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at that position based on each of the B1 and B2 output sequences obtained. C) Histograms of 
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Figure 19: Variable importance in projection (VIP) against model coefficients for centred and 
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Figure 29: Diagrammatic representation of the pJBEI-6410 bLinS plasmid containing the 
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hydroxymethylglutaryl-CoA reductase (HMGR), mevalonate kinase (MK), phosphomevalonate 

kinase (PMK), phosphomevalonate decarboxylase (PMD) and isopentenyl diphosphate 

isomerase (idi) .............................................................................................................................. 158 

Figure 30: Strain comparison for the production of linalool using either 1 % (v/v) glycerol or 

glucose as the primary carbon source in phosphate buffered TB. Monoterpenoid production was 

ƛƴŘǳŎŜŘ ōȅ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ млл ˃a Lt¢D ŀǘ ŀƴ h5600 ~ 0.6. Cultures were incubated at 30 oC for 

72h following induction. All measurements were obtained in biological triplicate (n =3). ........ 159 

Figure 31: Titration ELISA for the determination of anti-bLinS VHH EC50 values. Streptavidin 
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incubated with anti-bLinS VHH B1D G9, B2D C10 and B2D D6. Bound VHH was revealed using 

MonoRab HRP-conjugated monoclonal antibody (GenScript) at a 1:5,000 dilution in PBS. ....... 160 

Figure 32: Biotransformation reactions for the conversion of geranyl pyrophosphate (GPP) to 

linalool using purified S. clavuligerus bLinS in the presence of anti-bLinS VHH B1D G9, B2D C10 
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Reactions were run for 30 min prior to extraction of monoterpenoid products. B) Relative 

activities of bLinS in the presence of anti-bLinS VHH and the control VHH EH81 for reactions run for 

24 h prior to extraction of monoterpenoid products. ................................................................. 161 

Figure 33: Relative activities of bLinS as determined by biotransformation reactions following 

the incubation of bLinS alongside anti-bLinS VHH B1D G9, B2D C10 and B2D D6 for 24 h at 30 oC, 

prior to the addition of GPP. ........................................................................................................ 162 

Figure 34: In vivo ƳƻŘǳƭŀǘƛƻƴ ƻŦ ō[ƛƴ{ ƛƴ b9. млʲ ǳsing the anti-bLinS VHH B1D G9, B2D C10 and 
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Thesis Abstract 

Synthetic biology is a powerful collection of tools that facilitates the design and construction of 

novel biological systems, with applications ranging from the development of synthetic life to the 

production of high value chemicals. The development of novel biological parts is a core principle 

ƻŦ ǎȅƴǘƘŜǘƛŎ ōƛƻƭƻƎȅΣ ŀǎ ŜȄǇŀƴŘƛƴƎ ǘƘŜ ōƛƻƭƻƎƛŎŀƭ Ψǘƻƻƭ-ƪƛǘΩ ƻǇŜƴǎ ǳǇ ƴŜǿ ǇƻǎǎƛōƛƭƛǘƛŜǎ ŦƻǊ ǘƘŜ 

production of novel tools, pathways and compounds. Antibodies demonstrate high antigen 

affinity and specificity, making them ideal candidates for the development of novel synthetic 

biology tools. However full length antibodies require post-translational modifications that 

prevent their use in prokaryotic chassis, such as Escherichia coli, which are commonly used for 

synthetic biology applications. Single domain antibodies (sdAb), such as heavy chain variable 

domains (VHH) of camelid heavy chain only antibodies (HCAb), demonstrate improved stability 

and robustness when compared to conventional recombinant antibodies whilst retaining high 

antigen affinity and specificity. Furthermore, sdAb such as VHH are also capable of binding 

ΨŎǊȅǇǘƛŎΩ epitopes on the target antigen, such as those that occur within clefts and cavities. As a 

result, these recombinant antibody fragments are ideally positioned for initial investigations into 

their use as tools for synthetic biology applications. 

