dictate the rate of insertion during protease inhibition, and thus whether it 

behaves as an inhibitor or a substrate.  Engineering serpin specificity is therefore substantially 

more complex than solely manipulating the RCL sequence, and will require a more thorough 

understanding of how conformational dynamics achieves the delicate balance between stability, 

folding and function required by the exquisite serpin mechanism of action. 
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Introduction 
 

Over 1,500 serpins have been identified to date. Inhibitory family members typically fold to a 

metastable native state that undergoes a major conformational change (termed the stressed [S] to 

relaxed [R] transition) central for the protease inhibitory mechanism63. The S to R transition is 

accompanied by a major increase in stability. The archetypal serpin fold is exemplified by α1-

antitrypsin (α1-AT), a single domain protein consisting of 394 residues, which folds into 3 β-sheets 

(A ➞ C) and 9 α-helices (A ➞ I) that surround the central β-sheet scaffold176. The reactive center 

loop (RCL) protrudes from the main body of the molecule and contains the scissile bond (P1 and 

P1’ residues), which mediates α1-AT’s inhibitory specificity against the target protease, neutrophil 

elastase (HNE). 

The inhibitory mechanism of serpins is structurally well understood63. Briefly, a target protease 

initially interacts with and cleaves the RCL of the serpin. However, following RCL cleavage, but 

prior to the final hydrolysis of the acyl enzyme intermediate, the RCL inserts into the middle of 

the serpin’s β-sheet A to form an extra strand63,90. The opening of β-sheet A is controlled by the 

shutter and the breach regions71. Since the protease is still covalently linked to the P1 residue, the 

process of RCL insertion results in the translocation of the protease to the opposite end of the 

molecule. In the final complex, the protease active site is distorted and trapped as the acyl enzyme 

intermediate63,76.  

In certain circumstances the serpin RCL can spontaneously insert, either partially (delta 

conformation), or fully (latent conformation) into the body of the serpin molecule without being 

cleaved92. Both latent and delta conformations are considerably more thermodynamically stable 

than the active, native state although they are inactive as protease inhibitors. Folding to the latent 

conformation is thought to occur via a late, irreversible folding step that is accessible from the 

native or a highly native-like state79,87. As such, transition to the latent state can be triggered by 

perturbations to the native state via small changes in solution conditions such as temperature or 

pH44,76,123, or by spontaneous formation over long time scales177,178.  

Human α1-AT is an extremely potent inhibitor of its target protease HNE, with a rate of 

association (kass) 6 × 107 M-1 s-1, forming a serpin−protease complex that is stable for several 

days179,180. The metastable nature of α1-AT is required to facilitate the large conformational change 

required for its inhibitory function, and the rate of RCL insertion into β-sheet A is the main 

determinant of whether the acyl linkage between serpin and protease is maintained or disrupted. If 

RCL insertion is rapid, the inhibitory pathway proceeds. If the RCL insertion is too slow, the serpin 

becomes a substrate; the de-acylation step of the protease’s catalytic mechanism is complete and 
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cleavage of the P1−P1’ bond occurs without protease inhibition. The cleaved, de-acylated RCL 

still inserts into the body of the serpin, resulting in an inactive inhibitor93.  

Two regions of the RCL appear to govern inhibitory function and specificity. The first, a highly-

conserved hinge region (resides P15−P9) consisting of short chain amino acids, facilitates RCL 

insertion into the A β-sheet. Mutations in the hinge region result in the serpin becoming a substrate 

rather than an inhibitor181. The second region is the P1 residue, thought to determine specificity 

towards a protease. Serpins with a P1 arginine (e.g. antithrombin III) are known to target proteases 

of the coagulation cascade, including thrombin and Factor Xa182,183. In α1-AT, mutation of P1 

methionine to arginine (the Pittsburgh mutation), changes the specificity from HNE to thrombin, 

resulting in a bleeding disorder184.  

Given the importance of the RCL, it has been the focus of previous attempts aimed at altering 

serpin specificity, via mutation of RCL residues or swapping RCL sequences between serpins. 

Chimeric serpins have been made between plasminogen activator inhibitor-1 (PAI-1) and 

antithrombin-III (ATIII)185,186, α1-AT and antithrombin-III187,188, α1-AT and ovalbumin189, and 

alpha1-antichymotrypsin (ACT) and α1-AT180,190,191. In all cases, specificity could only be 

transferred partially, as each chimera has a reduced second-order rate constant and a higher SI to 

a target protease in comparison to the original serpin. The most effective chimera produced, 

without a cofactor, was ACT with P3−P3’ of α1-AT. This chimera achieved a stoichiometry of 

inhibition (the number of moles of serpin required to inhibit one mole of protease (SI)) of 1.4 and 

a second-order rate constant (k’/[I]) of 1.1 105 M-1 s-1, two orders of magnitude slower than that of 

α1-AT180. Therefore, it is highly likely that the determinants of specificity are more complex than 

the RCL region alone, and other regions may play a role, for example exosite interactions in the 

serpin−protease complex186,192–194  

In previous work, we designed and characterized conserpin, a synthetic serpin that folds 

reversibly, is functional, thermostable and resistant to polymerization150. Conserpin was designed 

using consensus engineering, using a sequence alignment of 212 serpin sequences and determining 

the most frequently occurring amino acid residue at each position. Since it is thermostable and 

easier to produce in recombinant form, it is ideally suited as a model in protein engineering studies. 

Conserpin shares 59% sequence identity to α1-AT, with 154 residue differences scattered 

throughout the structure. Its RCL sequence is sufficiently different from all other serpins such that 

it no longer resembles an RCL of any serpin with a known target protease. A recent study that 

investigated the folding pathway of conserpin engineered the P7-P2’ sequence of α1-AT into its 

RCL195. The resulting conserpin/α1-AT chimera inhibits chymotrypsin with an SI of 1.46, 

however, no SI was calculated against HNE. The chimera forms a weak complex with HNE that 
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is detectable using SDS-PAGE, however, the majority of the serpin molecules are cleaved without 

complex formation.  

In this study, we have exploited the unique folding characteristics of conserpin and employ it 

as a model serpin with which to investigate the determinants of specificity. We investigated the 

effect of replacing the RCL of conserpin with the corresponding sequence from α1-AT on 

inhibitory specificity towards HNE. Here, the chimera molecule, called conserpin-AATRCL, 

remains thermostable, yet despite possessing the RCL sequence of α1-AT, specificity against HNE 

was not restored to the extent of α1-AT. Structural analysis and molecular dynamics simulations 

indicate that specificity is also governed by other, complex factors involving RCL dynamics, and 

surface electrostatics of regions external to the RCL. 
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Results 

 

Biophysical and functional characterisation of a conserpin/α1-AT chimera 

With the aim of changing the specificity of conserpin to that of α1-AT, a conserpin/α1-AT 

chimera was previously produced195, where 9 residues within the RCL (P7-P2’) were swapped 

with the corresponding residues from α1-AT (Fig. 1A). The resulting chimera, conserpin-AATRCL 

(379 aa) has a 61% sequence identity with α1-AT (148 residue differences). Conserpin-AATRCL 

was expressed in E. coli and purified from the soluble fraction by affinity and size exclusion 

chromatography as described previously150.  

We first investigated the biophysical properties of conserpin-AATRCL to ensure that swapping 

the RCL did not alter them. The majority of serpins irreversibly unfold upon heating with a 

midpoint temperature transition (Tm) of ~55-65°C114,121,196. Using variable temperature far-UV 

circular dichroism (CD) to measure the thermostability, conserpin-AATRCL was heated from 35 to 

95°C at a rate of 1 °C /min, and upon reaching 95°C, minute changes in signal were observed. 

Following a subsequent 1 °C /min decrease in temperature from 95 to 35°C, minute changes in 

signal was observed (Fig. 1B). In addition, far-UV spectral scans before and after thermal 

unfolding showed minute differences in the signals, suggesting the absence of a large heat-induced 

conformational change (Fig. 1C). Complete unfolding was only achieved in the presence in 2 M 

guanidine hydrochloride (GndHCl) with a Tm of 72.2 ± 0.1°C. Upon cooling from 95 to 35°C, no 

precipitation was observed (Fig. 1D). Thus, high thermostability is consistent with the parent 

conserpin molecule150 and indicates that incorporation of the α1-AT RCL does not reduce the 

thermostability of the conserpin scaffold. 

We have previously shown conserpin to be a poor inhibitor of trypsin in comparison to α1-AT 

(SI = 1.8 vs 1.0 respectively)150. Engineering the RCL sequence of α1-AT into conserpin improves 

the SI against trypsin from 1.8 to 1.64 (conserpin-AATRCL SI=1.64 ± 0.2 n=3; Fig. 1E, F). 

Conserpin-AATRCL, like conserpin, after denaturation and refolding was active against trypsin 

(SI=2.0). Importantly, conserpin-AATRCL does not inhibit HNE, the protease target of α1-AT. An 

SI could not be calculated, as there was residual HNE activity after 30-minute incubation, even 

with at a 2:1 serpin: protease molar ratio.  

If the inhibitory pathway of serpin proceeds faster than the substrate pathway, then the SI will 

be close to 1. If, however, the inhibitory mechanism is too slow and the substrate pathway occurs, 

the SI is greater than 1165. SDS-PAGE using 1:1 and 2:1 serpin: protease molar ratios reveals a 

faint complex between conserpin-AATRCL and HNE, but also showed a large amount of cleaved 

species compared to the complex formation between α1-AT and HNE (Fig. 1G, SI Fig. 1). Since 

we observe that conserpin-AATRCL is able to inhibit trypsin, and is still able to transition to the 
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latent state upon heating, we hypothesized that the RCL mutations do not prevent its insertion into 

the A-sheet. We therefore sought to investigate the structure and dynamics of conserpin-AATRCL 

in order to identify other factors contributing to its inability to inhibit HNE. 

 
The role of electrostatics in the formation of a serpin:protease complex 

To understand if there are any structural changes caused by modifying the RCL, we determined 

the X-ray crystal structure of conserpin-AATRCL in the native state (Table S1). The overall 

structure of conserpin-AATRCL is identical to that of conserpin—a structural alignment reveals a 

root mean square deviation (RMSD) of 0.2 Å across all Ca atoms. Like conserpin and indeed 

many other serpins, the RCL of conserpin-AATRCL is too flexible to be modelled into the electron 

density. Therefore, all further analyses were performed with the RCL modelled using the structure 

of wildtype α1-AT (PDB ID: 3NE4197).  

Effective serpin inhibition of a protease must involve association to form an encounter complex 

followed by formation of a stereospecific, high-affinity complex that positions the RCL of the 

serpin to engage with the protease active site. Given the failure to engineer the RCL for α1-AT 

specificity and inhibition, we reasoned that surface electrostatics may contribute to the formation 

and stability of a serpin:protease complex and thus protease inhibition. The electrostatic potential 

surfaces of conserpin, conserpin-AATRCL and α1-AT differ in several regions. Both conserpin-

AATRCL and α1-AT feature a large electropositive surface centred around the loop connecting 

strands 2 and 3 of β-sheet B (s2B and s3B) (Fig. 2B, C). In conserpin-AATRCL, this patch extends 

to encompass the D-helix, P9−P1 of the RCL, and strand 2 of β-sheet C (s2C)−helix H (Fig. 2E). 

The corresponding region on α1-AT is much smaller, covering a region under the RCL, some 

residues of s1B and its connecting loop to helix G, s4B and s5B (Fig. 2F). 

A second difference is seen on the top surface of the serpins, directly beneath the RCL. 

Differences between α1-AT and conserpin-AATRCL—particularly in s2C, s3C, and the loop 

between s3A and s3C—lead to a large difference in charge on the surface beneath P9−P1 (Fig. 

3A, B). In conserpin-AATRCL (and conserpin), this region has a large electropositive potential, 

while the corresponding region in α1-AT is more neutral in charge (Fig. 3A, B). 

Functional requirements of an inhibitory serpin’s RCL provide selective pressures on its 

sequence. In inhibitory serpins, the sequence of the RCL must correspond to the specificity of its 

target proteases92, maintain a linear, mobile structure in the stressed/native state, and still remain 

capable of insertion into highly conserved regions in β-sheet A post-cleavage (an example is the 

requirement of small residues in the hinge region97,181,198). Given these known coevolutionary 

pressures, it follows that there should be either highly conserved residues which are responsible 

for conferring this polymorphic behaviour, or a coevolutionary signal present in the sequences of 
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functionally interacting regions within the serpin. As we were interested in the interactions 

between the residues of the RCL and residues beneath the RCL, we calculated conservation scores 

using a sequence alignment of 212 serpin sequences, and mapped them onto the structure of α1-

AT (Fig. 3C). Residues facing the P1 and P1’ residues of the RCL are well conserved, compared 

to residues on strands s2C and s3C that face the RCL (under the residues N-terminal to P1). We 

were unable to identify any significant coevolutionary links between residues of the RCL and the 

region below it on sheet C, though this is most likely a reflection on the limited number of 

sequences used. 

To further investigate the interactions between the RCL and the body of the serpin, we looked 

at the frustration networks within conserpin-AATRCL and α1-AT. Frustration analysis labels pairs 

of residues as ‘frustrated’ if their interaction is destabilising compared to other combinations of 

residues in the same location199; clusters of frustrated residues are often found near binding sites, 

suggestive of a stressed conformational state, or otherwise implicated in the function of the 

protein200.  In α1-AT, the RCL is minimally frustrated against the body of the serpin, with only the 

P12-P9 region present in a patch of high frustration. In contrast, there is a more extensive network 

of frustration in conserpin-AATRCL, particularly between the RCL and the loop between s3A and 

s3C (SI Fig. 2). These distinct frustration patterns reflect the differences we observed in the 

electrostatics on top of the serpin body (Fig. 3), and suggest that the electrostatic compatibility 

between the body of the serpin and the RCL plays a key role in determining serpin functionality.  

Having established clear differences in the surface electrostatics of the serpins, we next 

investigated possible consequences for engagement with proteases trypsin and HNE. Given 

contrasting inhibition of these two proteases we compared their electrostatic potential surfaces. 

The largest difference between the two proteases is found at the active site. Whereas both proteases 

feature an electronegative potential in the active site cleft, in trypsin it is more extensive, 

encompassing S2-S4 binding pockets and the surrounding residues (Fig. 4B, 4E). In contrast, the 

S3-S4 binding pockets and surrounding residues of HNE contains an adjacent large electropositive 

patch (Fig. 4E). To observe any electrostatic potential clashes during a hypothetical 

serpin−protease encounter complex, we modelled a conserpin-AATRCL: trypsin complex, and a 

conserpin-AATRCL: HNE complex, each with P1 M358329 in the protease active site (Fig. 4A, D), 

using the x-ray crystallography structure of a Michaelis complex as a starting model (PDB: 

1K9O106). The electrostatic potential for each protease and serpin were calculated separately, 

eliminating the influence of one electrostatic potential onto the other. 

The calculated electrostatic potential suggests trypsin has greater electrostatic compatibility 

with conserpin-AATRCL than HNE. This compatibility can be attributed to the large electropositive 

surface of the RCL and the body below the RCL. Compatibility will be essential for the formation 
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and stability of a Michaelis serpin−protease complex, where there is contact between the binding 

pockets (S4−S1’) of the protease and P6−P1’ residues of the RCL. The formation and stability of 

a serpin−protease complex between conserpin-AATRCL and trypsin can occur with favourable 

interaction between trypsin’s electronegative S3−S4 pockets (Fig. 4B) and the electropositive 

potential of conserpin-AATRCL P6−P3 residues (Fig. 4C). Therefore, conserpin-AATRCL can 

inhibit trypsin. In comparison, the formation and stability of a complex may be hindered by the 

charge−charge repulsion between the electropositive S3−S4 binding pockets of HNE (Fig. 4D) 

and the electropositive surface of P6−P3 of the RCL (Fig. 4E). As a result, conserpin-AATRCL 

behaves as a substrate to HNE rather than as an inhibitor.   

 

RCL dynamics are important for protease inhibition 

Given the large conformational changes involved in serpin function, and specifically the central 

role played by the RCL in protease engagement and subsequent insertion into the A-sheet, an 

investigation of the dynamics of the RCL of conserpin-AATRCL may provide some insight into its 

inhibitory properties. We therefore performed molecular dynamics (MD) simulations of 

conserpin-AATRCL and compared the results to those of α1-AT and conserpin simulations we 

performed previously150. Although we are unable to perform simulations for long enough to 

observe the RCL insertion into the A-sheet, MD is able to reveal the intrinsic dynamics of the RCL 

and specifically the lifetime of its interactions with the body of the serpin. After reaching 

equilibrium at around 150 ns, the root mean square deviation (RMSD) indicated that the 

simulations remained stable with no large conformational changes observed. Given the importance 

of RCL conformation in facilitating the S®R transition following protease engagement, we 

analyzed the dynamics of the A-sheet and the RCL, and also the interactions between the RCL and 

the body of the serpin during the time course of the MD simulations. The central A-sheet contains 

two conserved regions, the shutter and breach, which are critical for the insertion of the RCL; 

mutations in these regions often render the serpin susceptible to misfolding and aggregation71. 

 Substitution of residues P7−P2’ of the RCL for the corresponding region of α1-AT did not 

serve to reduce the flexibility of the RCL region to the lower level observed in α1-AT 

simulations150. Instead, while the region of conserpin-AATRCL around residues 353324-362333 

showed a reduced root mean square fluctuation (RMSF) (corresponding to less conformational 

variability), the region around residues 342314-352323 of the RCL showed an increased RMSF (Fig. 

5D). This increase in flexibility is evident in comparing MD snapshots of the three systems, where 

the substantially increased flexibility of the lower RCL region of conserpin-AATRCL is clearly 

evident (Fig. 5A-C). This highly dynamic region encompasses the hinge region of the RCL, the 

first residues that insert into the A-sheet. 
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As the fate of the serpin as either a substrate or inhibitor is determined by the competition 

between rates of RCL insertion and the de-acylation of the protease93, it is likely that an increase 

in RCL loop dynamics would slow the rate of insertion. This would allow a protease with a fast 

catalytic mechanism (such as HNE), to escape inhibition, thereby pushing the serpin down the 

substrate pathway. 

To understand the RCL conformations adopted by conserpin-AATRCL throughout the 

simulations, we performed principal component analysis on the conformations of the RCL 

backbone (between P17-P1’) over all simulations (α1-AT, conserpin and conserpin-AATRCL), 

followed by a clustering. This produced a total of 9 clusters, with RCL conformations within each 

cluster being structurally close but clearly distinguishable from others (SI Fig. 3). These analyses 

show that α1-AT’s RCL maintains a reasonably close set of conformations throughout the three 

independent simulations, while conserpin’s RCL explores a broad variety of conformations that 

are exclusive of those explored by α1-AT’s RCL (Fig. 6A). Conserpin-AATRCL’s RCL not only 

adopts conformations that overlap with those of the other serpins, but also explores conformations 

that were not seen in α1-AT and conserpin simulations. 

Conserpin’s RCL explored 5 different conformations (5 clusters), most of which have an 

extended conformation in which the hinge region (P12-P9) of the RCL is moved away from the 

breach region of β-sheet A (Fig. 6B). This preference for an extended RCL hinge in conserpin is 

surprising, as conserpin has an extended salt bridge network in the breach region in comparison to 

α1-AT150, which was hypothesised to stabilise conserpin’s native state. 

 For α1-AT, the RCL explores 2 similar conformations, with both conformations containing the 

hinge region primed for insertion between s3A and s5A. This expands on the RMSF analysis (Fig. 

5D), where α1-AT’s RCL was seen to be relatively rigid over the course of the simulations (in 

comparison to conserpin and conserpin-AATRCL). The rigidity of α1-AT’s RCL suggests that there 

are interactions between the body and the RCL that reduce the dynamics of the loop, and possibly 

prime the hinge region between s3A and s5A strands.  

The RCL of conserpin-AATRCL explores 4 conformations: one overlapping with a cluster seen 

in conserpin, one overlapping with a cluster seen in α1-AT, and 2 conformations unique to 

conserpin-AATRCL. All of these conformations (except the α1-AT-like one) include an extended 

hinge region away from β-sheet A. This could possibly be a consequence of the interactions 

between the residues on β-sheet C and the RCL, as stated previously190.  Interestingly, one of the 

conformations include a slight helical turn from P10-P7 (similarly to an α1-AT / α1-

antichymotrypsin chimera201), possibly responsible for pulling the hinge region away from β-sheet 

A. Importantly, one of conserpin-AATRCL’s RCL conformation is similar to α1-AT’s, where the 

hinge region is primed to insert into β-sheet A. The ability of conserpin-AATRCL to access this 
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conformation may explain the increase in inhibitory activity against trypsin over conserpin, as the 

conserpin-AATRCL RCL could insert faster than conserpin from this pose. However, despite this 

primed hinge region conformation, conserpin-AATRCL primarily remains a substrate against HNE. 

It is possible that HNE could negatively impact on the conformation of the RCL upon encounter, 

or even prevent formation of a stable serpin: protease complex, a scenario in which HNE’s 

catalytic mechanism occurs more rapidly than trypsin, allowing for rapid cleavage of the RCL 

followed by substrate rather than inhibitor behaviour. A structural difference was also observed 

by calculating the phi-psi angles of the RCL for each serpin over the course of the simulations. 

Replacement of P7-P2’ of α1-AT onto conserpin has failed to reproduce the conformational pattern 

seen in α1-AT. Specifically, while the conformations adopted by conserpin-AATRCL in the region 

around residues 353324-362333 (SI Fig. 4, red) are more similar to those of α1-AT than conserpin 

(SI Fig. 4, blue and black, respectively), those in the region around residues 342314-352323 (SI Fig. 

4) show a distinctly different set of conformations. Together these observations indicate that the 

conformational landscape sampled by the structure in and around the RCL region, including areas 

near the breach region, is important in the process of RCL insertion, and thus ultimately serpin 

inhibitory specificity. 
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Discussion 

 

Conserpin shares high sequence identity to α1-AT (59%), is extremely stable, polymerisation-

resistant and yields large quantities when expressed through recombinant techniques. It is therefore 

an attractive model system for investigating the folding, stability and function of serpins. In this 

study, to investigate the determinants of serpin specificity, we used a conserpin/α1-AT chimera, 

which we call conserpin-AATRCL, in which the residues in the RCL are replaced with those of α1-

AT. The resulting hybrid retained the thermostability and polymerisation resistance of conserpin. 

However, despite containing the RCL sequence of α1-AT, which is thought to be a key determinant 

of inhibitory specificity, conserpin-AATRCL showed only minor improvement as an inhibitor of 

trypsin, in comparison to conserpin, and like conserpin behaved mostly as a substrate against HNE.  

We attempted to rationalise the substrate behaviour of conserpin-AATRCL using a structural and 

molecular modelling/simulation approach. Although the X-ray crystal structure of conserpin-

AATRCL revealed no significant differences with the parent molecule, we were able to provide 

insights into the failure to transfer specificity by analysing electrostatic differences and changes in 

the flexibility of RCL, hinge, breach and shutter regions with molecular dynamics simulations. 

For a serpin to perform its inhibitory function, the serpin and protease must come into contact 

with each other. Reasoning that, like other protein−protein complexes202,203, cognate serpins and 

proteases must exhibit complementary electrostatic surfaces to ensure rapid, and high affinity 

association, we identified several differences between the electrostatic surface characteristics of 

α1-AT and conserpin-AATRCL that may contribute to their contrasting inhibitory properties. HNE 

contains a shallow active site that interacts with P6−P3’ residues of the RCL, therefore the 

electrostatic surface of this region must be complementary to ensure efficient binding to the P1 

methionine residue191,204. In comparison to α1-AT, conserpin-AATRCL harbours several regions 

where poor charge complementarity may explain the diminished capacity to form a complex with 

HNE, and subsequently why it acts as a substrate rather than an inhibitor. One of these regions 

includes the electrostatic potential beneath the RCL. The role of electrostatics has been 

investigated for several serpins. For example, single-pair Förster resonance energy transfer 

(spFRET) studies of the inhibition of anionic rat and cationic bovine trypsin by α1-AT showed 

only partial translocation of anionic rat trypsin compared to full translocation of cationic bovine 

trypsin205,206. This indicates that the electrostatic potential between the protease and serpin are 

important for formation of a serpin:protease complex and protease inhibition. Similarly, for the 

serpin PAI-1, the Michaelis complex between tissue-type plasminogen activator (tPA) and PAI-1 

was observed to have more complementary electrostatic interactions than the complex between 

urokinase-type plasminogen activator (uPA) and PAI-1. This was used to explain the difference in 
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second-order inhibitory rate constants between the two proteases: tPA is inhibited at a faster rate 

(2.6 × 107 M-1 s-1) compared to uPA (4.8 × 106 M-1 s-1) 207,208. Furthermore, an arginine to glutamic 

acid substitution produced a ‘serpin-resistant’ tPA variant, where the glutamic acid produced a 

repulsion to PAI-1, leading to a failure to inhibit this variant. This tPA variant was only inhibited 

through creating a complementary PAI-1 with the opposite glutamic acid to arginine 

mutation209,210, further emphasising the importance of surface potential in the formation of a stable 

serpin:protease complex. Any possible repulsive interactions may destabilize a serpin:protease 

complex and therefore prevent inhibition.  

Dynamics in the RCL is important for its insertion into β-sheet A during protease inhibition. 

We therefore investigated the difference in RCL dynamics between conserpin-AATRCL and α1-

AT using molecular dynamics simulations.  Despite P7-P2’ of conserpin-AATRCL being identical 

to the corresponding region in α1-AT, the overall flexibility of the RCL region as a whole was not 

reduced to the level of α1-AT, while the hinge region of the RCL, which inserts into β-sheet A 

first during insertion, exhibited higher flexibility in conserpin-AATRCL compared to α1-AT. A 

plausible explanation for this is the additional residue at P2’. Conserpin was designed without an 

isoleucine at P2’, producing an RCL length that fits onto the serpin body. The addition of P2’ 

isoleucine in conserpin-AATRCL may force the RCL to adopt a non-ideal conformation, possibly 

increasing the dynamics of the hinge region.  

The conformation of the RCL is likely highly tailored to the particular inhibitory specificity of 

each serpin. α1-AT, a potent inhibitor of HNE, has an RCL that is in a primed position for insertion 

into β-sheet A. That is, the hinge region is poised between strands 3A and 5A, allowing for rapid 

insertion during HNE inhibition. Conserpin and conserpin-AATRCL contain RCL conformations 

that are extended, with the hinge region away from β-sheet A, likely reducing the rate at which the 

RCL can insert. One conformation that conserpin-AATRCL explores contains a primed hinge 

region, which possibly explains the increase in its inhibitory activity against trypsin (compared to 

conserpin), but is not enough to produce inhibition against HNE. Furthermore, the breach region 

of α1-AT ‘loosens’ and opens over the course of the simulations150, while the breach region in 

conserpin and conserpin-AATRCL remains rigid due to the extended salt bridge network. Therefore, 

it is possible that α1-AT inhibits HNE at a rapid rate due to the primed position of the hinge region 

and opening of the breach region, allowing inhibition before HNE’s de-acylation step of cleavage. 

Our observation that the RCL of conserpin-AATRCL sampled this primed hinge conformation out 

of 4 possible conformations, and the relatively rigid nature of its breach region, suggests that the 

initial steps of RCL insertion into A-sheet are slower than the de-acylation step of HNE’s cleavage. 

Previous studies that have attempted to convert the specificity of ACT to that of α1-AT by 

swapping RCL residues have been generally unsuccessful, as the chimeras had a greater SI and 
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slower inhibitory rate compared to α1-AT. This suggests that other factors may play important 

roles, including interactions between the RCL and the body of the serpin, and the structure of the 

chimeric RCL180,190,191,201. Engineering of ACT/α1-AT chimeras show that HNE’s proteolytic 

mechanism occurs on a shorter timescale in comparison to ACT’s catalytic mechanism180. It is 

also known that an increase in the dynamics of the RCL can affect the serpin’s ability to inhibit a 

protease. Notably, loss of a salt bridge in the breach region in α1-AT Z variant increases RCL 

dynamics and subsequently leads to an SI increase (from 1.0 to 1.8) and decrease in rate of 

inhibition (from 6.9 to 2.3 × 106 M-1 s-1)78,135,137,138. This implies that the rate of RCL insertion 

occurs slower than the de-acylation step of HNE’s catalytic mechanism, producing a substrate 

rather than an inhibitor of HNE. It is likely that RCL-protease interactions will vary for each 

protease, influencing the dynamics of the RCL193 and the conformational change needed for RCL 

insertion211. With the use of fluorescent labels, it was observed that the two protease targets of 

plasminogen activator inhibitor-1 (PAI-1), tissue-type plasminogen activator (tPA) and urokinase-

type plasminogen activator (uPA), rests differently on the P1−P1’ bond and change the dynamics 

of the RCL when bound. tPA affects the C-terminus of the RCL through exosite interactions, while 

retaining dynamics observed with free PAI-1. In contrast, uPA affects the N-terminus with 

different exosite interactions, restricting the dynamics and immobilising the RCL. This difference 

in RCL dynamics also contributes to the difference in the rates the proteases are inhibited by PAI-

1193. Taken together, the dynamics of the RCL is critical for the rate of insertion during protease 

inhibition. Fast insertion favours protease inhibition while slow insertion forces the serpin to 

undergo the substrate pathway. 

Along with the possibility of electrostatic repulsion and increased RCL dynamics, the failure 

to transfer specificity onto conserpin-AATRCL could be a consequence of the delicate balance 

between stability and function. Serpins use the metastable conformation to undergo the large 

conformational change necessary for its inhibitory function. Increasing the stability of this 

metastable state may decrease the dynamics and plasticity required to undergo the S→R transition 

during inhibition of a target protease. For example, increasing the stability of α1-AT more than 13 

kcal mol-1 than the wild type α1-AT compromises its inhibitory activity212. For conserpin, the very 

high stability, although still functional, can be attributed to certain key regions important for the 

serpin’s inhibitory mechanism and S→R transition150. Structural plasticity is required in the breach 

region, as this region is important in controlling the insertion of the RCL and conformational 

change to allow for protease inhibition. The extensive salt-bridge network in the breach region in 

conserpin and conserpin-AATRCL increases rigidity and slows the opening of β-sheet A between 

strands s3A and s5A. The rigidity of the breach, along with displacement of conserpin and 

conserpin-AATRCL hinge region away from β-sheet A, may explain the reduced inhibitory activity 
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of conserpin towards trypsin, and the failure of conserpin-AATRCL to inhibit HNE. Furthermore, 

helix F, which packs tightly against the A-sheet, may act as a barrier to RCL insertion via A-sheet 

opening, and must partially unfold to allow rapid RCL insertion64,81,99. Mutations on the helix F/A-

sheet interface of α1-AT can relieve this tight packing, increasing the stability but also decreasing 

activity. Therefore, the tight packing between helix F and A-sheet contributes to the metastability 

and that is relieved in the S→R transition. In conserpin, this interface is tightly packed, but not to 

the extent of α1-AT. As a result, the tight packing at this interface may not have the strain observed 

in α1-AT, slowing the partial unfolding of helix-F to allow for rapid RCL insertion. 

In conclusion, we utilized a serpin chimera to investigate the rules that govern serpin specificity, 

by studying the effect of replacing the RCL of conserpin, a model synthetic serpin, with the 

corresponding sequence from α1-AT. Despite possessing the RCL sequence of α1-AT, specificity 

against trypsin or HNE was not restored to that of α1-AT. Crystal structural analysis and molecular 

dynamics simulations indicate that, although the RCL sequence may partially dictate specificity, 

electrostatic surface potential coupled with dynamics in and around the RCL likely play an 

important role. Although beyond the scope of the current study, systematic mutational studies on 

conserpin-AATRCL that alter its electrostatic complementarity with HNE will ultimately allow our 

hypotheses to be tested. The dynamics of the RCL appears to govern the rate of insertion during 

protease inhibition, dictating whether it behaves as an inhibitor or a substrate.  The unusual 

mechanism of serpin action also requires a delicate balance between stability, dynamics and 

function213,214.  Engineering serpin specificity is therefore substantially more complex than solely 

manipulating the RCL sequence, and although may be guided by the general principles discussed 

in this work, each serpin will most likely present unique challenges.  Notwithstanding this, further 

characterisation of the role of dynamics will be required to advance our understanding of how 

serpins perform their exquisite inhibitory functions.   
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Experimental procedures 
 

Design of conserpin-AATRCL  

The design of conserpin-AATRCL was based of the RCL sequence of α1-AT. Residues P7-P2’ of 

the α1-AT RCL were mutated onto the original conserpin molecule to provide specificity against 

trypsin and neutrophil elastase. The residue numbering adheres to that adopted as previous150: 

Q105α1-AT and corresponding conserpin-AATRCL residue R79conserpin-AATRCL is written as Q105R79.  

 

Expression constructs 

The plasmid encoding conserpin-AATRCL was generated using ligation-independent cloning with 

the pLIC-HIS vector161 using standard protocols, adding an N-terminal 6His-tag to conserpin-

AATRCL; this construct was transformed into BL21(DE3) pLysS E. coli.  

 

Protein expression and purification 

Protein was expressed 2xYT media and induced with isopropyl b-D-1-thiogalactopyranoside 

(IPTG) at an OD600 of 1. Expression was continued for 3 hours before cells were harvested and 

lysed in 10 mM imidazole, 50mM NaH2PO4, 300 mM NaCl, pH 8.0. Following centrifugation, 

batch bound to nickel-NTA loose resin (Qiagen) and washed with 50 mL of 20 mM imidazole, 

50mM NaH2PO4, 300mM NaCl, pH 8.0. Any conserpin-AATRCL bound to the nickel-NTA resin 

was eluted with 250mM imidazole, 50mM NaH2PO4, 300mM NaCl, pH 8.0, into 5mL fractions. 

Fractions containing conserpin-AATRCL were loaded into a Superdex 200 16/60 column for further 

purification and eluted with 50mM tris-HCl, 150mM NaCl pH 8.0. The N-terminal His-tag 

remained attached to conserpin-AATRCL.  

 

Characterisation of inhibitory properties 

The stoichiometry of inhibition against bovine trypsin (Sigma-Aldrich) was performe similarly as 

described150,165. Briefly, various concentrations of conserpin-AATRCL (0−200 nM in 25 nM 

increments) was incubated with a constant trypsin (105 nM) concentration at 37°C for 30 min in 

50mM tris-HCl, 150mM NaCl, 0.2% v/v PEG 8000 pH 8.0. The residual trypsin activity was 

measured at 405nm using the substrate Na-benzoyl-L-arginine 4-nitroanilide hydrochloride 

(Sigma-Aldrich). 

To test for activity after refolding, conserpin-AATRCL was unfolded in 6M guanidine 

hydrochloride (GndHCl) 50mM tris-HCl, 150mM NaCl pH 8.0 for 2 hours before refolding via 

dilution for another 2 hours, so the final concentration of guanidine hydrochloride was 0.2M. Any 

aggregate was pelleted by centrifugation and the sample dialysed against the same buffer to 
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remove any remaining GndHCl. The SI assay against trypsin was performed as stated above 

(constant trypsin concentration of 210nM and varying conserpin-AATRCL concentrations from 

0−450nM in 50nM increments). 

To observe an SDS-stable serpin: protease complex, different ratios of serpin were incubated 

with protease for 30 minutes at 37°C. Reducing SDS sample buffer was added to each sample and 

quenched on ice to stop any further reaction. Samples were loaded onto a 10% SDS-PAGE. 

 

Circular dichroism scans and thermal denaturation 

Circular dichroism (CD) measurements were performed on a Jasco J-815 CD spectrometer at a 

protein concentration of 0.2mg/mL with PBS using a quartz cell with a path-length of 0.1cm. Far-

UV scans were performed at 190−250nm. For thermal denaturation, a heating rate of 1°C/min 

from 35°C to 95°C was used, with the change in signal measured at 222nm. For samples containing 

2 M GndHCl, refolding was measured directly after the thermal melt by holding the temperature 

at 95°C for 1 min before the temperature was decreased to 35°C at the same rate. The midpoint of 

transition (Tm) was obtained by fitting the data with a Boltzmann sigmoidal curve in accordance 

with the method described150 for both forward and reverse thermal denaturation experiments.  

 

Crystallization, X-ray data collection, structure determination and refinement 

Crystals of conserpin-AATRCL were obtained using hanging drop vapour diffusion, with 1:1 (v/v) 

ratio of protein to mother liquor (1µL of conserpin-AATRCL mixed with 1µL of mother liquor. The 

protein was concentrated to 10mg/mL and crystals appeared in 0.2M magnesium chloride, 0.1mM 

Bis-Tris and 20% PEG 3350, pH 6.5 after 5 days. 

Diffraction data was collected on the MX2 beamline at the Australian Synchrotron. The 

diffraction data was processed with iMOSFLM169 to 2.48Å, followed by scaling with SCALA170 

in the CCP4 suite171. The structure was determined by molecular replacement (MR) with Phaser172 

using the conserpin structure (native state) as a search probe (PDB 5CDX)150. The model was built 

and refined using PHENIX173 and Coot174.  

 

Computational resources 

Atomistic MD simulations were performed on Multi-modal Australian ScienceS Imaging and 

Visualisation Environment (MASSIVE), and in-house hardware (NVIDIA TITAN X Pascal 

GPU). 