This thesis describes the generation of, and subsequent investigations into, VHH with 

functionalities relating to the production of monoterpenoids in E. coli. First, a VHH phage display 

library was constructed and subsequently enriched against Streptomyces clavuligerus linalool 

synthase (bLinS). Next, Design of Experiments (DoE) was used to construct and optimise a 

platform that facilitated the production of VHH in the cytoplasm of E. coli, such that these 

recombinant antibody fragments may be utilised for synthetic biology applications. Finally, the 

ability of three anti-bLinS VHH to modulate the production of monoterpenoids in E. coli 

containing a heterologous linalool production pathway was investigated, revealing that these 

anti-bLinS VHH were capable of altering the flux within the pathway, thereby altering the profile 

of the terpenoid products obtained. As such, the platforms developed in this project, and the 

insights gained following their implementation, represent a foundation upon which further 

investigations and developments may build, so as to realise the full potential of VHH antibodies as 

powerful tools in the field of synthetic biology. 
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1. Introduction 

1.1. Synthetic Biology ς An Overview 

Synthetic biology is an interdisciplinary field that incorporates aspects of biotechnology, 

biochemistry, molecular engineering, systems biology and computational biology (Zebec et al., 

2016). As such, synthetic biology facilitates the design and construction of novel, artificial 

biological systems with potentially wide-reaching applications. In perhaps the most high profile 

example of synthetic biology, a minimal bacterial genome, in which all non-essential genes were 

removed, was synthesised and used to create a synthetic model organism capable of continuous 

self-replication (Gibson et al., 2010; Hutchison et al., 2016). Synthetic biology has also been used 

to construct novel biological pathways within Saccharomyces cerevisiae, resulting in the 

biological production of artemisinic acid, a precursor to the potent anti-malarial artemisinin 

(Paddon et al., 2013). These examples of pioneering research, alongside the falling cost of DNA 

synthesis (Hughes and Ellington, 2017), suggest that in the near future synthetic biology could be 

routinely used to facilitate the construction of novel specialised synthetic organisms capable of 

performing a variety of functions with significant medical and biotechnological interest.  

As a biological engineering discipline, synthetic biology is reliant on the development and 

availability of high quality biological parts and components, such as promoters, ribosome 

binding sites (RBS) and terminators, which may be used in order to create new and/or improved 

parts, pathways or products. As such, a key tenet of synthetic biology is the development and 

validation of standardised, robust parts and/or protocols that, where possible, are submitted to 

publicly available repositories, such as Addgene or SynBioHub (McLaughlin et al., 2018), in order 

to allow their use by other researchers around the globe. When considering the development of 

novel parts for synthetic biology applications, a high quality part should be robust and highly 

specific so as to ensure that the part in question performs only the function for which it has 

been selected, causing minimal disturbance to the rest of the system. Antibodies demonstrate 

the high target specificity that could be exploited for synthetic biology applications, however to 

date they have largely been the focus of investigations into their therapeutic potential. Herein 

antibodies, and fragments thereof, are reviewed with a focus on strategies for their production 

and subsequent development as potential tools for synthetic biology applications. 
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1.2. An Introduction to Antibodies 

Antibodies (Ab), or immunoglobulins (Ig), are glycoproteins produced by B-lymphocytes (plasma 

cells) as part of the humoral immune response. These proteins are used to recognise and 

subsequently neutralise pathogens such as bacteria and viruses. Typically, antibodies are 

heterodimeric homodimers, consisting of two identical pairs of heavy and light chains, that form 

a Y shaped structure (Figure 1) (Schroeder et al., 2010). The heavy and light chains, associated by 

series of non-covalent bonds, form the antigen binding fragment (Fab). Within the Fab region, 

both chains possess a constant (CH1/CL) and variable (VH/VL) domain. Three complementarity 

determining regions (CDR), hypervariable sequences within each of the variable domains, form 

the antigen binding site of the antibody and facilitate the incredible specificity and high affinity 

with which antibodies can bind to their target antigen. The remainder of the antibody structure, 

often referred to as the constant or crystallisable fragment (Fc), forms the C ς terminal ΨǘŀƛƭΩ of 

the antibody and is dependent on the antibody isotype. There are five major antibody isotypes: 

IgG, IgA, IgM, IgE and IgD (Schroeder et al., 2010). With each classified according to the type of 

ƘŜŀǾȅ ŎƘŀƛƴ ǘƘŀǘ ǘƘŜȅ ŎƻƴǘŀƛƴΤ ʴΣ ʰΣ ˃Σ ʶ ŀƴŘ ʵ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜ CŎ ǊŜƎƛƻƴ ƻŦ ŜŀŎƘ ŀƴǘƛōƻŘȅ 

subclass largely determines antibody function, with the degree of glycosylation and receptor 

binding that they accommodate crucial to the immune response that they elicit. 

 

 

 

 

 

 

 

 

 

Figure 1: Monomeric immunoglobulin G (IgG) schematic. The heavy chain consists of 3 constant regions CH1, CH2 
and CH3, a hinge region and a variable region VH containing 3 complementarity-determining regions (CDR). 
Similarly the light chain consists of one constant region CL and a variable domain (VL) containing 3 
complementarity-determining regions. The heavy chains and light chains of the immunoglobulin are linked by 
disulphide bonds (-S S-) in a Y shape conformation. 
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1.2.1. Antibody Isotypes 

Immunoglobulin G (IgG) is the most abundant antibody isotype in humans, representing 

approximately 75 % of antibodies in the blood serum (Painter, 1998). The heavy chain of IgG 

consists of three constant domains (CH1, CH2 and CH3) in addition to the variable domain (VH), 

with the CH2 and CH3 domains forming the Fc region, which is linked to the CH1 and VH domains 

by a flexible hinge region (Figures 1 & 2). Following the assembly of the heterodimeric 

homodimer structure, IgG has a molecular weight of roughly 150, 000 kDa. When considering 

the structure of the domains across the Ig family, both constant and variable domains typically 

adopt a characteristic immunoglobulin fold in which anti-parallel beta sheets, linked by a 

disulphide bond, surround a hydrophobic core (Berg et al., 2002; Bork et al., 1994). 

IgA represents up to 15 % of the total Ig produced by humans and can be produced in both a 

monomeric or dimeric form (Woof and Russell, 2011). Monomeric IgA possesses the classical Ig 

structure, and is predominantly found in the serum. Whereas dimeric IgA is largely found in 

secretions, and as such is often referred to as secretory IgA. Dimerization occurs as a result of 

disulphide bond linkage between Fc regions containing an additional 18 amino acid secretory tail 

piece to the joining chain (J chain), a 15 kDa cysteine rich polypeptide (Figure 2) (Johansen et al., 

2000; Woof and Russell, 2011). 

Similarly, IgM adopts a multimeric (typically pentameric) structure when secreted (Figure 2) 

(Hiramoto et al., 2018). However IgM can also be produced in a monomeric membrane bound 

form (Schroeder et al., 2010). This antibody subclass, which is the first antibody to appear in 

response to the initial exposure to an antigen, lacks a hinge region. The presence of an 

additional constant domain provides a degree of flexibility that would otherwise be lost, 

however IgM are typically more rigid than isotypes that retain the hinge (Janeway et al., 2001a). 

Oligomerisation of IgM occurs in the same manner as that of IgA, by linkage of a secretory tail on 

the Fc region to a J chain (Hiramoto et al., 2018). 
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IgE is the least abundant antibody isotype in normal individuals. However as a result of its role in 

type I hypersensitivity and allergy response, this monomeric antibody subclass is capable of 

triggering a powerful inflammatory response (Gould et al., 2003). Like IgM, IgE lacks a hinge 

region for which the presence of an additional constant domain compensates (Figure 2). Finally, 

IgD is a monomeric antibody subclass that can be produced in both a membrane bound and 

secreted forms (Figure 2). Membrane bound IgD is co-expressed alongside IgM as part of the 

primary immune response, whilst the function of secreted IgD remains unclear (Chen and 

Cerutti, 2011). 