 

 

Atomic coordinates, modelling and graphics 



Chapter 3 Reactive centre loop dynamics and serpin specificity 

   63 
 

The RCL was modelled onto the x-ray crystal structure using MODELLER215. In MD simulations, 

atomic coordinates were obtained from the following PDB entry: 3NE4197. α1-AT and conserpin 

molecular dynamics simulations used for the analysis were run previously in the original 

Conserpin paper150. The residue numbering remained as determined by crystal structure, that is, 

the glutamine from the TEV cleavage tag remained as residue -1. Structural representations were 

produced using PyMOL version 2.0.4175 and VMD 1.9.4216. Trajectory manipulation and analysis 

was performed using MDTraj217 and VMD 1.9.4216. Electrostatic calculations were performed with 

the APBS plugin218,219 on PyMOL. Serpin:protease complexes were modelled based on the X-ray 

crystal structure of a serpin:protease Michaelis complex (Manduca sexta serpin 1B with rat trypsin 

(S195A), PDB: 1K9O)106.  

 

Molecular dynamics (MD) systems setup and simulation 

Each protein, with protonation states appropriate for pH 7.0 as determined by PROPKA220,221, was 

placed in a rectangular box with a border of at least 10 Å, explicitly solvated with TIP3P water222, 

sodium counter-ions added, and parameterized using the AMBER ff99SB all-atom force field223–

225. After an energy minimization stage consisting of at least 10,000 steps, an equilibration protocol 

was followed in which harmonic positional restraints of 10 kcal Å mol-1 were applied to the protein 

backbone atoms. The temperature was incrementally increased while keeping volume constant 

from 0K to 300K over the course of 0.5ns, with Langevin temperature coupling relaxation times 

of 0.5ps. After the target temperature was reached, pressure was equilibrated to 1atm over a further 

0.5ps using the Berendsen algorithm226. Following equilibration, production runs were performed 

in the NPT ensemble using periodic boundary conditions and a time step of 2 fs. Temperature was 

maintained at 300K using the Langevin thermostat with a collision frequency of 2 ps, and 

electrostatic interactions computed using an 8Å cutoff radius and the Particle Mesh Ewald 

method227. Three independent replicates of each system were simulated for 500 ns each using 

Amber 14228. The three independent replicates for each system were concatenated, and RMSD, 

RMSF, and phi and psi angles computed over 500ps timesteps using VMD 1.9.4216.  

 

Sequence methods 

In calculating construct sequence identities, construct sequences were aligned using 

MUSCLE229,230 v3.8.1551. The 6xHIS-TEV-SacII N-terminal peptide was removed from the 

alignment so as not to inflate alignment statistics. Percentage identities were calculated as %id = 

100% × number of identity columns / length of aligned region (including gaps). 

Mapping of sequence conservation on structure α1-AT231 was performed using the Consurf 

2016 server232 using the previously designed alignment of 212 serpins97. Sequence coevolution 
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analysis was performed using the OMES χ2 residue independence test233, as well as the SCA234 

and ELSC235 perturbation-based residue covariance methods. 

 

RCL principal component analysis & clustering 

From the nine trajectories described above, trajectories of the 72 atoms describing the backbone 

(N, CA, C, O) from P17 (E342)−P1’ (S359) were extracted using MDTraj236. These trajectories 

were concatenated together into a 8993-frame trajectory, and Scikit-learn236 was used to calculate 

eigenvectors describing 216 principal component vectors. The top three PCA vectors describe 

35.64%, 16.67%, and 11.72% respectively of the variance across all conformations in the 

concatenated trajectory. The nine trajectories were then transformed into this PCA space, and 

plotted using matplotlib237. 

The concatenated trajectory, as expressed in PCA coordinates, was clustered using the 

HDBSCAN algorithm238,239, using default parameters, except a minimum cluster size of 1% of the 

total trajectory (90 frames). 

 

Frustration calculation 

Local frustration analysis of the modelled serpin: protease complexes was conducted with the 

Frustratometer2 web server240. Essentially, the energetic frustration is obtained by the comparison 

of the native state interactions to a set of generated “decoy” states where the identities of each 

residue are mutated. The constant k used to model the electrostatic strength of the system was set 

to its default value (4.15). A contact is defined as “minimally frustrated” or “highly frustrated” 

upon comparison of its frustration energy with values obtained from the decoy states.  
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Figures 

 

 
Figure 1. Stability and inhibitory activity of conserpin-AATRCL. (A) RCL sequence alignment 

indicating which residues of conserpin were replaced with the corresponding residues in α1-AT; 

(B) Variable temperature thermal melt of conserpin-AATRCL, heating to  95°C (black line) and 

cooling to 35°C (red line), measured by CD at 222 nm; (C) Spectral scan before (black line) and 

after (red line) variable temperature thermal melt; (D) Variable temperature thermal melt in the 

presence in 2 M GndHCl (heating to 95°C; black line, cooling: red line); (E) Inhibitory activity 

assay and (F) SI against trypsin (n=3); (G) A cropped SDS-PAGE showing a serpin:protease 

complex formed between HNE and AAT, but less complex formed between HNE and conserpin-

AATRCL. From left to right: 1. Molecular weight markers (kDa); 2. α1-AT alone; 3. 1:1 ratio of α1-

AT: HNE; 4. 2:1 ratio of α1-AT:HNE; 5. HNE alone; 6. conserpin-AATRCL alone; 7. 1:1 ratio of 

conserpin-AATRCL:HNE; 8. 2:1 ratio of conserpin-AATRCL:HNE. The full length SDS-PAGE gel 

is presented in Supplementary Figure 1. 
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Figure 2. Structure and electrostatics of conserpin-AATRCL.  (A, D) X-ray crystal structure of 

native state conserpin-AATRCL represented as a cartoon. The breach and shutter regions are marked 

with black broken circles. (B−F) A comparison of electrostatic potential surfaces (blue=+ve, red=-

ve) of (B, E) conserpin-AATRCL and (C, F) α1-AT. Both conserpin-AATRCL and α1-AT feature a 

large electropositive surface centred around the loop connecting strands 2 and 3 of β-sheet B (s2B 

and s3B) (B, C). A large surface patch between helix D and the RCL, highlighted with yellow 
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broken circles, has a generally positive potential in conserpin-AATRCL (E), and negative potential 

in α1-AT (F). 
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Figure 3. Electrostatic potential surfaces of the RCL differs between conserpin-AATRCL and 

α1-AT. While we have grafted the α1-AT RCL (cartoon) from P7−P2’ onto conserpin (surface), 

the electrostatic surface potential between conserpin-AATRCL and α1-AT differs beneath the RCL. 

(A) In conserpin-AATRCL, the region below the RCL contains a large electropositive potential, 

while in α1-AT (B), the corresponding region is more neutral in charge. (C) ConSURF 

conservation scores for the serpin superfamily, mapped onto the surface of α1-AT as colours from 

forest green (highly conserved) to brick red (highly variable). This depicts poor conservation (red) 

of residues 201−202 and 223−225 of α1-AT, suggesting that these residues may be responsible for 

contributing to protease specificity within the serpin family. 
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Figure 4. Electrostatic compatibility between serpin and protease (A) Electrostatic surfaces of 

a modeled complex between trypsin and conserpin-AATRCL, and (D) between HNE and conserpin-

AATRCL. Associated complexes are separated into individual proteins by rotating each molecule 

by 90° around the horizontal axis in the plane of the paper (clockwise for the top molecules, anti-

clockwise for the bottom molecules). (B) Electrostatic surface for the active site of trypsin and (E) 

HNE shows that trypsin has a more electronegative binding cleft than HNE. Comparing this to the 
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electrostatic surface of (C, F idem.) conserpin-AATRCL suggests a greater electrostatic 

compatibility between trypsin, particularly the electropositive surface below the RCL. However, 

the electropositive surface of S3-S4 binding pocket in HNE suggests there may be a charge 

repulsion with the electropositive surface potential of conserpin-AATRCL at P6-P3.  
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Figure 5. The dynamics of the RCL is important for inhibition. Snapshots of conformations of 

the RCL from the MD runs at 50 ns intervals overlaid on static structure for the rest of the molecule, 

showing that (A) conserpin prefers an extended-hinge RCL conformation, (B) α1-AT prefers a 

bent-hinge RCL conformation, and (C) conserpin-AATRCL occupies both of these conformations. 

the increased flexibility of the lower RCL region (residues 342314-352323) relative to both conserpin 

and α1-AT. (D) Root mean square fluctuation (RMSF) calculated for the RCL region from the 

molecular dynamics simulations shows that the conserpin-AATRCL (red) has lower flexibility than 

conserpin (black) in the 353324-362333 region but a higher flexibility in the 342314-352323 region 

than conserpin and α1-AT (blue) (α1-AT numbering), reflecting the structural differences between 

the two conformational clusters occupied by the RCL. 
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Figure 6: RCL conformational cluster determination by principal component analysis.  To 

describe the motion of the RCL across all simulations, principal component vectors were 

determined for all RCL backbone conformations. (A) The trajectories of each RCL (α1-AT: blue, 

conserpin: black, conserpin-AATRCL: red) are projected on the first 2 PC axes, and (B) these 

conformations were grouped into 9 clusters. For (C) conserpin, (D) conserpin-AATRCL and (E) α1-

AT, representative RCL backbone conformations for the clusters explored by each serpin over the 

course of the molecular dynamics simulations, are shown atop a serpin body (grey cartoon α1-AT 

(PDB: 3NE4)). 
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Reactive Centre Loop Dynamics and Serpin Specificity 

Emilia M. Marijanovic, James Fodor, Blake T. Riley, Benjamin T. Porebski, Mauricio G. S. Costa, 

Itamar Kass, David E. Hoke, Sheena McGowan, Ashley M. Buckle 

 

SI Tables 

 

Table S1: Data collection and refinement statistics. 

Data collection Native conserpin-AATRCL 

Wavelength (Å) 0.9537 

Space group C 2 2 21 

Unit cell 

dimensions (Å) 

68.06, 75.28, 150.45, 90, 90, 

90 

Resolution (Å) 2.48 

Number of 

measured 

reflections 

13376 

Number of unique 

reflections 

13455 

Completeness (%) 95.47 

Redundancy 29.2 

Rpim  

<I/σI> 99.73 

Structure 

refinement 

 

Number of 

reflections 

13376 

Number of protein 

atoms 

2561 

Number of water 

molecules 

9 

Rwork (%) 0.1986 
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Rfree (5% of data) 

(%) 

0.2593 

CC1/2 0.998 

CC* 1 

RMSD bond 

lengths (Å) 

0.008 

RMSD bond 

angles (º) 

1.17 

Average B-factor 

(Å2) 

82.60 

    Protein 82.70 

    Solvent 59.30 

Ramachandran  

    Favoured (%) 91 

    Outliers (%) 0.57 

MolProbity score 2.32, 85th percentile* 

(N=6912, 2.48Å ± 0.25Å) 

PDB ID 6EE5 
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SI Figures 

 

 
 
SI Figure 1: The full length SDS-PAGE gel, cropped in Figure 1. The gel was cropped from lane 

1-8. Lanes 9-14 show the formation of a serpin: protease complex between α1-AT and conserpin-

AATRCL with trypsin. From left to right: 1. Molecular weight markers (kDa); 2. α1-AT alone; 3. 

1:1 ratio of α1-AT: HNE; 4. 2:1 ratio of α1-AT:HNE; 5. HNE alone; 6. conserpin-AATRCL alone; 

7. 1:1 ratio of conserpin-AATRCL:HNE; 8. 2:1 ratio of conserpin-AATRCL:HNE; 9. blank; 10. 1:1 

ratio of α1-AT: trypsin; 11. 2:1 ratio of α1-AT: trypsin; 12. Trypsin alone; 13.  1:1 ratio of 

conserpin-AATRCL:trypsin; 14. 2:1 ratio of conserpin-AATRCL:trypsin; 15. blank.  
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SI Figure 2: Visualization of the frustration networks mapped onto the modeled complexes 

between conserpin-AATRCL or α1-AT with HNE (left and right, respectively). Minimally and 

highly frustrated contacts are represented in green and red, respectively.  
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SI Figure 3: Average cross-cluster RMSD heatmap.  

After clustering, a set of exemplar structures was extracted from each cluster. Pairwise RMSDs 

were calculated for all frames within a cluster, and also all frames between clusters. These pairwise 

RMSDs were then averaged, and displayed here as a heatmap. The low RMSD along the main 

diagonal shows that the exemplar structures from each cluster are self-similar, and the large RMSD 

outside the main diagonal shows that each cluster is distinct to all other clusters. 
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SI Figure 4: Ramachandran plots show changes in dynamics of the RCL (P17-P1’): to localize 

conformational differences between each system on a residue-by-residue basis, phi and psi angles 

were calculated for all residues (excluding P2 Proline), and plotted here. The conformations 

explored in α1-AT simulations are coloured blue; in conserpin simulations, black; in conserpin-

AATRCL simulations red. In particular, it shows that α1-AT and conserpin-AATRCL occupy a Lα 

torsion at P16 (bent hinge), whereas conserpin does not. contributing to the insertion of the hinge 
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region. Additionally, conserpin is prone to forming α-helices between P5−P3, in contrast to the 

other two groups. 
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4.1. Introduction 
 
Proteins have evolved over millions of years to contain certain properties, including their 

function241. For a protein to function, it must fold into a native conformation that is stable242. 

Protein stability is often referred to as Gibbs free energy difference between the unfolded state and 

the folded state of a protein, between 5-15 kcal/mol12,243. However, there are two aspects to protein 

stability. Referring to a protein’s Gibbs free energy is the thermodynamic stability of the protein, 

which is the equilibrium between the unfolded, partially folded and the native conformation of the 

protein244. The other aspect is the kinetic stability. This type of stability relates to the high free-

energy levels between the different conformations along the folding pathway between the unfolded 

and native states, including folding intermediates, and provides information on how a protein 

folds26,244. The stability of the protein could be enhanced thermodynamically by increasing the 

stability of the native state, or decrease the stability of the unfolded state (pushing the protein to 

fold into the native conformation)245, or kinetically, by decreasing the rate of unfolding through 

increasing the energy barrier that separates the native state to the folding intermediates8,33,246.  

 

4.1.1. Engineering protein stability 
 

Engineering stability can occur with or without a structure of the target protein. Two non-structural 

methods include directed evolution and mutating conserved residues from homologous proteins. 

The directed evolution method mimics natural evolution in a laboratory setting. Here, random 

mutations are introduced onto a target proteins DNA sequence through polymerase chain reaction 

(PCR). The resulting mutant proteins are then screened for increased stability, with the successful 

mutations (containing an increase in stability) selected and sequenced to determine the new residue 

and position on the protein247–251. The successful mutations can undergo further mutagenesis. The 

second method involves determining the conserved residues between homologous proteins. The 

conserved residues are hypothesized to contribute to structure, function or stability152. The 

conserved residues identified can be introduced onto a target protein252,253.  

 

The structure of a target protein allows for the use of rational design to engineer stability. Through 

mutagenesis studies on small, reversible folding proteins, several strategies for increasing protein 

stability were observed, including reducing the rigidity of a proteins backbone by replacing glycine 

residues with other amino acids, or introducing prolines168,254; introducing disulphide bonds and 

salt bridges38,40,41,47,255–258 or improve the packing in the hydrophobic core29,33,259,260.  
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Lastly, understanding how homologous thermophilic proteins function at increased temperatures 

can aid in increasing the stability of the mesophilic counterparts261. Through studying the structural 

and sequence differences between homologous thermophilic and mesophilic proteins, any residues 

and interactions that confer stability can be identified, then introduced onto the target mesophilic 

protein. This method has previously been successful in increasing the stability of the target 

protein262–264. 

 

4.1.2. Protein stability/ function trade-off 
 

Proteins must remain stable (folded) to perform their function. However, it is possible that 

increasing the stability could be detrimental to its function. It is hypothesized that proteins may 

contain a stability-function trade off, where increasing the stability of a protein results in a 

compromise of function, particularly when mutating the active site or binding regions of 

proteins265. This is true in some cases262,265,266, while other proteins remain just as functional 

compared to wild type, when the stability increased250,263,267. This indicates the stability-function 

trade off occurs at an individual residue level for different proteins. 

 

4.1.3. Using stability for function: Serpins 
 

Not all proteins fold into the most thermodynamically stable conformation, instead they pause 

folding once reaching a particular intermediate. Serine protease inhibitors (serpins) fold into a 

metastable native conformation, and use this metastability for their function (also known as the 

native state)56,57. Due to this metastability, serpins are susceptible to misfolding and aggregation 

under various conditions, including heat115,116 and mutations64,119. Therefore, increasing the 

stability of the metastable native state (both thermodynamically and kinetically) could prevent 

misfolding and aggregation, all while not affecting its inhibitory function. Here, the archetypal 

serpin a1-antitrypsin (a1-AT) is the protein of focus.  

 

This metastable state provides information of the relationship between structure, stability and 

function. Folding into this metastable conformation is a result of over-packing side chains, 

unfavourable interactions, unfavourable buried polar groups and large surface pockets66,67,69,268. 

The serpins metastable native conformation consists of 3 b-sheets (A-C), 9 a-helices (A-I) and a 

protruding mobile loop, noted as the reactive centre loop (RCL) (Figure 1). The largest element of 

the serpin structure is a central b-sheet, b-sheet A, which lies behind Helix-F. The hydrophobic 

core is comprised of strands 2-6 of b-sheet B (s2B, s3B, s4B, s5B and s6B) and helix-B, while b-
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sheet B also forms the B/C barrel with b-sheet C58. The protruding RCL is central to the serpins 

inhibitory mechanism, acting as a bait for the target protease to bind58–60. The loop is connected 

from strand 5 of  b-sheet A and stand 1 of b-sheet C.  

 

 
Figure 1. The x-ray crystal structure of native a1-AT (PDB ID: 3NE4269). a1-AT is comprised 

of 3 b-sheets (sheet A, red; B, blue; and C, cyan) and 9 a-helices (Helix-B, blue; Helix-F, green). 

The reactive centre loop (RCL) protrudes from the body of the serpin. Helix-B and b-sheet B form 

the hydrophobic core (blue), while b-sheet B and b-sheet C form the B/C barrel. 

 
The inhibitory mechanism of a serpin is unique, which involves using the serpin’s metastability to 

perform a large conformational change to inhibit the target protease. The inhibitory mechanism 

begins with the target protease binding to the P1-P2’ scissile bond, forming a reversible, 

stoichiometric 1:1 Michaelis-Menton complex63,88. From here, the protease’s catalytic serine 

cleaves the P1-P1’ bond, releasing the N-terminus of the RCL in a spring-like mechanism, with 

the protease covalently attached. Next, the RCL inserts into b-sheet A, between strands 3 and 5 

(s3A and s5A), becoming an extra strand (strand 4, s4A), while covalently attached protease 

translocated 71Å to the opposite pole of the serpin. This translocation process disrupts the 

protease’s active site, rendering the protease inactive63. The insertion of the RCL as an extra strand 

on b-sheet A releases approximately 32 kcal mol-1 of energy48,94,95, leaving the serpin in an 

inactive, but a thermodynamically lower, stable energy conformation. 
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Alternatively, the insertion of the RCL does not always occur with protease cleavage. Insertion 

without cleavage, known as the latent conformation, can occur spontaneously at physiological 

temperatures101, at elevated temperatures, with specific mutations (e.g. in the B/C barrel107), at low 

pH or in the presence of low denaturant concentrations102–104. 