 

1.2.2. Post Translational Modifications of Ig 

Each of the Ig subclasses are glycosylated in at least one of the constant domains, with IgD and 

IgA1 (an IgA isotype) also being glycosylated in the hinge region (Maverakis et al., 2015). IgG has 

a single conserved N-glycosylation site in the CH2 domain, whilst the other Ig isotypes are more 

Figure 2: Immunoglobulin (Ig) isotypes in their most commonly occurring structural confirmations. Disulphide 
bonds are indicated by an orange line, whilst the CDR are displayed as dark green lines. 
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heavily glycosylated. Disulphide bonds are required to stabilise the characteristic 

immunoglobulin fold within each of the constant and variable domains. Additionally, the light 

chain and heavy chain are linked by a disulphide bond between the CH1 and CL domains, whilst 

disulphide bonds in the cysteine rich hinge regions of IgG, IgD and IgA or the constant domains 

of IgE (CH2) (Plomp et al., 2014) and IgM (CH2 and CH3) (Wiersma and Shulman, 1995) connect 

the heavy domains, facilitating the formation of the heterodimeric homodimer structure. 

1.2.3. Diversification of the Antigen Binding Site 

The ability of the immune system to identify and subsequently eliminate foreign antigens is 

dependent on the rapid generation of diversity within the antigen binding site to specifically 

target an antigenic determinant site (epitope). In order to achieve this diversity a number of 

processes are utilised. First, V(D)J recombination provides combinatorial diversity by shuffling 

variable (V), diversity (D) and joining (J) gene segments from the chromosome during the initial 

development of B-cells (Market and Papavasiliou, 2003). This recombination process also 

introduces junctional diversity, most notably in the CDR3 region, as a result of the addition or 

subtraction of bases at the gene segment junction during repair by non-homologous end joining 

(NHEJ) (Janeway et al., 2001b). Further combinatorial diversity is then achieved by the 

randomised pairing of heavy and light chains to create the Fab fragment of the IgM/IgD that will 

ultimately be displayed on the B-cell surface. Finally, somatic hypermutation introduces point 

mutations into the rearranged V-region genes of the rapidly proliferating activated B-cells. 

aǳǘŀǘƛƻƴǎ ƻŎŎǳǊǊƛƴƎ ŀǘ 5b! ΨƘƻǘǎǇƻǘǎΩ ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ƘȅǇŜǊǾŀǊƛŀōƭŜ /5w ǊŜƎƛƻƴǎ ŦŀŎƛƭƛǘŀǘŜ 

the negative and positive selection of antibodies based on their affinity to the target antigen. 

This process, by which antibodies with higher antigen affinities are iteratively produced, is 

termed affinity maturation (Janeway et al., 2001b). 

1.3. Antibody Fragments 

The potency of immunoglobulins has resulted in their widespread use as therapeutics (Kaplon 

and Reichert, 2019; Redman et al., 2015; Zlocowski et al., 2019) in addition to a variety of 

medical, diagnostic and biotechnological applications (Fernandes et al., 2017; Wang et al., 2018). 

The modular nature of immunoglobulins alongside the development of recombinant DNA 

technologies has also promoted the use of antibody fragments. This fragmentation has the 

potential to alter the physiochemical properties of the molecule, and may be exploited to 

further improve and develop antibody technologies (Nelson, 2010). The removal of the Fc 

region, for example, reduces the overall size of the antibody fragment and thus allows improved 
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tissue penetration, a desirable quality of anti-cancer therapeutics (Li et al., 2016). However, the 

removal of the Fc domain can also result in the loss of receptor functionality and a reduced 

serum half-life. Depending on the application of the antibody in question, the consequences of 

Fc domain removal have the potential to be both desirable and un-desirable (Holliger and 

Hudson, 2005). Antibody fragments can also be linked in order to generate multivalent 

antibodies, such as bi-specific antibodies (BsAb), that may be used to target multiple epitopes 

(Brinkmann and Kontermann, 2017; Coloma and Morrison, 1997; Wu et al., 2015). Two examples 

of BsAbs that have been approved for use as therapeutics in the US and Europe are 

Blinatumomab (Amgen, Kantarjian et al., 2017) and Catumaxomab (Trion Pharma, Linke et al., 

2010). Importantly, the use of antibody fragments can facilitate their production within 

alternative production hosts/chassis, due to the elimination of domains requiring post 

translational modifications (Andersen and Reilly, 2004). This can in turn facilitate faster 

cultivation, higher yields and lower production costs, when compared to the traditionally used 

mammalian cell culture approaches (Bates and Power, 2019). 

 

Figure 3: Diagrammatic representation of commonly occurring antibody fragments: Antigen binding fragment 
(Fab), short chain variable fragment (scFv), camelid heavy chain only antibodies (HCAb), heavy chain only variable 
domain  (VHH), immunoglobulin new antigen receptor (Ig-NAR) and variable domain new antigen receptor (V-
NAR). Disulphide bonds are indicated by an orange line, whilst the CDRs are displayed as dark green lines. 
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1.3.1. Antigen Binding Fragments (Fab) 

Initial efforts to generate and subsequently utilise antibody fragments relied on the use of 

papain (Knight et al., 1995) and pepsin (Jones and Landon, 2002) to cleave the antigen binding 

fragment (Fab) from the Fc region (Strohl and Strohl, 2012). The Fab, or CόŀōΩύ2 ς two Fab 

domains linked by a disulphide bond within the remaining hinge region (Figure 3), could then be 

purified and subsequently utilised as a therapeutic. The glycoprotein llb/lla receptor agonist 

Abciximab (ReoPro, Janssen Biologics BV) is an example of an FDA approved therapeutic 

produced in this manner (Knight et al., 1995). The advent of recombinant DNA technology, 

however, allowed greater control over antibody fragment production as the process would no 

longer rely on enzymatic cleavage. The emergence of this technology has facilitated the 

recombinant production of the therapeutic Fab Ranibizumab (Lucentis, Genentech) and 

Certolizumab pegol (Cimzia, UCB) in Escherichia coli (Andersen and Reilly, 2004; Strohl and 

Strohl, 2012). 

1.3.2. Short Chain Variable Fragments (scFv) 

Attempts to further reduce the size of antibody fragments whilst ensuring retention of binding 

functionality resulted in the development of short chain variable fragments (scFv). In order to 

create scFv the VH and VL domains are joined by short peptide linkers typically ranging from 10 ς 

25 amino acids, resulting in a ~ 30 kDa fragment (Figure 3) (Kennedy et al., 2018). Early attempts 

to produce scFv highlighted the importance of selecting the correct short peptide linker, so as to 

ensure functional assembly of the variable fragment (Fv) domains (Bird et al., 1988; Huston et 

al., 1988). The use of the highly flexible (G4S)n linker, as described by Huston et al. (1988), has 

become the favoured and most widely used strategy for scFv production (Strohl and Strohl, 

2012). The orientation of the VH and VL domains, i.e. VH-linker-VL or VL-linker-VH, has also been 

shown to have an effect on the expression, secretion and multimerisation properties of scFv 

when produced in E. coli (Dolezal et al., 2000; Kim et al., 2008). Whilst the lack of an Fc region 

reduces the overall size of the fragment, thereby improving tissue penetration (Li et al., 2016), as 

well as preventing activation of the host immune system, the absence of the Fc region also has 

its disadvantages. scFv tend to display lower thermo-stabilities compared to the parental 

monoclonal antibody (mAb), whilst also showing a greater propensity to aggregate, which also 

increases the risk of immunogenicity (Bates and Power, 2019). Additionally, scFv have shorter 

half-lives than antibodies that retain the Fc domain. This can lead to the need for higher and 

more frequent dosing, or the use of strategies such as scFv fusion to human serum albumin 

(Müller et al., 2007) or scFv PEGylation (Jain and Jain, 2008) to circumvent this issue. As of April 
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2019, the humanised scFv Brolucizumab (Novartis) is awaiting FDA review following successful 

Phase III clinical trials (Dugel et al., 2019). 

1.3.3. Single Domain Antibodies (sdAb) 

The next logical step when considering approaches to reduce the overall size of antibody 

fragments was the production of single domain antibodies (sdAb). This was first achieved by 

Ward et al. (1989) who produced murine VH domains that were capable of targeting lysozyme 

using E. coli. Typically the VH domain retains the antigen specificity associated with the full length 

mAb, as the heavy chain CDR3 region is the major contributor in antigen binding (Muyldermans, 

2001). However the lack of the VL domain can, in some cases, result in lower antigen affinities in 

comparison to the parental mAb (Borrebaeck et al., 1992). Additionally, the absence of the VL 