 
4.1.4. Stabilizing the native state of a1-AT without compromising 

function 
 

There have been a few studies to date that have attempted to stabilize the native state of a1-AT 

without compromising its function. Each of these studies have used single-point mutations to 

observe the effect on thermodynamic stability (measuring stability through chemical equilibrium 

unfolding and determining the change in Gibbs free energy between the wild type and mutant, 

DDG) and inhibitory function. Many of these mutations were not subjected to analysis to observe 

any change in folding pathway or folding rates. The stabilizing single-point mutations that did not 

compromise function were in regions that were not involved in the inhibitory mechanism, such as 

the hydrophobic core66,69,211,268,270, while mutations that were in regions important for function, 

such as  b-sheet A, decreased the inhibitory mechanism of the serpin. Furthermore, only random 

single point mutations were introduced, rather than potentially stabilizing cluster of mutations. 

Only one study combined multiple single mutations together to observe the change in stability. 

This constructed a1-AT, known as the Multi7, contains mutations mostly in the hydrophobic core 

(Phe-57Ala, Thr-68Ala, Ala-70Gly, Met-374Ile, Ser-381Ala, Lys-387Arg)211 (Figure 2). This 

Multi7 a1-AT has a thermodynamic stability much higher than WT a1-AT, almost as stable as 

non-inhibitory serpin ovalbumin, while remaining just as active as WT. There is no statement of 

the midpoint of thermal denaturation on the Multi7 serpin. Furthermore, the Multi7 variant was 

only successful in increasing its thermodynamic stability as many of the mutations are present in 

the hydrophobic core. It was previously stated that mutations in functional areas increased stability 

while compromising its function213, yet these mutations were introduced randomly. To overcome 

this, rational design should be employed, using a thermostable, active serpin as a reference. 
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Figure 2. The x-ray crystal structure of highly stable Multi7 a1-AT (PDB ID: 5NBV, 

unpublished). Many of the stabilizing mutations (spheres) are present in the hydrophobic core of 

the serpin. 

 

4.1.5. Engineering stability of a1-AT using consensus-designed 
serpin, conserpin 

 

It is possible to increase the stability of mesophilic proteins by studying their homologous 

thermophilic counterparts262–264. Thermostable proteins have evolved to withstand high 

temperatures, yet perform the same function as its mesophilic counterpart152,261. Therefore, 

observing the structural features in a thermostable protein can aid in increasing the stability of a 

mesophilic protein. Previously, consensus engineering was employed to produce a consensus-

designed serpin, termed conserpin150. Biophysical analysis of conserpin revealed it was extremely 

thermostable (with a midpoint of thermal unfolding, Tm above 100°C), folds through a poorly 

populated intermediate (populated over a small timeframe) with a Gibbs free energy (DGDenatured-

Native) of -23.2 kcal mol-1, while being an active inhibitor against the serine protease trypsin. The 

determination of the x-ray crystal structure of native state conserpin highlights why it is 

thermostable. Despite having less salt bridges and hydrogen bonds compared to other thermophilic 
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serpins, conserpin contains several regions throughout its structure that have improved packing of 

the residue side chains throughout the structure, additional salt bridges in key regions of the serpin 

structure and favourable hydrophobic packing. Each of these features is hypothesized to contribute 

to the overall stability of conserpin150.  

 

 
Figure 3. The x-ray crystal structure of native conserpin (PDB ID: 5CDX150). Each different 

colour of sphere represents a region that is hypothesized to contribute to conserpin’s ideal 

biophysical properties 

 

4.1.6. Aim of study 
 

The structural determination of conserpin in the native state highlights several regions of the 

synthetic serpin that are hypothesized to contribute to its thermostability. In this study, the 

hypothesized stabilising regions were grafted onto a1-AT in an attempt to increase the 

thermostability of a1-AT’s native state without compromising its function. Some of these 

stabilizing regions are present in regions of the serpin that are important for function. The other 

regions are spread throughout the serpin molecule, such as the B/C barrel and a couple of helices. 

Therefore, we hypothesize that rational design will be superior in engineering the thermostability 

of a1-AT without compromise of function, rather than random mutations. 
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4.2. Results 
 

4.2.1. Designing a1-AT grafts 
 

Throughout the conserpin molecule, there are various clusters of amino acids that are hypothesized 

to contribute to thermostability150. These clusters were identified through determining the x-ray 

crystallography structure and contribute to the thermostability through improved packing in the 

hydrophobic core, the addition of favourable interactions throughout various regions or increased 

number of salt bridges. To improve the biophysical properties of a1-AT, each amino acid cluster 

was grafted onto a1-AT. All clusters were modelled to ensure all incoming amino acids fit and 

did not produce any unfavourable interactions. A total of eight grafts were produced, with a 

varying number of mutated amino acids; from two to six residues (Figure 4 a and b, Table 1). 

Below is information of each graft, clustered based on the position on the serpin: 

 

Hydrophobic core: 
• T59S: introduction of three polar, uncharged side chains to create favourable polar and 

non-polar interactions. Present on Helix-A and Helix-B 

• F51: contrary to the name, phenylalanine 51 was not mutated. Present on b-sheet A facing 

towards the hydrophobic core, three residues surrounding residue 51 were mutated. Two 

involved a decrease in side chains, while 1 has an increase in size chain size. This improves 

the packing against b-sheet A.  

 

B/C Barrel: 
• B/C barrel: Removal of two charged residues on Helix-H, facing into the B/C barrel, and 

a decrease in a side chain on b-sheet B facing towards Helix-H. This is to improve the 

hydrophobic packing within this region. 

• Helix-H: An addition of six residues between Helix- H and b-sheet B, four of which include 

the addition of a charged residue. This creates a coordinated salt bridge network to stabilise 

the native structure. The remaining two residues involve either an increase (valine to 

phenylalanine) or decrease (phenylalanine to alanine) in side chain size. A combination of 

all mutations improves the residue packing, providing further stabilization (along with the 

salt bridge network). 

• Citrate-binding: Two mutations were introduced in the B/C barrel, one on b-sheet B and 

another on b-sheet C. These mutations are in the region where citrate binds and stabilizes 

the native state of a1-AT through binding into a surface pocket. Introducing the two 
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mutations, both of which contain a larger side chain, fill this surface pocket, stabilizing the 

native state. 

• b-sheet C stapling: The addition of two charged residues on strands 2 and 3 of b-sheet C 

(s2C and s3C) creates a salt bridge, rigidifying and stabilizing b-sheet C. 

 

Functional regions: 
• Breach: based at the top of b-sheet A and base of the RCL, five mutations were introduced 

to increase the salt bridge network already present. The additional salt bridges will prevent 

b-sheet A from opening up as easily as in WT a1-AT, stabilizing the native conformation. 

• Helix-F: Laying in front of b-sheet A, three mutations introduced to improve the packing 

between Helix-F and b-sheet A, through the increase of 1 side chain and a decrease of the 

other two. This will rigidify the helix, possibly preventing easy shifting when b-sheet A 

opens.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. A list of all the mutations introduced for each graft 

Graft Mutations 

Breach S292K, T294E, T339E, D341N, K343E 

B/C barrel F253I, F275W, E279L 

β-sheet C stapling L224K, S285E 

Citrate-binding N228Y, L241E 

F51 L291F, 1340V, M374I 

Helix-F G115A, Y160W, Y187A 

Helix-H L232D, K234E, V364F, F366A, N367D 

T59S L30N, A58S, T59S 
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Figure 4a. Front view of which regions of conserpin were grafted onto a1-AT (PDB ID: 3NE4269). Each region grafted from conserpin onto 
a1-AT is hypothesized to contribute to conserpin’s ideal biophysical properties through various favourable interactions (grey: WT a1-AT, 
colour: introduced mutations). 
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Figure 4b. Back view of which regions of conserpin were grafted onto a1-AT (PDB ID: 3NE4269). Each region grafted from conserpin onto 
a1-AT is hypothesized to contribute to conserpin’s ideal biophysical properties through various favourable interactions (grey: WT a1-AT, 
colour: introduced mutations)



Chapter 4  Enhancing biophysical properties of a1-AT 
 
 

   94 
 

 
4.2.2. All a1-AT are insoluble in recombinant expression and 

require refolding  
 

a1-AT is expressed in both the soluble and the insoluble fraction (inclusion bodies) during 

recombinant protein expression162. All eight grafts were synthesized and cloned into the 

expression vector that expresses a1-AT in the soluble fraction91,271, with an affinity tag to aid 

in purification. Despite WT a1-AT expresses in the cytosol (soluble fraction), all eight grafts 

express in the insoluble fraction (inclusion bodies), while minute amounts of most grafts can 

be detected in the soluble fraction (as detected by western blot). WT a1-AT’s refold protocol 

is well established; however, fine-tuning was required to obtain enough monomeric protein of 

each graft. Out of the eight grafts, six refolded into the active, native conformation, while two 

refolded into an inactive conformation, possibly the latent conformation (as determined by lack 

of inhibitory function) (Table 2) 

 

Table 2. Each of the eight grafts expressed a majority of the protein in the insoluble fraction 

during recombinant expression. All but two grafts were successfully refolded into the native, 

active conformation. 
 

 

Graft Insoluble Soluble protein 

detected? 

Refold conformation 

WT a1-AT No Yes - 

Breach Yes Yes Native 

b-sheet C stapling Yes No Latent 

B/C barrel Yes Yes Native 

Citrate-binding Yes Yes Native 

F51 Yes Yes Native 

Helix-F Yes Yes Native 

Helix-H Yes  No Latent 

T59S Yes  No Native 

    



Chapter 4  Enhancing biophysical properties of a1-AT 
 
 

   95 
 

The use of ion exchange chromatography allows for the separation of not only monomeric 

serpin from a polymer/ aggregate, but also the different conformations of monomeric serpin, 

the native and latent conformations162. The increase of the salt gradient separates and elutes the 

different conformations (Figure 5A). The two grafts that refolded into an inactive conformation 

eluted at a slightly higher salt gradient compared to WT a1-AT (Figure 5A, 1, 2), but lower 

than aggregate (Figure 5A, 3). This inactive conformation was also confirmed by an assay 

against trypsin, with no inhibition of trypsin, even at a 2:1 serpin: protease ratio (Figure 5B). 

The two grafts that fold into the inactive conformation, b-sheet C stapling and Helix-H, both 

have the introduction of salt bridges. The new salt bridges seems to have affected the folding 

pathway of both grafts, reducing the energy barrier that separates the native and inactive 

conformations. Therefore, both grafts bypass halting the folding in the native conformation, 

and instead fold into an inactive, possibly latent, conformation. 

 

 
Figure 5. Confirming latency for two grafts. A. Ion exchange allows for the separation of 

different serpin conformations. Native protein elutes at a low salt gradient (1), followed by 

latent (2), and aggregate elutes at a high gradient (3). The chromatogram shows the elution 

profile of native WT a1-AT and the b-sheet C stapling graft, where the b-sheet C stapling graft 

elutes as an inactive, possibly latent serpin. B. Inactivity for both grafts was confirmed by an 

assay against the serine protease trypsin (Helix-H graft shown). 

 

4.2.3. Three grafts improved a1-AT’s thermostability 
 

The aim for grafting regions of conserpin onto a1-AT was to increase the thermostability of 

the native state, while not affecting the serpins function. Conserpin is extremely thermostable, 

with a midpoint of thermal unfolding (Tm) above 100°C150,  while native a1-AT is less stable, 

with a Tm of 60°C. To pinpoint the regions of conserpin that are important in its 
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thermostability, each of the 8 grafts, including the latent grafts, underwent circular dichroism 

thermal melts (natively folded grafts: Table3, latent folded grafts: Table 4). Each sample was 

heated from 25-95°C and cooled back down to 25°C. Out of the six natively folded grafts, three 

grafts improved the thermostability of a1-AT (Breach and Helix-F grafts) (Table 3, Chapter 4 

supporting information (SI) Figure 1a. b.). The F51 graft undergoes two unfolding transitions, 

an initial unfolding transition at 65°C, and a second transition that continues until 95°C 

(Chapter 4 SI Figure 1b). Compared to WT a1-AT, 3 were slightly less thermostable than WT 

(B/C Barrel, Citrate-binding and T59S grafts). Upon cooling from 95°C, WT a1-AT and all 

the grafts do not refold, instead each precipitate out of solution. 

  

Graft Tm (°C) DTm (°C) DG(unfold) 
(kcal/mol) 
 

DDG(unfold) kcal/mol) 

WT a1-AT 60 ± 2.26 - 8.79 ± 0.85 - 

Breach 67.38 ± 0.34 7.38 ± 1.92 10.33 ± 0.279 -1.54 ± 0.58 

B/C Barrel 57.51 ± 0.39 -2.49 ± 1.86 6.27 ± 0.26 2.52 ± 0.59 

Citrate 58.11 ± 0.17 -1.88 ± 2.1 4.672 ± 0.98 4.12 ± 0.12 

Helix-F 62.08 ± 0.14 2.08 ± 2.11 12.86 ± 0.94 -4.06  ± 0.8 

F51 65.48 ± 0.766 5.49 ± 1.49 - - 

T59S 56.96 ± 1.45 -3.03 ± 0.8 8.007 ± 0.415 0.719 ± 0.444 

Conserpin 100+ 40+ - - 

Table 3. The thermodynamics of each graft in comparison to WT a1-AT. Using the 

thermal denaturation curves to calculate the stability, 3 grafts are more stable than WT a1-AT, 

while 3 are less stable. Conserpin was added as a reference. 

 

An increase in thermostability is correlated with an increase in thermodynamic stability272. The 

thermodynamic stability of each graft was estimated using the thermal denaturation curves and 

van’t Hoff analysis, and compared to WT a1-AT11,166,168,273. The thermodynamics of each graft 

is suggestive, providing a rough estimate of how stable each graft is in comparison to WT a1-

AT. Using the thermal denaturation curves, the Breach and Helix-F are suggested to be more 

thermodynamically stable than WT (-1.54 ± 0.58 and -4.06  ± 0.8, respectively). Due to the 
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incomplete folding transition, the thermodynamic stability of the F51 graft could not be 

calculated (Chapter 4 SI Figure 1B). The stability of the remaining three grafts (B/C barrel, 

Citrate-binding and T59S) is less than that of WT a1-AT, with the citrate-binding graft being 

the least thermodynamically stable than WT a1-AT. 

 
The latent conformation of serpins is one the of the lowest energy conformations, that is, it is 

much more stable than the native state101. The thermostability of latent WT a1-AT is above 

100°C (Table 4, Chapter 4 SI Figure 2). However, the two grafts that fold into an inactive 

conformation are not as thermostable as latent WT a1-AT (Table 4, Chapter 4 SI Figure 2). 

Both of these grafts contain mutations in the B/C barrel. The introduction of a salt bridge on 

b-sheet C (b-sheet C stapling graft) severely compromised the proteins structure and 

thermostability, with a Tm less than native a1-AT (52.97°C). The spectral scan of the b-sheet 

C stapling graft depicts a large b-sheet conformation, possibly a misfolded, aggregate 

precursor. This could explain the low Tm compared to the two other inactive serpins. The 

spectral scan of the Helix-H graft is similar to latent WT a1-AT, suggesting the Helix-H graft 

may fold into the latent conformation. The thermostability of the Helix-H is higher than the b-

sheet C stapling graft, with incomplete unfolding transition occurring between 80-100°C 

(Chapter 4 SI Figure 2), further suggesting the Helix-H graft may fold into the latent 

conformation, rather than a misfolded conformation (as with the b-sheet C stapling graft). To 

conclude, the introduction of a salt bridge into the B/C barrel compromised the folding pathway 

of a1-AT, possibly bypassing the folding into the native conformation, and instead into 

inactive, possibly misfolded or latent conformations. Lastly, the introduction of a salt bridge in 

b-sheet C produces a misfolded serpin that is a precursor for polymerization. 

 

 

 

 

 

Table 4. The midpoint of thermal unfolding (Tm) for the latent-folding grafts. Latent WT 

a1-AT does not unfold upon heating to 100°C, while the two inactive-folding grafts both 

unfold below 90°C. 

 

Graft Midpoint thermal unfolding, Tm (°C)  

WT 100+ 

b-sheet C Stapling 52.97 ± 0.26 

Helix-H 80+ 
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As the desired properties of these grafts is an increase in thermostability, the three grafts that 

were more thermostable than WT were subjected to further investigation. 

 
 

4.2.4. Increasing the thermostability did not significantly 
compromise function 

 
The mechanism by which serpins inhibit proteases is unique, and the function can be 

compromised when the stability has increased above 13 kcal mol-1 212. To ensure increasing the 

thermostability did not compromise its function, the inhibitory activity of the three 

thermostable grafts (Breach, Helix-F and F51) was tested against a1-AT’s target protease 

human neutrophil elastase (HNE) through a stoichiometry of inhibition (SI) assay. The 

stoichiometry of inhibition calculates the number moles of serpin it takes to inhibit one mole 

of protease. a1-AT has a stoichiometry of inhibition (SI) of 1:1 against HNE135. The 

stoichiometry of inhibition of the Breach and F51 grafts are identical to that of WT a1-AT, 

while the Helix-F has an increased SI (Table 5, Chapter 4 SI Figure 3). 

 

Graft SI against HNE (n=3) 

WT a1-AT 1.0 ±  0.1135 

Breach 1.09 ±  0.07 

F51 1.11 ± 0.05 

Helix-F 1.35 ± 0.16 

 

Table 5. The stoichiometry of inhibition of the three thermostable grafts. All three grafts 

did not significantly affect the inhibitory function, compared to WT a1-AT. 

 
4.2.5. The thermostable grafts yield more monomeric protein post-

refold  
 

a1-AT folds through at least one aggregation prone intermediate, which also increases the 

propensity to aggregate upon refolding274. As it is difficult to calculate and compare the amount 

of monomeric protein refolded during protein purification (due to inconsistent weight of 

bacterial cells), the most accurate way to determine the yield of monomeric serpin post-refold 

is by starting with a known protein concentration. Each protein was unfolded in 5M guanidine 

hydrochloride (GndHCl) for 2 hours, followed by refolding by dilution (1:10 dilution) until the 
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final protein concentration was 2µM. WT a1-AT largely aggregates upon refolding, yielding 

11% of monomeric protein. Conserpin, however, does not aggregate and completely refolds150 

(Figure 6). The yield of each of the three thermostable grafts was higher than that of WT a1-

AT (Figure 6). The F51 graft yields the most monomeric protein, followed by the Breach and 

lastly the Helix-F graft.   

 
Figure 6. Analysing the yield post-refold of the 3 thermostable grafts. Each of the 3 thermal 

stable grafts yield higher amounts of monomeric protein post refold compared to WT a1-AT. 