ŘƻƳŀƛƴ ŜȄǇƻǎŜǎ ƭŀǊƎŜ ƘȅŘǊƻǇƘƻōƛŎ ŀǊŜŀǎ ƻŦ ǘƘŜ ±I ŘƻƳŀƛƴ ǎǳǊŦŀŎŜΣ ƻŦǘŜƴ ǊŜǎǳƭǘƛƴƎ ƛƴ ΨǎǘƛŎƪȅΩ 

sdAbs that are difficult to produce in a soluble form (Muyldermans, 2001). As such, early efforts 

to develop sdAb as alternatives to full length mAb were largely unsuccessful. 

However, the discovery of naturally occurring antibodies that are devoid of a light chain in the 

serum of camelids (camels, dromedaries and llamas) provided an alternative avenue for 

investigation (Hamers-Casterman et al., 1993). In addition to the lack of a light chain, camelid 

heavy chain only antibodies (HCAb) do not possess a CH1 domain, and as such are significantly 

smaller than conventional antibodies (Figure 3). The variable domains of HCAb, commonly 

referred to as VHH domains, contain a series of substitutions in the conserved framework region 

between CDR 1 and 2 (Beghein and Gettemans, 2017; Muyldermans, 2013). The substitution of 

hydrophobic residues present at the VH/VL interface of conventional antibodies, with smaller or 

hydrophilic amino acids, facilitates improved solubility when produced as an antibody fragment 

(Beghein and Gettemans, 2017; Muyldermans, 2013). Despite the lack of the VL domain, VHH 

fragments typically possess comparable antigen binding diversity and affinity to conventional 

antibodies (Nguyen et al., 2000). This is thought to be as a result of greater structural diversity in 

each of the CDR loops, with the CDR3 of VHH also tending to demonstrate greater sequence 

diversity in addition to being longer on average than those found in VH domains (Mitchell and 

Colwell, 2018). This combination of reduced size, greater structural diversity and a protruding 

CDR3 enables VHH to bind a variety of epitopes, including those within cavities or clefts that 

larger antibody fragments are unable to access (Beghein and Gettemans, 2017; Mitchell and 

Colwell, 2018). Interestingly, heavy chain only antibodies have also been found in cartilaginous 

fish such as sharks and are often referred to as immunoglobulin new antigen receptors (Ig-NAR) 

(Figure 3) (Dooley and Flajnik, 2006). Whilst the variable domains of Ig-NAR antibodies (V-NAR) 
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display a number of structural differences when compared to camelid VHH, both demonstrate 

improved stability and solubility in comparison to conventional VH domains and as such have 

drawn interest for a variety of potential applications (Bates and Power, 2019; de Marco, 2011; 

Holliger and Hudson, 2005). Most notably, the bivalent VHH therapeutic Caplacizumab (Ablynx) 

became the first sdAb drug to gain FDA approval as of February 2019 (Duggan, 2018; Scully et al., 

2019).  

1.4. Antibody Production Methodologies 

When considering strategies for the production of antibodies, or fragments thereof, to facilitate 

the identification of target binders, three main approaches are commonly employed. These are 

i) direct isolation of polyclonal antibodies from blood plasma ii) the use of hybridoma technology 

and iii) isolation from recombinant antibody libraries.  

The isolation of polyclonal antibodies from the blood plasma is typically the easiest and fastest 

method. After immunisation with an antigen, the blood plasma contains a mixture of the 

antibodies produced by the immune system (Wentworth and Janda, 2001). No attempt is made 

to purify these antibodies, improving speed and cost efficiency, resulting in the collection of a 

complex mixture of antibodies (polyclonal) rather than a single well-defined antibody 

(monoclonal). The use of this approach therefore prevents the recovery of the antibody 

sequence following the screening of activity. As such, this approach is typically avoided, although 

it can instead be used as an early indicator for the presence of antibodies of interest prior to the 

use of approaches ii and iii. 

The most commonly used method when evaluating full length antibodies is hybridoma 

technology (Kearney, 1998). This method, initially described by Köhler and Milstein (1975), 

allows for the isolation of homogenous monoclonal antibodies. Hybridomas are produced by the 

fusion of antibody producing B-cells from the spleen, obtained following immunisation with an 

antigen, with a modified mouse myeloma cell line (Kearney, 1998). The resulting hybrids retain 

the ability of the B-cell to produce a specific antibody, and when grown in a selective medium, 

facilitate the isolation of individual cells. The resulting hybridoma cell lines may then be used to 

produce monoclonal antibodies which can subsequently be screened for the desired activity. 

The final approach utilises recombinant antibody libraries coupled with one of a variety of 

display techniques. This strategy requires the creation of, or access to, antigen binding fragment 

(Fab), single chain variable fragment (scFv) or single domain antibody (sdAb) libraries. These 

recombinant antibody libraries may then be enriched for target specific binders using in vitro 
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display technologies that may be used instead of, or as a complement to, the in vivo immune 

selection processes described in Chapter 1.2.3 (Kennedy et al., 2018). Single clones may then be 

isolated and individually screened for any binding or functional activity prior to characterisation 

and scale-up of recombinant antibody production. When planning a recombinant antibody 

library enrichment campaign a number of factors must be considered in order to maximise the 

affinity and diversity of the antibodies generated, as well as to ensure the suitability of the 

resulting recombinant antibody for its intended function. The choice of antibody fragment type 

(Chapter 1.3), library type (Chapter 1.5) and library enrichment method (Chapter 1.6) are 

discussed herein. 

1.5. Recombinant Antibody Libraries 

The use of recombinant DNA technology facilitates the generation of both natural and synthetic 

antibody libraries (Ponsel et al., 2011). In each instance a diverse collection of antibody 

fragments are cloned into a vector that promotes the enrichment of the resulting library against 

a target of interest. Natural antibody libraries utilise sequence diversity isolated from B-cells of a 

donor, whilst synthetic antibody libraries take advantage of a variety of molecular biology 

techniques in order to create diversity in a rationally designed manner. 

Natural antibody libraries can be described as naïve or immune, dependent on if the donor(s) 

was immunised with an antigen. A naïve library is constructed using mRNA isolated from the B-

cells of a donor, or a number of donors, that have not been immunised with an antigen (Figure 

4A). As such, these libraries are antigen independent, often referred to as universal libraries, and 

may be screened against any antigen of interest (Hoogenboom, 2002). The use of multiple 

donors when creating a library allows the construction of large libraries of up to 1011 members, 

with affinities in the micromolar to nanomolar range typically obtained (Ponsel et al., 2011). 

Examples of the construction of large naïve libraries include those developed by Vaughan et al. 

(1996) and Lloyd et al. (2008). Initially, Vaughan et al. (1996) utilised variable (V) gene segments 

from 43 human donors in order create a naïve human scFv phage display library containing 1.4 x 

1010 members. This library, referred to as the CAT 1.0 library, was subsequently interrogated to 

identify antibodies against numerous targets including doxorubicin, estradiol, fluorescein and 

pentetic acid (DPTA), from which antibodies with sub-nanomolar affinities were obtained for the 

latter two compounds (Vaughan et al., 1996). The second iteration of this library (CAT 2.0) 

utilised 120 human donors resulting in a repertoire of 1.29 x 1011 scFv (Lloyd et al., 2008). The 

performance of the CAT 2.0 library was measured against 28 clinically relevant antigens, yielding 
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over 5,000 different target specific antibodies, of which 3340 were shown to modulate the 

biological function of the target antigen (Lloyd et al., 2008). 

Immune libraries are created using B-cell mRNA from a donor that has been exposed to an 

antigen of interest (Figure 4B). As a result libraries created in this manner are specific to the 

antigen in question, resulting in limited scope for the re-use of a library following initial panning 

efforts (Ponsel et al., 2011). Furthermore, the construction of immune recombinant antibody 

libraries is often limited by the antigen. Instances in which the antigen is poorly immunogenic 

(ƛΦŜΦ ŘƻŜǎƴΩǘ ŜƭƛŎƛǘ ŀ ǎǘǊƻƴƎ ƛƳƳǳƴŜ ǊŜǎǇƻƴǎŜ), is toxic to the donor or has a propensity to change 

structure upon immunisation (i.e. fragment, un-fold or denature) can prevent construction, or 

drastically reduce the quality, of the library. However due to the in vivo affinity maturation 

process, following immunisation of the donor with the target antigen, immune libraries are 

often biased toward high affinity binders and as such remain commonly used (Zhou et al., 2011). 