WT a1-AT was previously performed150 

 
4.2.6. The folding intermediate is populated at a higher denaturant 

concentration 
 

a1-AT folds through at least one aggregation-prone folding intermediate. Introducing 

mutations onto the serpin could possibly affect the folding intermediate, thus affecting the 

folding pathway. An extrinsic fluorescent dye, Bis-ANS, binds to the hydrophobic regions of 

the protein and allows the detection of the folding intermediates. a1-AT’s folding intermediate 

is populated over a wide denaturant concentration, while conserpin’s intermediate is slightly 
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populated at a high denaturant concentration (i.e. the fluorescence is not as large as WT a1-

AT) 150. The three thermostable grafts also have an intermediate that is populated over a wide 

concentration and have a fluorescent profile similar to WT a1-AT (Figure 7). The difference, 

however, is the concentration of denaturant in which the fluorescence increases. For each of 

the three grafts, the maximum fluorescent intensity occurs at a higher denaturant concentration 

than WT a1-AT (Breach: 1.25M, F51: 1M, and Helix-F: 1.5M GndHCl concentration, 

compared to 0.645M of a1-AT). Therefore, each graft requires a slightly higher chemical 

denaturation concentration to promote unfolding.  

 

 
Figure 7. Extrinsic fluorescence observing the folding intermediate of each serpin. The 

introduction of the grafts did not affect the folding intermediate, as detected by extrinsic 

fluorescence. a1-AT and conserpin fluorescence profile was performed previously (a different 

fluorometer was used to obtain this data)150. 

 
 

4.2.7. Combination of all three thermostable grafts increases the 
thermostability of a1-AT 

 

Grafting different amino acid clusters from conserpin onto a1-AT produced three grafts that 

contained an increase in thermostability and monomeric protein post-refold, all while not 

affecting the inhibitory function against HNE (only Helix-F graft has a slightly higher SI). 

Therefore, we hypothesized that combining these three grafts would produce an additive 

thermostability effect. The combined graft, dubbed “3stable” was designed, synthesized and 

cloned in the same way as the single grafts. Recombinant expression of the 3stable graft 

produced a majority of the protein in the insoluble fraction (as with all the previous grafts), 
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with a small amount remaining soluble. The 3stable graft successfully refolded into the active, 

native conformation. 

 

The addition of the three thermostable grafts onto 3stable produced an additive midpoint of 

thermal denaturation, as determined by circular dichroism thermal melts (25 to 95°C, followed 

by cooling). Theoretically, adding the difference in Tm between WT and each of the three 

thermostable grafts would give a Tm of 74°C, 14°C increase from WT. The 3stable graft indeed 

contained an additive Tm, with an unfolding midpoint of 73.4°C (Figure 8B). There have been 

many attempts to increase the thermal stability of a1-AT, but the 3stable has the highest 

thermostability (as calculated by circular dichroism thermal denaturation curves) of an 

engineered native a1-AT to date. As with the other grafts, 3stable did not reversibly refold 

upon cooling from 95°C, instead, produced precipitate similarly to WT a1-AT and all the 

single grafts (Figure 8A). 

 

The thermodynamic stability was estimated using the van’t Hoff analysis in an identical 

manner to above. The thermodynamic stability of 3stable graft was 8.66kcal mol-1 above WT 

(Table 6). This is slightly above the Multi7 a1-AT, which has a thermodynamic stability of 8 

kcal mol-1 211. 

 
 
Graft Tm (°C) DTm (°C) DG(unfold) 

(kcal/mol) 
 

DDG(unfold) (kcal/mol) 

WT a1-AT 60 ± 2.26 - 8.79 ± 0.85 - 

3stable 73.4 ± 0.9  13.38 ± 1.36 17.46 ± 3.27 -8.66 ± 2.41 

Table 6. The thermodynamic stability analysis of the 3stable graft. The 3stable graft has 

an increased midpoint of thermal denaturation (Tm) and Gibbs free energy (DG) compared to 

WT a1-AT. 

 

As the stability of the 3stable graft was increased, there is a possibility of a stability-function 

trade-off. To ensure the 3stable graft remained as an active inhibitor against HNE, the SI was 

calculated, with 3stable inhibiting HNE with an SI of 1.28 ± 0.1 (Figure 8C). This SI is slightly 

higher than that of WT a1-AT, Breach and F51, but not to a large extent. 
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Each of the thermal stable grafts have an increase in yield post-refold. Under the same 

conditions, the 3stable graft produced a yield of 63%, confirming the hypothesis (Figure 8D). 

The folding intermediate was not affected, with the intermediate present over a wide 

concentration. The largest difference in studying the folding intermediate is the denaturant 

concentration of the peak fluorescence (peak fluorescence at approximately 2M GndHCl), 

compared to WT and each thermostable graft (Figure 8E). Therefore, a higher denaturant 

concentration is required to unfold the 3stable graft without affecting the intermediate. 
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Figure 8. Biophysical analysis of the 3stable graft. A. Spectral scans before and after thermal 

denaturation indicate structural changes post melt. B. Thermal denaturation curve of each 

triplicate, producing a Tm of 73.4°C. C. Inhibitory activity against HNE indicates the 3stable 

graft is active against HNE. D. the yield of monomeric protein is higher than WT a1-AT and 

each of the individual thermal stable grafts. E. Extrinsic fluorescence show a folding 

intermediate becoming populated at a higher denaturation concentration for the 3stable graft. 
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4.3. Discussion 
 

Proteins must fold into their native conformation, and remain stable in this conformation to 

function275. Serpins are one of the protein families that fold into a metastable, native conformation, 

that is, it is not the lowest energy conformation. The metastability is critical for the serpin’s 

inhibitory function, which involves undergoing a large conformational change to inhibit its target 

protease63. During inhibition, a large amount of energy is released (32 kcal mol-1 of energy), which 

results in the serpin transitioning into its lowest energy, yet inactive, cleaved conformation48,94,95. 

The metastable nature of the serpin’s native conformation renders it susceptible to misfolding and 

polymerization under various conditions (e.g. mutations and increased heat).  

 

Previously, increasing the stability of archetypal serpin a1-AT has involved random single-point 

mutagenesis66,69,212. Many of the stabilizing mutations are present in the hydrophobic core, with 

no effect on a1-AT’s inhibitory mechanism. However, there have been no studies to date of 

mutating a cluster of residues within the serpin. By mutating a cluster of residues, one destabilizing 

mutation could be compensated by surrounding mutated residues.  

 

In this study, the stability of a1-AT’s metastable state was engineered through studying the 

interactions of a consensus-designed, thermophilic serpin conserpin. To date, there are four well 

studied thermophilic serpins; thermopin (Tm 65°C276), tengpin (Tm 90°C, Chapter 4 SI: Figure 4), 

aeropin (Tm 100°C+277) and consensus-designed conserpin (Tm 100°C+150).  Conserpin and 

aeropin are the most thermostable serpins known, with a thermal denaturation above 100°C. 

Conserpin was selected as a starting serpin for engineering stability as it has a high sequence 

identity to a1-AT (59%). Through studying the interactions in the native conformation of 

conserpin, there are various regions spread throughout the molecule that are hypothesized to 

contribute to thermal stability. A total of 8 regions were selected and grafted onto a1-AT. 

 

Each graft was synthesized and cloned into a vector that has previously produced soluble WT a1-

AT in high concentrations91,162. However, each graft expressed into inclusion bodies. Modification 

of the protein expression protocol was attempted, including expression in another cell line (such 

as BL21 (DE3) pLysS in case the protein was toxic to the cells), different inducer (IPTG) 

concentrations, and various induction temperatures278,279. Each attempt continued to result in the 

grafts expressing into inclusion bodies. The refold protocol for insoluble a1-AT has been 
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established274,280, and out of the eight grafts expressed, six grafts fold into the metastable, native 

conformation, while the remaining two grafts fold into the latent, inactive conformation (Figure 

5). Interestingly, the two grafts that fold into an inactive conformation, b-sheet C stapling and 

Helix-H, are present in the B/C barrel with the addition of a salt bridge. The B/C barrel is 

hypothesized to be the first region of the serpin to fold, with mutations increasing the propensity 

to misfold and aggregate76,79. The inclusion of the salt bridge in both grafts to stabilise the native 

conformation could not be compensated by the mutations introduced. As a result, the mutations 

decreased the high energy barrier between the native and inactive conformations, preventing 

folding to halt at the native conformation and allowing both grafts to fold into an inactive 

conformation. 

 

Thermal denaturation monitored by circular dichroism determined that out of the 6 grafts that 

refold into the native conformation, three are more thermostable than WT a1-AT (Breach, F51 

and Helix-F), while the remaining three (Citrate-binding, B/C barrel and T59S) are slightly less 

stable than WT. Interestingly, two grafts (F51 and T59S) have introduced mutations in the 

hydrophobic core, yet the F51 graft is more thermostable than T59S. The F51 graft packs against 

b-sheet A, where introducing this graft improves packing and favourable interactions against b-

sheet A (Figure 9). This occurs through increasing the side chain of residue 291 leucine to 

phenylalanine, which is compensated by decreasing the side chains of residue 340 (isoleucine to 

valine) and residue 374 (methionine to isoleucine, also present in Multi7). Residue phenylalanine-

51 (Phe-51) has been mutated previously, where decreasing the side chain to a cysteine or leucine 

increased the stability (3.0 kcal mol-1 and 2.1 kcal mol-1, respectively, with Phe to Leu mutation 

present in the Multi7 variant)66,281, despite producing a small cavity. Furthermore, a recent study 

on the Phe-51 to leucine mutation observed an approximate 10°C increase in thermal stability 

compared to WT a1-AT (54°C compared to 44°C282). However, deleting Phe-51, as present in a1-

AT’s Mmalton variant, leads to an increased propensity to misfold and aggregate283–285. 

Interestingly, increasing the side chain of a residue 53 in the same region can also increase the 

propensity to misfold and aggregate (Figure 9). The mutation of conserved serine-53 to 

phenylalanine in another a1-AT mutation, Siiyama, affects the ridge that allows the opening of  b-

sheet A, forcing b-sheet A to remain open and allowing polymerization to occur through the 

insertion of one serpins RCL into b-sheet A of another. The polymerization of the Siiyama a1-AT 

(Ser-53 to Phe) occurs at a higher degree than other a1-AT misfolding variants, indicating that 

this mutation has affected the stability of the serpin286,287.  Therefore, mutations in the hydrophobic 

core can either increase or decrease the stability. 
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In the F51 graft, Phe-51 has not been mutated, instead three of the surrounding residues have been 

mutated (Ile-340Val, Met-374Ile and Leu-291Phe) (Figure 9). Of the three mutated residues, two 

have previously been mutated, isoleucine-340 (Ile-340) and methionine-374 (Met-374)66,211. 

Decreasing the side chain of Ile-340 to valine (Ile340Val) did not affect the stability of a1-AT, yet 

mutating methionine-374 to isoleucine (Met-374Ile) increased the thermodynamic stability (DDG) 

by 2.3 kcal mol-1 66,211.  Combining both these mutations, in addition to a mutation at residue 291 

(Leu-291Phe), increased the thermostability of a1-AT.   

 

 
Figure 9. Mutations in the hydrophobic core that affect stability. Phe-51 and the surrounding 

residues can affect the stability of a1-AT. The F51 graft (green) has an increase in stability. 

Mutating Phe-51 or Ser-53 (red) can either increase or severely decrease the stability (PDB ID: 

3NE4269). 

 
The other graft in the hydrophobic core, T59S graft, faces away from b-sheet A, in close proximity 

to helix-A. In the T59S graft, mutating the threonine to serine (Thr-59Ser), along with residues 

leucine-30 to asparagine (leu-30Asp) and alanine-58 to serine (ala-58Ser), were modelled to 

introduce favourable polar and non-polar interactions in an attempt to stabilize the serpin. 

Introducing these interactions, however, did not stabilise the native state, instead, thermally 

destabilised this graft the most out of all the grafts. Previously threonine-59 has been mutated to 

an alanine (as in Multi7), producing a small pocket. Producing this small pocket led to an increase 

of thermodynamic stability (DDG) of 1.0-1.2 kcal mol-1)66,211. Therefore, increasing the side chain 

of Thr-59, as in the T59S graft, decreases the stability of a1-AT, despite attempting to create 
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favourable interactions. This indicates that mutating stabilizing residues of one serpin onto another 

may not necessarily increase the stability of the acceptor serpin213.  

 

A total of four grafts are present in the B/C barrel (Helix-H, B/C barrel, citrate-binding and b-sheet 

C stapling), two fold into the native conformation (by testing the inhibitory activity against trypsin, 

citrate-binding and B/C barrel grafts), while the remaining two, b-sheet C stapling and Helix-H 

grafts, fold into an inactive conformation (no inhibitory activity against trypsin, Figure 5). One of 

the natively folded B/C barrel grafts is the citrate-binding graft. This graft contains mutations with 

increases in the side chains (asparagine-228 to tyrosine, Asn-228Tyr; and leucine-285 to glutamic 

acid, Leu-285Glu). Citrate stabilizes WT a1-AT from unfolding and polymerization through 

binding to a surface pocket of the B/C barrel288. The citrate-binding graft involves increasing the 

size of the side chains which fills pocket where citrate binds, stabilizing the native conformation. 

However, introducing these mutations to fill that pocket did not stabilize the native conformation, 

instead destabilized it (decreased the thermostability). 

 

The last graft in the B/C barrel, the B/C barrel graft (Phe-253Ile, Phe-275Trp and Glu-279Leu) is 

modelled to improve the hydrophobic packing in the barrel, thus stabilizing the native 

conformation. Introducing a tryptophan (Phe-275Trp) would have been compensated through 

decreasing the size of the two other residues (Phe-253Ile and Glu-279Leu). However, this graft 

did not increase the thermal stability, but instead decreased it. Interestingly, Phe-275 has 

previously been mutated to a leucine, with the decrease in side chain leading to an increase in 

stability (DDG) of 0.8 kcal mol-1 69. Despite the B/C barrel graft having two residues with smaller 

side chains to compensate the addition of a tryptophan, it seems introducing a small pocket is 

favourable for a1-AT’s stability.  

 

Two regions on the serpin are important for its inhibitory mechanism: the breach region and the 

Helix-F. The breach region is located at the top of b-sheet A and at the base of the RCL, and is the 

first region of b-sheet A into which the RCL inserts. Mutations in the breach leads to a decrease 

in kinetic stability and the propensity to misfold and polymerise during folding. This is most 

evident in a1-AT’s Z mutation, a substitution of glutamic acid-342 to lysine. In WT a1-AT, Glu-

342 forms a salt bridge with lysine-290 (lys-290)136. In the Z mutation, the complete charge swap 

from Glu-342 to a lysine produces a charge-charge repulsion with lys-290. As a result, the top of 

b-sheet A remains open and is more flexible than that in WT137,138. The opening of b-sheet A in 

the Z mutations leads to misfolding during synthesis through loop-sheet mechanism, where the 



Chapter 4  Enhancing biophysical properties of a1-AT 
 

   108 
 

RCL of one Z a1-AT inserts into the  b-sheet A of another289. In comparison to a1-AT, conserpin 

contains an extended salt bridge network, contributing to its thermostability by preventing the 

opening of b-sheet A, as observed in molecular dynamics (MD) simulations150. Furthermore, this 

salt bridge network does not make conserpin immune to the destabilizing nature of the Z mutation. 

By introducing the Z mutation onto conserpin, there is a decrease in thermal stability (from 72.5°C 

to 60°C in 2M GndHCl) and thermodynamic stability (DDG of -12.8 kcal mol-1, a loss of -10.04 

kcal mol-1). This indicates the importance of the breach region in stability of a1-AT. Individual 

mutations in the breach region are not sufficient to increase the thermal stability of a1-AT, as 

observed in a previous study270. Therefore, through grafting the whole breach region of conserpin 

onto a1-AT (Figure 10), an increase the thermal stability of a1-AT by 7°C is observed, the most 

of all grafts.  

 

 
Figure 10. The breach region of a1-AT. The Z mutation, E342 (red) causes off-pathway 

misfolding. Introducing more salt bridges by grafting the breach region of conserpin onto a1-AT 

(blue), increases the thermostability more than any other graft (PDB ID: 3NE4269). 

 

The second region important for a serpins inhibitory activity is Helix-F. Helix-F lies in front of b-

sheet A, must unfold and shift during the opening of b-sheet A for RCL insertion, while also acting 

as a physical barrier to prevent polymerization290. Mutations in Helix-F have destabilized the 

native state and affected inhibitory activity64. Helix-F is hypothesized to contribute to conserpin’s 
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stability by tightly packing against b-sheet A and becomes rigid, possibly acting as a physical 

barrier that prevents RCL insertion and polymerization150. Furthermore, molecular dynamics 

(MD) simulations of conserpin and a1-AT show the Helix-F is less flexible in conserpin, with 

conserpin’s tryptophan-132 packed tightly against to b-sheet A. The corresponding residue in a1-

AT, tyrosine-160 fluctuates in and out of a hydrophobic pocket, as observed in MD simulations150. 

The introduction of three mutations on either Helix-F or b-sheet A (Tyr-187Ala, Gly-115Ala, and 

Tyr-160Trp) (Figure 11) from conserpin onto a1-AT in the Helix-F graft allows the Helix-F of 

a1-AT to pack tightly against b-sheet A. Interestingly, increasing the side chain of glycine-115 to 

alanine seems to be favourable, while increasing the size even further, as present in a1-ATNewport 

(Glu-115Ala) variant increases the propensity to misfold 291.  Therefore, the combination of all 

three mutations onto the Helix-F allowed a slight increase in thermal denaturation compared to 

WT a1-AT. This corresponds with previous studies, where the single Tyr-160 to Trp mutation 

also increased the thermal stability (by 5°C compared to WT a1-AT )81.  

 

 

 
Figure 11. The Helix-F graft. The Helix-F graft (yellow) allows improved packing against b-

sheet A. This increases the thermostability compared to WT a1-AT. One previously studied 

mutation, Y160W, also increased the thermostability81 (PDB ID: 3NE4269). 

 



Chapter 4  Enhancing biophysical properties of a1-AT 
 

   110 
 

Increasing the stability of proteins could possibly affect their function. This is true in some 

cases262,265,266, which has led to a stability/ function trade-off hypothesis262. However, not all 

proteins have this trade-off250,263,267. Increasing the stability of a1-AT, through either point 

mutations (e.g. Gly-11794), or multiple mutations212, above 13 kcal mol-1 (DDG) leads to a decrease 

in inhibitory activity212. Furthermore, conserpin could possibly be a result of this stability/ function 

trade-off. With a thermodynamic stability (DGdenatured-native) of -23.2 kcal mol-1, yet has an SI against 

trypsin of 1.8150.  This indicates that conserpin may be too stable, where b-sheet A may not open 

as rapidly as necessary to allow RCL insertion before trypsin’s de-acylation step in the catalytic 

mechanism occurs. This proves that serpins are not immune to the stability/ function trade-off. 

However, the 3 thermostable grafts are active against a1-AT natural target, HNE. The Breach and 

F51 grafts have an inhibitory ratio (SI) identical to WT a1-AT, while the Helix-F requires a 

slightly higher ratio to inhibit HNE. The increase in the serpin: protease ratio of Helix-F could 

possibly be a result of the increase rigidity of the Helix-F against b-sheet A, as designed. Therefore, 

increasing the stability of these grafts has no large effect on their function. 

 
Each of the grafts that increased the thermostability of a1-AT are in regions that play a role in the 

folding of the serpin. The F51 graft introduced mutations in the hydrophobic core, which is the 

first region to fold76,79, while mutations in the breach region lead to misfolding and polymerization 

during folding (as observed in the Z mutation289). During folding, the Helix-F is highly disrupted 

and undergoes a conformational change during unfolding and polymerization64,81. During a1-AT’s 

folding pathway, the folding intermediate is aggregation-prone, which can lead to aggregation 

during refolding274. The yield post-refold for each of the grafts increased in comparison to WT a1-

AT, with the F51 graft increasing the yield the most, while the Helix-F graft only slightly increased 

yield. This is plausible, as the F51 graft was modelled with improved packing and introduction of 

favourable interactions, possibly increasing the folding rate and decreasing the time the 

aggregation-prone intermediate is present. This hypothesis, however, will need to be confirmed by 

stopped-flow kinetics experiments. Furthermore, the increase in yield of the Breach graft could be 

a result of the increase number of salt bridges forcing the closure of b-sheet A during the last stages 

of folding. The modelled improved packing in the Helix-F graft seems not contribute to the yield 

post-refold as much as the other two grafts. This suggests that this graft, and Helix-F does not 

contribute to a decrease in aggregation propensity during folding. 

 

The increase of yield of each of the three thermal stable grafts was not a result of any changes to 

the folding intermediate. The folding intermediate remains populated over a wide denaturant 
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concentration. The difference between the grafts and WT a1-AT is the peak fluorescence of the 

grafts occurs at a high denaturant concentration than WT a1-AT. Therefore, if the folding 

intermediate has not been affected, the rate at which each serpin folds through this intermediate 

could possibly result in a higher post-refold yield. Further kinetic folding experiments (i.e. 

stopped-flow kinetics) would be beneficial to confirm this hypothesis. 

 

To increase the thermal stability of a1-AT even more, the three thermally stable grafts were 

combined to produce 3stable graft. Thermal denaturation monitored by circular dichroism 

determined the thermal stability of the 3stable graft to be additive of the three individual grafts. 

The midpoint of thermal denaturation of 3stable is the highest reported for an engineered a1-AT, 

and is higher than thermophilic serpin thermopin (74°C for 3stable compared to 65°C for 

thermopin276). This puts the 3stable graft on par with the Multi7 in terms of stability211. The 

increase in stability only marginally affected the inhibitory function with an SI of 1.28:1 against 

HNE (compared to 1:1 of WT a1-AT). Despite the increase in thermal stability, the 3stable graft 

expresses into inclusion bodies during recombinant expression. Nevertheless, the 3stable graft 

refolds and produces a higher yield than WT a1-AT and the individual grafts, while having no 

effect on the folding intermediate besides the intermediate being populated at a higher denaturant 

concentration. Therefore, it is possible to increase the stability of a1-AT without any large effect 

on the function or the folding of the serpin. Further stability and folding (e.g. half-life 

determination and folding kinetic) studies on the three individual thermal stable and the 3stable 

grafts can confirm the superiority of using rational design to engineer serpin stability over random 

mutations.  

 
 

4.4. Conclusion 
 

In this study, 8 regions of a thermostable serpin conserpin, were grafted onto a1-AT. Out of the 

eight grafts, two grafts fold into an inactive conformation, while three natively folded serpins are 

more thermostable than WT a1-AT. These three thermal stable grafts are active against HNE, 

yield more monomeric protein post refold while having a similar folding intermediate to WT a1-

AT. Combining these three thermally stable grafts together produced an even more thermally 

stable serpin, 3stable. The 3stable graft yields more monomeric protein post refold than each of 

the single thermal stable grafts, while remaining active as an inhibitor. 
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Further studies on the folding pathway of the three thermally stable, the 3stable graft and the other 

three destabilized grafts can only provide information on how each region can affect the folding 

rates and intermediates, providing a picture of how a1-AT folds. 
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4.5. Supporting Information 

 
SI Figure 1a. Spectral scans (195-250nm scan, left) and thermal denaturation curves (measured at 

222nm, right) of WT a1-AT and 3 of the native folding grafts. 
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SI Figure 1b. Spectral scans (195-250nm scan, left) and thermal denaturation curves (measured 

at 222nm, right) of the remaining 3 of the native folding grafts. 
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SI Figure 2. Spectral scans (195-250nm, left) and thermal denaturation curves (measured at 

222nm, right) of latent WT a1-AT and the 2 grafts that fold into an inactive conformation. 
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SI Figure 3. The inhibitory activity of the 3 thermal stable grafts, measured through determining 

the stoichiometry of inhibition (SI) against a1-AT’s target enzyme human neutrophil elastase 

(HNE).  
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SI Figure 4. Spectral scans (195-250nm, left) and thermal denaturation curve (measured at 222nm, 

right) of thermophilic serpin, tengpin. Tengpin has a midpoint of thermal denaturation at 90ºC.  
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5.1. Introduction 
 

Many proteins require the adoption of a 3-dimensional structure to exhibit its function. How 

proteins fold into the myriad of unique structures has puzzled scientists for many years. The 

number of conformations that an unfolded, polypeptide chain can adopt is vast, yet, protein folding 

occurs on the biologically relevant timescale of microseconds292. How this occurs can be viewed 

as a funneled energy landscape8. Folding through a funneled energy landscape involves the 

denatured polypeptide chain adopting an ensemble of structures, which can proceed to push the 

polypeptide chain to fold through multiple pathways to reach the native state22,293. The landscape 

in which a protein can fold can be relatively smooth or rugged. The smoothness of a landscape 

reflects the lack of deep valleys and high energy barriers9. Proteins which fold through a smooth 

landscape are often two-state folders, where either the denatured or the native state is populated, 

with no intermediates observed9. A majority of proteins, however, fold through a rugged 

landscape. The ruggedness of an energy landscape arises from the formation of non-native 

conformations (unfolded states, transition states and intermediates) along the folding pathway24. 

To understand how a protein folds in detail, characterization of the non-native conformations is 

essential. New experimental techniques have allowed the observation and characterization of the 

non-native conformations, providing details of a proteins folding pathway. 

 
5.1.1. Experimentally determining how protein’s fold 

 

A major challenge in understanding how a protein folds is being able to characterize the non-native 

species (transition states and intermediates) along the rugged folding landscape. These non-native 

species can be sparsely populated, therefore difficult to observe. Various experimental techniques 

have been developed to monitor how a protein folds, from picosecond to second timescales23 

(Table 1). 
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Technique Information Reference 

Circular 

dichroism (CD) 

The use of polarized light allows for detection of secondary 

and tertiary structure formation during protein refolding. 

Can detect structure on a sub-millisecond to millisecond 

timescale in conjunction with continuous or stopped-flow 

techniques  

294 

 

Fluorescence • Intrinsic: utilizes fluorescent amino acids (e.g. 

tryptophans) to provide specific local information of 

secondary structure during unfolding in different 

denaturation concentrations 

• Extrinsic: the binding of fluorescent dye to hydrophobic 

regions during unfolding provides information of 

folding intermediates 

295 

 

Hydrogen-

deuterium 

exchange (HDX) 

Rapid exchange of amide hydrogens with deuterium can 

provide residue specific information during protein folding. 

During folding, amides that form hydrogen bonds are 

protected, while amides that do not are rapidly exchanged. 

Regions that have undergone exchange can be analyzed by 

nuclear magnetic resonance (NMR) or mass spectrometry.   

17,296 

 

Protein 

engineering 

(f-value 

analysis) 

Introducing mutations throughout the protein and 

determining its effect on the rate of folding and stability 

(free energy). The stability can be used as restraints for 

molecular dynamics simulations to generate structural 

models of non-native species during folding.   

16,297,298 

Single-molecule 

Förster 

Resonance 

Energy Transfer 

(smFRET) 

The attachment of fluorophores to a protein and observing 

the change in energy transfer efficiencies, and therefore 

distance, between the fluorophores during the proteins 

folding events.  

Information derived from energy transfer efficiencies 

include detection of states not observed in other techniques, 

dynamics of the unfolded state and ability to determine the 

equilibrium constants. 

299 

Table 1. Experimental techniques to study protein folding, with observations of non-native states. 
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5.1.2. Studying the folding pathway of proteins using single-molecule 
Förster Resonance Energy Transfer (smFRET) 

 

In recent years, a major development in observing and understanding how a protein folds has come 

from studying the folding pathway at a single-molecule level299. Using single-molecule 

techniques, detailed insight on the conformation of the polypeptide chain along the folding 

pathway can be assessed, along with the detection and separation of rare species that would 

otherwise be undetected in other experimental techniques23,300.  

 

One of the common single-molecule techniques is single-molecule Förster Resonance Energy 

Transfer (smFRET), where the excitation energy is transferred from the donor dye to the acceptor 

dye301, with the resulting measurement being the efficiency of the energy transfer301,302. The two 

dyes can be separated along the polypeptide chain, and when the protein begins to fold, the 

efficiency of the energy transfer (EFRET) can be observed at each stage of folding. The EFRET is 

determined by the following equation (equation 1): 

!"#$% =
1

1 + ( *+,)
.
 

 

where r is the distance between the donor and acceptor dyes, and R0, the Förster distance, is the 

distance between the dyes where EFRET is 50%301,302. The energy transfer efficiency is strongly 

dependent on the distance between the two dyes. The distance between the dyes are typically 

between 30-70Å apart. The specific distances for transfer efficiency between the two dyes allows 

energy transfer to measure the distance and the dynamics within the protein303,304.   

 

In protein folding, smFRET can provide information on the distance between the two dyes as the 

protein folds. 305. Under different denaturation concentrations (e.g. guanidinuim hydrochloride, 

GndHCl), the transfer efficiency between the two dyes will differ, allowing the observation of the 

folded, unfolded and any non-native species/ subpopulations. As the protein unfolds, the distance 

between the dyes increases, reducing the energy transfer between the dyes, and thus the transfer 

efficiency300. The energy transfer efficiency between the two dyes is determined as a ratio 

(equation 2): 

!"#$% =
/0

/0 +	 /2
 

  

In equation 2, IA and ID is the fluorescence detection for the acceptor and donor dyes, 

respectively301,304. The transfer efficiency as a function of denaturation concentrations can be 
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plotted as a histogram, determining the number of peaks in the transfer efficiency, which 

corresponds to the minimal number of non-native species/ subpopulation299,304. 

 

The use of smFRET in studying the folding landscape of proteins was first pioneered by 

Hochstrasser and colleagues306,307, and Weiss and colleagues305. These studies used proteins that 

fold in a two-state manner (either folded or unfolded) and followed the EFRET under different 

denaturation concentrations (similarly to equilibrium unfolding experiments). Hochstrasser and 

colleagues306,307 observed the protein of interest, a two-stranded coiled-coil yeast transcription 

factor GCN4, fluctuate between the folded and unfolded state at the midpoint of GCN4’s 

equilibrium. Furthermore, Weiss and colleagues305 observed the folding of a well-studied small 

single-domain protein, chymotrypsin inhibitor 2, and compared the folding pathway to the folding 

pathway observed through protein engineering308. The results observed during the folding of CI2 

by smFRET agreed with protein engineering results, indicating smFRET is highly comparable to 

other protein folding techniques. 

 

The use of smFRET in studying the folding pathway of proteins allows for the determination of 

non-native species/subpopulations that cannot be observed with other protein folding techniques. 

Non-native species/subpopulations that could only be determined by smFRET were observed by 

Deniz and colleagues309 when observing the folding of a-synuclein, an intrinsically disordered 

protein. Through probing the folding of a-synuclein by Far-UV circular dichroism, only 3 

conformational states were detected, whereas with smFRET, a total of 5 conformational states 

were detected. Therefore, the use of smFRET in studying the folding pathways is reliable against 

other experimental techniques with the benefit of observing any non-native species/subpopulation 

that might not be otherwise observed using other techniques. 

 
5.1.3. Using smFRET in studying the folding pathway of a a1-

antitrypsin 
 

As protein folding is under both kinetic and thermodynamic control, a majority of proteins within 

the proteome fold into the lowest free-energy minima conformation19. There are some exceptions, 

the most notable being proteins from the serine protease inhibitor (serpin) superfamily. Serpins 

fold into a metastable conformation which is essential for function57,87. This metastability, 

however, renders the proteins susceptible to misfolding84. 
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Many studies have used a variety of experimental techniques to understand how serpins fold. 

Using a1-antitrypsin (a1-AT) as the archetypal serpin, these studies have revealed that serpins 

fold through multiple states, with at least one molten globule intermediate82,123,310. This folding 

intermediate contains approximately 80% of the secondary structural elements present in the native 

state, including partially folded b-sheets82,123,310. It is this folding intermediate that is aggregation 

prone and can be detrimental to human health79,289,311. The folding intermediate may not always 

be detected possibly due to rapid folding, as previously observed in two thermophilic serpins156,277. 

 

The overall structure of a serpin can be described as an ellipsoidal fold, characterized by a long 

axis (from the RCL to the bottom of b-sheet A) and a short axis77. How the serpin folds through a 

molten globule intermediate into this ellipsoidal fold was recently determined through the use of 

smFRET77. The folding of a1-AT studies by smFRET involved the binding of maleimide 

fluorophores to a1-AT’s solvent exposed cysteine (C232a1-AT), and two introduced cysteines on 

the short (S47Ca1-AT) and long axis of the serpin (S313Ca1-AT) (Figure 1).  Equilibrium unfolding 

and refolding (incubating the serpin under different denaturation concentrations) was performed 

to observe the overall change in structural dimensions. It was observed that a1-AT unfolds and 

refolds through two folding intermediates, with the contraction of the long axis and expansion of 

the short axis, creating folding intermediates with more spherical dimension compared to the 

native state77. This study further emphasizes the strength of studying the folding of proteins using 

smFRET. 
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Figure 1. Solvent exposed cysteines onto a1-AT for smFRET. Two additional cysteine residues 

were introduced onto a1-AT (PDB ID: 3NE4269) to study the folding by smFRET. The long axis 

and short axis of the serpin have been noted. 

 

In this chapter, the folding pathway of conserpin was studied. Previous biophysical experiments 

on the folding pathway of conserpin show different results, depending on the technique used150. 

Chemical denaturation shows conserpin unfolds in a two-state manner, with one transition from 

folded to unfolded312. However, stopped-flow kinetics observed a three-state unfolding 

mechanism, with the presence of two folding intermediates150. The folding intermediates observed 

with stopped-flow kinetics is poorly populated, that is, is only present for a short period of time 

and under a small range of denaturant concentrations. The uncertainty in the folding intermediates 

provides difficulty in understanding conserpin’s folding pathway. Therefore, the use of smFRET 

can provide a clearer understanding of how conserpin folds. Using conserpin as a model would 

also provide an explanation on how extremely thermostable, naturally occurring serpins fold at a 

rapid rate. This can lead to using thermophilic serpins to engineer mesophilic serpins, like a1-AT, 

to avoid folding through an aggregation-prone folding intermediate, which can be detrimental to 

human health. 

 

 



Chapter 5  Investigating the folding pathway of conserpin 

   127 
 

 
5.1.4. Aim of this study 

 

Single-molecule Förster Resonance Energy Transfer (smFRET) can provide detailed insight into 

the folding pathways of proteins, detecting non-native species that would otherwise be undetected 

by other experimental techniques. The study of a1-AT using smFRET detected two folding 

intermediates, an additional intermediate that was not detected using other techniques. The aim of 

this study is to use smFRET in studying the folding pathway of a consensus-designed serpin, 

conserpin, and compare the pathway to that of a1-AT. This will provide insight into how 

conserpin, an extremely thermostable and aggregation-resistant serpin folds, providing insight on 

how naturally occurring thermostable serpins fold. In this study, mutation pairs (producing 2 

variants) were introduced onto conserpin, with each variant assessed for changes in thermal 

stability and activity.  
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5.2. Results 
 

5.2.1. Introducing solvent exposed cysteine 
 

In order to study and compare the folding between conserpin and a1-AT, the same maleimide 

fluorophore dyes and solvent-exposed cysteine residues were introduced onto conserpin using site-

directed mutagenesis77 (Figure 2A). Unlike a1-AT, conserpin contains one cysteine residue 

(C209) buried in the B/C barrel (strand 1 of  b-sheet B). In this folded/native position, the 

fluorophore could not access the cysteine residue for binding and may form aberrant disulfide 

bonds when going from the unfolded to folded conformation. Therefore, this cysteine was mutated 

to a serine (C209S) to avoid any potential disulfide-driven aggregation during folding. A new 

cysteine was mutated into the region corresponding to a1-AT’s single cysteine (on strand s3C, 

mutating D205C). Residue D205 is next to the residues that correspond to a1-AT’s cysteine 

(C232a1-AT, D204conserpin). The exact corresponding residue in conserpin was not mutated, as it is 

hypothesized to stabilize the hydrophobic core of the B/C barrel through an introduction of a salt 

bridge network150. The two additional cysteine residues were successfully introduced to the 

corresponding cysteine pair residues in a1-AT (short axis: D25C, long axis: S285C). The results 

of the site-directed mutagenesis produced two conserpin variants that each contain two solvent-

exposed cysteines: D25C (D25C, D205C, C209S) and S285C (S285C, D205C, C209S). Each 

mutation was confirmed by DNA sequencing (Chapter 5 Supporting Information: Figure 1) 
 

5.2.2. The double cysteine variants remain soluble during expression 
 

To ensure the double-cysteine conserpin variants continued to express in the soluble fraction 

during recombinant expression, pre- and post- induction samples were taken with the soluble and 

insoluble fractions checked for expression (Figure 2B). As with WT, both double-cysteine variants 

continued to express in the soluble fraction of the bacterial cells, with some leaky expression 

(Figure 2B). The purification of both variants occurred as previous150, with the addition of a 

reducing agent (either 2-mercaptoethanol or DTT) to ensure prevention of disulfide-driven 

aggregation. Through two purification techniques (affinity chromatography and size-exclusion 

chromatography), the two double-cysteine conserpin variants were successfully purified. 
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Figure 2. (A) Three solvent exposed cysteines were introduced onto conserpin in corresponding 

regions to that of a1-AT (PDB: 5CDX150). (B) Both double-cysteine variants were recombinantly 

expressed in the soluble fraction, as shown with pre- and post-induction gels: 1. Molecular weight 

ladder, 2. WT conserpin, 3. blank, 4-7. whole cell lysate of pre, 1 hour, 2 hour, and 3 hour post 

induction, respectively, 8. blank, 9-12. Soluble fraction of pre, 1 hour, 2 hour, and 3 hour post 

induction, respectively. The conserpin variants are indicated with the arrow. Leaky expression is 

occurring, as conserpin variants are present in the pre-induction sample. 
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5.2.3. The thermostability of the conserpin variants were not affected 
 

One of conserpin’s characteristics is its high thermostability, where there was no unfolding profile 

when heating to 110°C, as determined by circular dichroism thermal melts (at 222nm)150. Heating 

the protein to 110°C did not change its structure either, with far-UV spectral scans of before and 

after heating being identical. To observe any affect introducing solvent-exposed cysteines has on 

the thermostability, both variants underwent spectral scans to observe any structural changes to 

the secondary structure, and circular dichroism thermal melts to determine the thermal midpoint 

of unfolding (Tm), by increasing the temperature from 25°C -100°C. Reducing agent DTT was 

present in each sample to minimize any potential disulfide-driven aggregation during heating. 

Spectral scans of conserpin and the two variants show D25C variant has a slight structural change 

in the a-helical segment (195-200nm) compared to conserpin, while S285C variant is identical 

(Figure 3a). Upon heating to 100°C, both variants exhibited slight structural changes, with a 

minute increase in molar ellipticity at 90°C. This was further confirmed with spectral scans of 

before and after heating, where the scans do not overlap (Figure 3b, c).  

The slight change in molar ellipticity of both variants, however, is not sufficient to 

determine a midpoint of thermal unfolding (Tm). Therefore, guanidine hydrochloride (GndHCl) 

was added to the sample at a final concentration of 2M, to help unfold the variants. Conserpin was 

also subjected to thermal unfolding under the same conditions as a comparison (Table 2).  

 

 

 

 

 

 

Table 2: The thermal midpoint of unfolding, measured by circular dichroism, of conserpin and the 

double-cysteine variants in the presence of 2M GndHCl and DTT. 

 

In 2M GndHCl, Conserpin has a Tm of 71.3 ± 1.4°C (n=3). The double cysteine variants have a 

reduced thermostability compared to conserpin (Table 2), however, the reduced thermostability is 

not significant enough to compromise the protein (Figure 3D). 

 

Protein Thermal midpoint of unfolding (Tm) (°C) (n=3) 

Conserpin 71.3 ± 1.4 

D25C 67.1 ± 0.5 

S285C 67.9 ± 3 
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Figure 3. Circular dichroism (CD) thermal melts of conserpin variants. (A) Spectral scans 

show a slight change in structure of the D25C variant, while the S285C variant has a structure 

similar to conserpin. (B, C) The D25C and S285C did not undergo thermal unfolding when heated 

from 25 to 100°C. (D) Thermal unfolding was only achieved in 2M GndHCl, with midpoint of 

unfolding (Tm) for both variants similar to conserpin. 

 
 

5.2.4. The activity of the variants was not compromised 
  

Conserpin inhibits trypsin to a stoichiometry of inhibition (SI, the number of moles for a serpin to 

inhibit one mole of protease) of 1.8150. To ensure the variants inhibitory function was not 

compromised, the SI was calculated for each variant against trypsin (Table 3, Figure 4). The S285C 

variant has an SI against trypsin identical to conserpin, while the D25C variant has a slightly 

increased SI. This slight increase is negligible, given conserpin is a poor inhibitor to trypsin 

compared to other serpins against trypsin (such as a1-AT, where the SI against trypsin is 1:1313).  

 

Table 3. The stoichiometry of inhibition against trypsin for conserpin and the double-cysteine 

conserpin variants. a1-AT was included as an archetypal serpin. 

 

 

Protein Stoichiometry of Inhibition (SI) against trypsin (n=3) 

Conserpin 1.8150 

D25C 2.1 ± 0.1 

S285C 1.85 ± 0.15 

a1-AT 1313  
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Figure 4. The inhibitory function of each conserpin variant. The D25C variant has a slight 

increase in SI, while the S285C variant has an SI that is identical to conserpin. 

 
 

5.3. Discussion 
 

Single-molecule techniques, such as smFRET, are a major development in allowing us to 

understand how proteins fold. The detection of non-native species that otherwise could not be 

detected through other experimental techniques, provides detailed understanding on the folding 

pathway of a protein of interest23,300. smFRET provided further insight of the folding of a1-AT, 

an archetypal member of the serpin superfamily that fold into a metastable conformation. The use 

of smFRET in studying the folding pathway of a1-AT allowed the detection of an additional 

folding intermediate that has not been detected by other experimental techniques77. This highlights 

the power of smFRET when studying the folding pathway of proteins. 

 

Conserpin, consensus-designed serpin is extremely thermostable and aggregation-resistant 

compared to a1-AT. When studying the folding of conserpin, equilibrium unfolding depicts 

conserpin folds through a two-state mechanism. However, extrinsic fluorescence and kinetic 

folding detects folding intermediates that are poorly populated150,312. Therefore, smFRET will 

provide insight into the folding intermediates along conserpin’s pathway. This will also allow a 
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comparison between conserpin and archetypal serpin a1-AT and the folding pathway of this 

unique protein family. 

 

Studying a1-AT’s folding pathway involved the introduction of two additional cysteine residues 

(to the single cysteine present, producing a pair of cysteines on each serpin molecule), and site-

specific labeling with the cysteine residues being chemically modified with a FRET dye via the 

sulfur atom301. To compare the folding pathways between conserpin and a1-AT, corresponding 

cysteine residues were introduced onto conserpin. Conserpin contains one buried cysteine residue 

(C209) on strand 1 of b-sheet B (s1B), inaccessible to a maleimide dye. Therefore, this cysteine 

was replaced with a serine, and a cysteine was placed in a solvent exposed area that sits next to 

the corresponding solvent exposed cysteine in a1-AT (D205C). The removal of conserpin’s buried 

cysteine was to ensure there was no disulfide bond formation with the newly introduced solved 

exposed cysteine (D205C).  

 

The removal of conserpin’s buried cysteine to a serine could potentially be problematic as the 

buried cysteine is in the B/C barrel. The B/C barrel of serpins is hypothesized to be the first region 

to fold76,79,87. By mutating conserpin’s buried cysteine to a serine (C209S), the serpin’s propensity 

to aggregate could increase, as mutations in the hydrophobic core increase aggregation 

propensity107. The cysteine amino acid has previously been observed to act as a hydrophobic amino 

acid, where the sulfhydryl group cannot form a hydrogen bond with the solvent314,315. By mutating 

the cysteine to a serine, despite both amino acids containing the same side chain length, the folding 

could be compromised. To ensure the double-cysteine conserpin variants remained soluble during 

recombinant expression, pre-and post- induction with samples were taken. Both variants remained 

soluble, ensuring that the cysteine-to- serine mutation did not affect the recombinant expression 

conserpin.  

 

To ensure the introduction of cysteine residues onto conserpin did not affect its thermostability 

and inhibitory mechanism, the midpoint of thermal unfolding was determined by circular 

dichrosim, and the variants inhibitory mechanism studied by a stoichiometry of inhibition assays 

against trypsin. The midpoint of thermal unfolding for the variants is slightly lower than that of 

conserpin, but unfolding was only observed in the presence of denaturant (2M guanidine 

hydrochloride). Given that heating each sample to 100°C provided no significant change in 

elliptical signal, the double cysteine variants remain highly thermostable like conserpin. 

Furthermore, the inhibitory activity of the variants was not compromised. The increase in SI for 

the D25C variant is negligible, as conserpin is already a poor inhibitor of trypsin. Therefore, the 
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mutation of the buried cysteine to a serine, and introduction of three solvent exposed cysteine 

residues does not affect the conserpin molecule. 

 

The investigation of the folding pathway of conserpin by smFRET is critical in understanding how 

thermostable serpins fold, as conserpin is not the only serpin to fold through a poorly populated 

intermediate. The folding pathway of an extremely thermostable serpin from archaeon 

Pyrobaculum aerophilum (optimum growth temperature 100°C), aeropin, seems to occur through 

a two-state mechanism, as determined with the use of fluorescence and circular dichroism 

equilibrium unfolding studies277. However, stopped-flow kinetics detected rapidly forming, poorly 

populated intermediates. Furthermore, the folding of another thermophilic serpin, tengpin, from 

bacteria Thermoanaerobacter tengcongenesis (optimal growth temperature 75°C), occurs as a 

two-state mechanism according to the same experimental techniques156. The formation of a poorly 

populated intermediate (present over a short denaturation concentration range and a short 

timeframe) in tengpin and aeropin may reflect the environment in which the serpin functions at. 

As the serpin’s folding intermediate is aggregation prone and aggregation propensity increases 

with heat79,115,311, these thermophilic serpins use a greatly increased rate of folding through this 

intermediate in their heated environments to avoid heat-induced aggregate316. Understanding how 

thermophilic serpins fold can provide insight in engineering mesophilic serpins to avoid this 

aggregation prone-folding intermediates. 

 

 

5.4. Conclusion 
 

In this study, smFRET capable conserpin variants were engineered to study its folding pathway. 

Two double-cysteine variants were produced to study the short and long axis of the serpin. These 

variants were successfully expressed, purified and tested for activity and thermal stability. Future 

smFRET studies using these proteins will provide insight into the folding pathway of conserpin 

and other naturally occurring thermophilic serpins, and comparing the folding pathways to observe 

the difference from mesophilic counterparts, such as a1-AT. 
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5.5. Supporting Information 
 

 
SI Figure 1.  Sequence alignment of Conserpin and the two cysteine variants showing the 

incorporation of cysteine residues by site-directed mutagenesis. 
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6.1. Overview 
 
Serpins are one of the few protein families that do not fold into the thermodynamically, lowest 

energy conformation56,57. Instead, serpins fold into a metastable conformation that is critical for 

inhibitory function. This inhibitory mechanism is unique and viewed as a ‘molecular mousetrap’; 

the binding and cleavage of the reactive centre loop (RCL) by the target protease triggers a large, 

rapid conformational change where the RCL inserts into the central b-sheet (b-sheet A)63. During 

this process, the protease is still covalently attached (prior to the deacylation step in the protease 

catalytic mechanism) and is translocated to the opposite pole of the serpin (71 Å). The 

translocation crushes the protease against the serpin body and the catalytic serine in the active site 

is displaced. The end result renders both the serpin and protease inactive63. 

 

The metastable state of serpins renders the proteins susceptible to misfolding and polymerization 

under various conditions, including mutations84. This misfolding and polymerization is the bases 

of many diseases termed serpinopathies. Serpinopathies lead to a loss-of-function disease, caused 

by low circulating levels of a particular serpin, and gain-of-toxicity from polymer formation at the 

site of serpin synthesis. One of the most-studied serpinopathies is a1-AT deficiency caused by the 

Z variant. The Z variant contains one amino acid substitution, glutamic acid-342 to lysine136, 

resulting in a loss of a salt bridge with lysine-290, and charge repulsion between the two lysine 

residues289. This creates an open and highly dynamic breach region (top of b-sheet A/ base of the 

RCL), as detected with hydrogen-deuterium exchange and molecular dynamics (MD) simulations, 

and observed in the x-ray crystal structure of native Z a1-AT 78,137,138. During folding, the folding 

intermediate folds off-pathway, leading to misfolding and aggregation at the site of a1-AT 

synthesis (hepatocytes)129,132. As a result, there are low circulating levels of a1-AT, leading to an 

imbalance between a1-AT and HNE in the lungs. As a consequence, early onset of emphysema 

occurs127. 
 
Currently, the only treatment for a1-AT deficiency is augmentation therapy, weekly intravenous 

injections of plasma purified a1-AT. This aims to restore the circulating levels within the lungs, 

and to correct the serpin: protease imbalance126,133. However, inactive, latent a1-AT has been 

detected in the purified sample140, it is expensive and large quantities of purified serpin are 

required141,142. Other approaches to treating a1-AT have been investigated, all of which aim to 

reduce polymerization by targeting the open b-sheet A. These include chemical chaperones143–145, 

small compounds142  and intrabody treatment148. However, these approaches result in a non-

functioning serpin. Therefore, another approach would be to engineer a serpin that mimics a1-AT 



Chapter 6  General Discussion 
 

   140 
 

in its function but is also stable and does not convert into inactive serpin as easily as a1-AT. This 

would allow the use of recombinant DNA technology to produce large quantities of the engineered 

serpin while also being cost effective. 

 

Protein therapeutics can be classified into two approaches: replacement therapeutics (replacing 

deficient or non-functioning proteins) or antagonist therapies (inhibiting a target proteins 

function)317. The replacement therapy approach, used as a treatment for a1-AT deficiency, first 

involved purifying the deficient/ dysfunctional protein from human and animal sources149,318,319. 

These proteins are often not sufficient to be therapeutics, as they are deficient in many important 

therapeutic properties, such as stability (e.g. latent a1-AT has been detected in the purified sample 

for augmentation therapy140), biological half-life and immunogenicity risk317. The rise of 

recombinant DNA technology has led to the production of protein therapeutics with several 

benefits over source-derived proteins. These benefits include larger production of a given protein 

therapeutic and cost efficacy, reduction of possible exposure to human or animal diseases, and the 

ability to modify the protein to improve its function149.  
 
The use of recombinant DNA technology to produce a protein therapeutic allows for protein 

engineering to modify a native protein for ideal and customized therapeutic qualities. One 

important quality is the increase in serum half-life. Increasing the serum half-life can lead to 

greater target localization and efficacy, along with longer intervals between doses320. Protein 

engineering can involve three principle strategies: linking the therapeutic protein to another protein 

or polymer through genetic or chemical linkage, or introduction of mutations (one or several) or 

deletions to the primary sequence of the protein318.  

 

One of the best-known protein therapeutics that was developed through protein engineering is the 

production of recombinant insulin. Insulin previously obtained from the bovine and porcine 

pancreas was cost-effective and produces an immunological response321. The use of protein 

engineering lead to two variations of insulin that could be used, a short acting322–324 and long-

acting325–328. Therefore, protein engineering is essential in the development of protein therapeutics. 

 
Protein engineering can not only be used to improve a native protein but can also create a 

completely synthetic protein. One of these approaches is consensus-engineering252. Consensus-

engineering was used to produce a synthetic serpin, conserpin, that is extremely thermostable and 

aggregation resistant, while also being functional as an inhibitor150. The thermal stability of 

conserpin can be attributed to various regions within the body that contains favourable interactions. 
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The thermostability, aggregation resistance and ability to remain robust with mutations (Chapter 

5) of conserpin makes it a great candidate as a starting molecule for engineering a serpin with a 

high stability, while retaining function. In this thesis, conserpin was used to engineer function 

(Chapter 3) and stability (Chapter 4), in an attempt to create a serpin that mimics a1-AT, yet 

remains stable, a desired property for a protein therapeutic. Furthermore, the folding pathway of 

conserpin was also studied using single-molecule Förster Resonance Energy Transfer (smFRET) 

(Chapter 5), to understand how it is aggregation resistant during folding. 
 
 

6.2. Engineering serpins for function 
 
There are a number of families of inhibitors that target serine proteases. Some of the most well-

studied are the Kazal, Kunitz, Bowman-Birk and serpins329. What is common to these inhibitors 

is the reactive site, an exposed loop (RCL, in serpins) that is stabilized in a canonical conformation 

through intramolecular interactions between the loop and the core of the inhibitor330,331. This 

exposed loop acts similarly to a substrate, binding to the active site of the protease331,332. It is an 

exposed loop that contains the sequences that dictates specificity333, with residue P1 hypothesized 

to be the primary determinant of specificity330. Mutations in P1 can change the specificity, as 

observed in the soybean trypsin inhibitor (Figure 1). The mutation of P1 arginine to tryptophan 

changed the specificity of the inhibitor from trypsin to chymotrypsin334. Moreover, the P1 residue 

also contributes to a serpins specificity; mutating P1 residue of archetypal serpin a1-AT from 

methionine to arginine converts specificity from human neutrophil elastase (HNE) to thrombin184. 

Exchanging residues within the loop with another inhibitor has also proven successful in changing 

specificity. Residues from a1-AT’s RCL was introduced onto sunflower-trypsin inhibitor, 

changing the specificity from trypsin to kallikrein-related peptidase 5 and 7 (KLK)335.  

 

The ability to mutate the reactive site of a protease inhibitor to change specificity makes these 

proteins good candidates to target proteases involved in disease336. Successful inhibitors produced 

as therapeutics include inhibition of the angiotensin converting enzyme for hypertension 

treatment337,338  and inhibitors of HIV aspartyl protease inhibitors to prevent development of 

AIDS339,340. However, one conundrum when engineering specific inhibitors is the possibility of 

off-target effects. Serine proteases often have near-identical geometry in the active site, making it 

difficult for the inhibitor to distinguish between closely related serine proteases. An explanation 

for this is that there may not be enough contact between the protease and the inhibitor for the 

inhibitor to distinguish which protease to target341. This is evident in an attempt to engineer an 
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inhibitor to mesotrypin (PRSS3), which is upregulated in promoting tumor progression in 

cancers342,343. Engineering two Kunitz- domain proteins, bovine pancreatic trypsin inhibitor and 

the Kunitz-domain of amyloid precursor protein, led to an increase in specificity and inhibition 

against mesotrypsin342,343. However, there were off-target inhibition against other trypsins342,343. 

Therefore, a large inhibitor, such as a serpin, may be more beneficial in engineering an inhibitor 

to a target protease due to the potential of producing more interactions between the inhibitor and 

protease. 
 

 
Figure 1. Different protease inhibitors. Three types of protease inhibitors: Bowman-Birk (e.g. 

sunflower trypsin inhibitor-1 (in the active site of KLK4), PDB ID: 4K8Y344), Kunitz (e.g. soybean 

trypsin inhibitor, PDB ID: 1AVU345) and serpin (e.g. a1-AT, PDB ID: 3NE4197).  Each inhibitor 

has a reactive loop (yellow), containing a P1 residue (purple) that is targeted by a protease.  
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As discussed above, the current treatment for a1-AT deficiency is augmentation therapy to restore 

the serpin: protease balance in the lungs126,133. However, inactive a1-AT arises and this therapeutic 

is not cost effective. Therefore, the development of serpin with specificity towards HNE is needed, 

while remaining stable in the native conformation and reducing its ability to become inactive. 

Engineering a serpin for specificity is more difficult than other inhibitors. This is due to the 

difference in the inhibitory mechanism of the inhibitors. Kazal, Kunitz and Bowman-Birk 

inhibitors bind within the active site in a tight mechanism (as a lock- and key or induced fit 

mechanism)334,341. The P1-P1’ bond is hydrolyzed slowly, but the products are not released, 

possibly allowing the amine bond to re-ligate329. Serpins, however, differ in that the cleavage of 

the P1-P1’ peptide bond triggers a large conformational change, where the protease is crushed 

against the body of the serpin, and the catalytic serine is displaced out of the active site63. 

Therefore, mutations in the RCL to change specificity must be compatible with the residues in  b-

sheet A in order to inhibit still the target protease. 

 

The P1 residue within the RCL is hypothesized to play a role in determining the specificity of a 

serpin. This is most prominent in the naturally occurring mutation of a1-AT, where P1 methionine 

becomes arginine. This changes specificity from human neutrophil elastase (HNE) to thrombin, 

resulting in thrombosis184.  The rate of which a1-AT (P1 Arg) inhibits thrombin is greater than 

antithrombin-III (thrombin’s serpin inhibitor) without co-factor heparin. Therefore, it is 

hypothesized that the specificity of a serpin could be changed by mutating residues within its RCL. 

Multiple studies have attempted to change a serpins specificity, with many creating an a1-

antichymotrypsin (ACT)/ a1-AT chimera that targets HNE through mutating various residues 

within the RCL. ACT has a sequence identity of 45% to a1-AT, one of the highest sequence 

identities in the serpin family346. This makes ACT an appropriate starting serpin to change 

specificity. ACT contains a hydrophobic leucine residue at P1. HNE, which favours hydrophobic 

residues, recognises ACT’s P1 but results in rapid cleavage by HNE, with ACT being a substrate 

rather than an inhibitor of HNE191. Mutating ACT’s P1 to methionine did convert specificity 

towards HNE, but to a lesser extent than a1-AT (SI of 5 and a rate of inhibition on an order of 

three magnitudes slower). Therefore, to understand what dictates a serpins specificity, many of 

these studies have created ACT/ a1-AT chimeras with different amounts of mutated residues. 

 

It is hypothesized that residues P6-P3’ of the RCL may interact with HNE upon protease binding 

to the RCL. Therefore, ACT/a1-AT chimeras were developed that cover these residues in an 

attempt to increase the chimera’s inhibitory rate against HNE. Some of the chimeras produced 
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include ACT/a1-AT P6-P3’, P4-P3’, P3-P3’ and a full loop swap (P10-P4’). The most effective 

chimera was the P3-P3’, with an SI of 1.4 and a rate of inhibition of 105 M-1 s-1 180. However, 

despite this success, this chimera inhibits HNE with a slightly higher SI than a1-AT (SI of 1:1 

with HNE), and a rate of inhibition on an order of two magnitudes slower. Furthermore, increasing 

the number of mutated residues in the ACT/a1-AT chimeras leads to a decrease in rate of 

inhibition (as observed in P6-P3’ chimera191), with a full RCL swap from a1-AT onto ACT 

resulting in rate of inhibition four orders of magnitude less than a1-AT (103) and an SI of 111:1190. 

Therefore, it was hypothesized that other factors must be responsible in determining specificity, 

including secondary binding sites on the serpin, and possibly favourable interactions between the 

two proteins. 

 

The engineering of conserpin has led to a serpin with a higher sequence identity to a1-AT than 

ACT (59% compared to 45%). This makes conserpin a more attractive serpin, along with its high 

thermostability, to engineer to target HNE. In this thesis (Chapter 3), a total of nine residues of 

a1-AT’s RCL (P7-P2’) were mutated onto conserpin. This chimera covers the residues that are 

hypothesized to interact with HNE191, along with the addition of a P2’ residue, isoleucine (absent 

in conserpin). The resulting chimera was noted as conserpin-AATRCL. 

 

Mutations in the RCL of conserpin-AATRCL did not affect the thermal stability of the serpin, 

remaining as thermal stable as conserpin (72°C in 2M GndHCl). This is not surprising, as 

mutations in exposed loops generally have a small effect on thermal stability330. However, 

similarly to the ACT/ a1-AT chimeras, introducing the RCL sequence of a1-AT did not change 

the specificity of conserpin-AATRCL. a1-AT inhibits trypsin and HNE at a stoichiometry ratio of 

1:1 (serpin: protease), while conserpin inhibits only trypsin at a higher ratio (1.8:1). The 

introduction of a1-AT’s RCL does not improve this ratio against trypsin (1.46:1), while there was 

no inhibition observed while attempting to calculate the SI against HNE. Understanding the 

reaction between HNE and conserpin-AATRCL could only be determined when observing any 

potential serpin: protease complex on SDS-PAGE. Only a minute amount of conserpin-AATRCL 

formed a serpin: protease complex with HNE, with a majority being cleaved, indicating that 

conserpin-AATRCL was undergoing the substrate pathway more than the inhibitory pathway. This 

is consistent with previous chimeras180. It should be noted that mutations in the RCL does not 

prevent the RCL from insertion into b-sheet A, as conserpin-AATRCL inhibits trypsin.  
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The determination of a serpin chimera’s structure by x-ray crystallography could possibly provide 

an explanation of why serpin chimeras fail in inhibiting a new target protease. The x-ray crystal 

structure of an ACT/ a1-AT P3-P3’ chimera revealed the RCL formed a helical conformation, 

possibly affecting its ability to inhibit HNE to the rate of a1-AT201. Therefore, the x-ray structure 

of native conserpin-AATRCL was determined (PDB ID: 6EE5). Unfortunately, due to its flexibility, 

electron density was not present for the RCL, so the structure of the RCL could not be observed. 

Nevertheless, the x-ray crystal structure provided information on the surface electrostatics of 

conserpin-AATRCL. Given that there needs to be an encounter between the serpin and protease to 

form a stable serpin: protease Michaelis-Menton complex, there must be favourable interactions 

between the two proteins. This hypothesis was previously stated, where the inability of the ACT/ 

a1-AT chimeras to inhibit HNE could be a result of the absence of appropriate body-body 

interactions, or the presence of unfavourable interactions191. The surface electrostatics between 

conserpin-AATRCL and a1-AT differs, in that conserpin-AATRCL contains a large positive potential 

underneath and surrounding the RCL (Chapter 3, Figure 2). Furthermore, modeling a serpin: 

protease complex of conserpin-AATRCL with trypsin and HNE strengthen this hypothesis of the 

importance of surface electrostatics in a serpin: protease complex. Conserpin-AATRCL has better 

surface electrostatic complementarity to trypsin than to HNE, providing an explanation on why 

conserpin-AATRCL inhibits trypsin but not HNE. The hypothesis that the surface potential between 

a serpin and protease must be complemented is further strengthened through observing the 

difference in inhibition rates of serpin plasminogen activator inhibitor-1 (PAI-1) and its two 

targets, tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA). 

PAI-1 inhibits tPA at a faster rate than uPA207,208. An explanation for this is that tPA and PAI-1 

have more complementary electrostatic interactions than uPA. Therefore, this confirms what was 

previously stated, there must be favourable interactions between the serpin and protease to allow 

for a stable complex formation and protease inhibition. 

 

Another possible explanation for conserpin-AATRCL failure to inhibit HNE is the dynamics of the 

RCL. Just as for small inhibitors, the RCL must be rigid enough to bind into the active site of the 

protease334,341, yet dynamics is needed for the RCL to insert into b-sheet A in a rapid movement93. 

The rate of which the RCL inserts into b-sheet A must be faster than the deacylation step of the 

proteases catalytic mechanism. The rate at which HNE catalyzes the P1-P1’ peptide bond is faster 

than loop insertion, while chymotrypsin’s catalysis is on par with loop insertion. This is why a1-

AT inhibits HNE on an order of 107 M1 s1 180. Through modeling the RCL into the x-ray crystal 

structure of conserpin-AATRCL, and subsequent performance of molecular dynamics (MD) 
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simulations, the dynamics of the RCL can be analyzed. This study is the first to use molecular 

dynamics (MD) simulations in understanding how the dynamics of the RCL could dictate a 

serpin’s specificity. The hinge region conserpin-AATRCL’s RCL, residues P12-P9, are the first to 

insert into the breach region of b-sheet A, with simulations showing a high degree of flexibility 

compared to a1-AT. The low flexibility of the hinge region of a1-AT allows it to be primed into 

position for insertion, that is, it is poised between strands 3 and 5 of b-sheet A (s3A and s5A). 

Conserpin-AATRCL contains a mostly extended hinge region, away from b-sheet A. This hinge 

region, however, does sample one primed conformation, which may explain why there is inhibition 

of trypsin. Therefore, the conformation and dynamics of the RCL can provide an explanation as 

to why chimeric serpin’s fail at transferring specificity. 
 

To conclude, Chapter 3 looked at engineering the specificity of a1-AT onto conserpin. Despite 

conserpin having a high sequence identity to a1-AT, specificity to HNE could not be transferred 

onto conserpin. The determination of the x-ray crystal structure of native conserpin-AATRCL aided 

in providing two possible reasons for this failure: incompatible surface electrostatics between 

conserpin-AATRCL and HNE, and/or the dynamics of the RCL. Taken together, we have confirmed 

a previous hypothesis that compatible body-body interactions are necessary, while also adding that 

the dynamics of the RCL could also play a role in determining specificity of a serpin. 
 

6.3. Engineering serpin stability 
 

One important property that a protein therapeutic needs is high stability. Increasing the stability 

can improve the expression yields during manufacturing, increase half-life (shelf and biological 

retention time), and become more robust under difficult conditions (change in temperature, pH and 

solution conditions)317,319,347,348. The stability of a protein therapeutic is important as it is critical 

for large-scale production. For a protein therapeutic to be effective, it must retain its physical and 

chemical nature (remain potent) during both production and storage, minimizing any potential for 

aggregation or degradation. The protein must retain its folded conformation, as partial unfolding 

can lead to aggregation, potentially eliciting an immune response in a patient349. Currently, this is 

a problem with purified a1-AT for augmentation therapy, where latent, inactive a1-AT has been 

detected post processing and storage140. 

 

Increasing the stability can be obtained through introducing various intramolecular interactions, 

including salt bridges and disulfide bonds38,40,41,47,255–258, and improving the hydrophobic packing 
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in the core of the protein29,33,259,260.  Introducing these interactions to stabilize a1-AT could create 

a stable  a1-AT variant that could possibly be a replacement for the current augmentation therapy. 

Engineering a1-AT for stability is a delicate task, as introducing mutations could possibly lower 

the kinetic barrier between the active, native conformation and the inactive, latent conformations. 

If this occurs during folding of a1-AT could force the serpin to bypass the native conformation 

and fold into the more stable, latent conformation.  

 

There have been many attempts in stabilizing a1-AT. Many of these studies involved random 

single-point mutations throughout the serpin conformation66,68,69,94,211,281. Many of the random 

mutations successfully increased the stability of a1-AT (as determined by either calculating the 

Gibbs free energy, DG, or loss of activity at a set temperature over time), but with mixed results 

on what effect this has on its function. Random mutations found in regions that are important for 

a serpins function (e.g. b-sheet A) often correlated with activity loss, while mutations in other 

regions, such as the hydrophobic core, had no effect on function. Therefore, it was stated that 

introducing stabilizing mutations in functional regions affect the inhibitory activity of the 

serpin68,69,213,281. The single-mutations within the hydrophobic core were combined to produce a 

stable a1-AT, noted as Multi7211. This Multi7 a1-AT is as stable as non-inhibitory serpin 

ovalbumin (DDGWT-Mutant of 8 kcal mol-1) with no compromise on function (SI of 1.1 for human 

elastase). It has not been stated in the literature if the Multi7 is undergoing clinical trials as a 

replacement for augmentation therapy. Unlike only targeting residues in the hydrophobic core like 

in Multi7 a1-AT, is it possible to use rational design and to target regions of a serpin that are 

central to its inhibitory mechanism (e.g. b-sheet A) to increase stability without compromising 

function? 

 

Chapter 4 investigates increasing the stability of a1-AT by using rational design to introduce 

clusters of amino acids from a thermostable serpin, conserpin, onto a1-AT. Conserpin was selected 

with an identical reasoning as in Chapter 3, it has a high sequence identity to a1-AT (59%), while 

also being aggregation resistant and extremely thermostable (Tm 100°C+). Importantly, conserpin 

is also functional as an inhibitor against trypsin150. What contributes to conserpin’s high 

thermostability is various regions that contain favourable polar and non-polar interactions, an 

increased number of salt bridges (compared to a1-AT) and improved packing in the hydrophobic 

core150. Each of these regions were identified by analysing the x-ray crystal structure of native 

conserpin (PDB ID: 5CDX150). As random mutagenesis can introduce amino acids in regions 

where they may not fit (e.g. a large, hydrophobic side chain in a tightly packed region), rational 
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design allows for modelling amino acids into appropriate regions. This approach was critical for 

grafting clusters from conserpin onto a1-AT. While the residues selected for grafting may be 

favourable in the conserpin structure, not all residues could be grafted onto a1-AT. A few residues 

were unselected due to large side chains that could not be accommodated in tight regions. 

Nevertheless, a total of eight grafts were produced, varying from different regions of the 

hydrophobic core and B/C barrel, to Helices F and H, and the breach region.  

 

Out of eight grafts, two fold into an inactive conformation, three are less thermostable and three 

are more thermostable than WT a1-AT. These results also determined that different regions of the 

hydrophobic core and B/C barrel contribute to thermostability. A previous study that mutated 

stabilizing residues of a1-AT onto ACT and antithrombin-III observed that while some of a1-

AT’s stabilizing mutations did stabilize ACT and antithrombin-III, other mutations decreased the 

stability of these two serpins213. The authors concluded that each serpin contains its own stabilizing 

strain. The results from this grafting study support this study, as certain residues may contribute 

to conserpin’s thermostability, but grafting these residues onto a1-AT results in a decrease in 

stability.  

 

While previous studies state that mutations in the hydrophobic core increase the thermal 

stability213, Chapter 4 shows that there are different regions in the core that contribute to stability. 

The F51 graft, containing mutations on b-sheet A and Helix-B, increased the thermal stability of 

a1-AT, while the T59S graft (mutations on Helix-B and Helix-A, facing away from b-sheet A) 

has a decrease the thermal stability. Therefore, introducing modelled favourable mutations in the 

hydrophobic core does not necessarily lead to an increase in stability.  

 

The F51 graft in the hydrophobic core increased the thermostability while not compromising 

function (SI of 1.1, identical to that of WT a1-AT). This is in good agreement with the successful 

single-point mutations in the hydrophobic core, and the Multi7 a1-AT 211,213. Furthermore, 

previous studies with stabilizing mutations in functional regions (e.g. b-sheet A) led to a decrease 

in inhibitory function 64,68,69,212,213,270. Yet, introducing a cluster of mutations into one of these 

critical regions, as in the Breach graft (increased number of salt bridges) did not compromise 

inhibitory function of this graft (SI of 1.1:1, identical to WT a1-AT). The increased number of salt 

bridges in the breach continued to allow b-sheet A to open and accept the RCL. While two of the 

thermostable grafts did not have a compromise in function, the Helix-F graft has an increase in SI 

(1.33). This was expected, as Helix-F lies in front of b-sheet A and must shift to allow RCL 
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insertion. The aim of the Helix-F graft was to rigidify the helix, possibly slowing down its ability 

to shift away from b-sheet A, increasing the thermostability. This result shows the benefit of using 

ration design over random mutagenesis when engineering stability without compromising 

function. 

 

The increase in stability can increase the yields during large-scale protein production350. While 

this may be true for some proteins, this is not the case for serpins. Each of the three thermostable 

grafts engineered, along with the previous a1-AT stabilizing mutations (including the Multi7211) 

involved purifying recombinant a1-AT variants from E. coli inclusion bodies. Nevertheless, each 

of the thermostable grafts yielded more monomeric protein than WT a1-AT post-refold. 

Furthermore, a higher concentration of chemical denaturant (guanidinium hydrochloride, 

GndHCl) was required to unfold and force each graft to populate the folding intermediate. A 

comparison between these thermostable grafts and the previous stabilized a1-AT mutations cannot 

be performed, as the other studies did not know what effect these mutations have on the folding. 

What is now known is introducing these three grafts (F51, Breach and Helix-F) onto a1-AT has 

led to variants that require a higher denaturant concentration to force it to populate the folding 

intermediate and increasing the yield of monomeric protein post refold. 

 

The only a1-AT variant that confers high stability is the Multi7, and as discussed earlier, this 

stability is a result of mutations in the hydrophobic core211 (Figure 2). As stated above, functional 

regions were targeted for mutation with no significant effect on function. Would it be possible to 

combine the three thermostable grafts (F51, Breach and Helix-F) together to increase the stability 

of a1-AT even more? The resulting graft was termed 3stable (Figure 2). By engineering 3stable, 

we increased the thermal stability by 14°C compared to WT a1-AT (Tm of 73°C). This is the most 

thermostable (Tm) a1-AT variant, and is more thermostable than thermophilic serpin thermopin 

(Tm 65°C276). This thermostability correlates with an increase in Gibbs free energy (DDGWT-Mutant 

of 8.66 kcal mol-1), on par with the Multi7 a1-AT (8 kcal mol-1). The increase of thermostability 

did not significantly compromise function (SI 1.28), concluding 3stable is still a decent inhibitor 

against HNE. In comparison to Multi7 a1-AT, this is a higher SI (Multi7 SI of 1.1), but here two 

functional regions were targeted, both of which have previously been targeted for mutagenesis and 

resulting in a decrease in inhibitory activity 64,69.  Furthermore, like the Multi7 a1-AT and the 

three thermally stable grafts, the 3stable is expressed in inclusion bodies, yet yields significantly 

more monomeric protein post-refold compared to WT a1-AT and the three thermally stable grafts 

(over 60% yield, while WT a1-AT yields 11%150). Lastly, the folding intermediate for the 3stable 
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graft was populated at a higher chemical denaturant concentration compared to all the thermal 

stable grafts and WT a1-AT, indicating 3stable more stable than WT a1-AT.  

 
Figure 2. The two stable a1-AT variants. The Multi7 a1-AT (PDB ID: 5NBV, unpublished) 

(left) contains mutations within the hydrophobic core (spheres), while the 3stable a1-AT 

(modelled onto PDB ID: 3NE4197) (right) contains mutations in the core (green), but also the 

breach (blue) and Helix-F (yellow) regions. 

 

Taken together, Chapter 4 explores the use of rational design and a thermal stable serpin to 

engineer thermostability onto a1-AT. Unlike the previous a1-AT stabilizing studies, rational 
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design successfully introduced mutations in functional regions without significantly 

compromising the serpins function. Furthermore, combining 3 thermally stable grafts together 

produced an a1-AT variant that can rival the Multi7 a1-AT variant. This chapter is the beginning 

of developing an a1-AT variant that could possibly replace purified a1-AT for augmentation 

therapy. Lastly, the success of this engineering is the beginning of possibly using the same process 

for engineering other serpins, such as antithrombin-III.  

 

6.4. Conclusion 
 
In conclusion, the work presented in this thesis focused on using conserpin, a synthetic 

thermostable serpin, to engineer function and stability, that may be able to replace plasma-purified 

a1-AT as a treatment for augmentation therapy. Studying the folding pathway of conserpin using 

smFRET also began, concluding that conserpin retains activity and thermostability in the presence 

of mutations. While it was unsuccessful in converting conserpin into an inhibitor of HNE (Chapter 

3), two possible explanations were derived for this failure: the surface electrostatics between the 

serpin and protease must be compatible to allow for protease binding and inhibition, and the 

dynamics of the RCL is important for rapid insertion before the deacylation mechanism of the 

protease’s catalytic mechanism. Furthermore, it was shown that engineering stability by using 

rational design and a thermostable serpin can be successful when targeting functional regions of 

the serpin (Chapter 4). The substantial increase in thermostability did not significantly compromise 

function, while improving the yield obtained post refold. Combining the thermostable grafts 

together produced an a1-AT variant that is more stable than a naturally occurring thermophilic 

serpin, all while retaining close to WT-like function. Therefore, the success of increasing the 

stability of a1-AT is the beginning of developing a recombinant variant of a1-AT that could 

possibly replace purified a1-AT sample. This technique could also be used for other serpins. 
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