When considering the use of immune libraries from human donors, the ability to capture the 

antibody repertoire produced during an infection with, or vaccination against, a particular 

disease can be used to identify novel antibodies with potential therapeutic interest. A notable 

example is the human scFv library constructed by Kramer et al. (2005) who utilised blood from 

donors that had been vaccinated against the rabies virus. Following phage display enrichment of 

the library against rabies virus glycoprotein (RVgp), 147 RVgp specific antibodies were identified, 

39 of which displayed activities that neutralised the virus (Kramer et al., 2005). Examples of 

alternative applications of immune antibody fragment libraries include the development of 

catalytic VHH ΨŀōȊȅƳŜǎΩ (Li et al., 2012) and the production of co-crystallisation chaperones for 

unstructured proteins (Abskharon et al., 2013). 

Synthetic antibody libraries utilise the power of recombinant DNA technologies in order to 

create artificial antibody fragments in vitro (Figure 4C). The use of such libraries removes the 

need to utilise human or animal donors, eliminating potential ethical issues, and lengthy 

immunisation steps. Furthermore, the development of rationally designed synthetic libraries 

affords greater control over the content of the library. This added element of control could 

prove advantageous when improving or optimising characteristics of a previously identified 

antibody, or in instances in which prior knowledge may influence the desired output. As with 

naïve antibody libraries, large universal libraries may be constructed and used against a variety 

of antigens (Hoogenboom, 2002). Synthetic antibody libraries can vary from semi to fully 

synthetic, dependent on the framework regions used (Ponsel et al., 2011). Semi-synthetic 

libraries utilise naturally occurring framework regions into which synthetic CDR regions are 
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inserted (Figure 4D) (Barbas et al., 1992; Hoet et al., 2005), whilst fully synthetic libraries utilise 

synthetic framework regions alongside synthetic CDRs (Knappik et al., 2000; Nahary and Benhar, 

2009). 

1.6. Recombinant Antibody Library Enrichment 

Due to the large size of recombinant libraries, and given the potential of the library to contain 

non-specific or non-functional binders, it is not feasible to begin the screening of individual 

clones for activity upon library construction. Therefore, recombinant antibody libraries are 

enriched, so as to identify a sub-population of antibody fragments that possess the activity of 

interest. Typically a library is enriched by selection against an antigen based on properties such 

as affinity or reactivity. Following the removal of unwanted clones, the remaining population can 

be amplified and the selection process repeated in order to isolate elite populations 

(Hoogenboom, 2005). Several strategies have been developed for the enrichment of 

recombinant antibody libraries. Some of the most commonly used selection platforms include 

phage display, ribosome display, mRNA display, bacterial display and yeast display (Helma et al., 

2015; Hoogenboom, 2005). 

Figure 4: A diagrammatic overview of recombinant antibody library construction methods. 
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1.6.1. Phage Display 

Of the selection techniques introduced above, phage display is the most widely used method to 

achieve enrichment of recombinant antibody libraries (Helma et al., 2015). The use of the minor 

coat protein (pIII) fusions (Figure 5A) as a means to display an antigen on the surface of 

filamentous bacteriophage was first described by Smith (1985), who utilised this approach to 

display EcoRI endonuclease fragments. The connection between genotype and phenotype 

facilitates the enrichment and subsequent recovery of specific phage. Phage display has 

therefore been widely used as a means to investigate protein ς protein, protein ς peptide and 

protein ς DNA interactions.  

Briefly, a round of phage display library enrichment involves the incubation of a phage 

population displaying ligands of interest against an immobilised target. Phage that display 

ligands with affinity to the target remain bound, whilst those displaying non-binders or ligands 

with low affinities are washed away. The bound phage may then be recovered and used to infect 

E. coli, facilitating the amplification of the enriched library. This process can be repeated over 

the course of several rounds, so as to ensure that the remaining phage population is suitably 

enriched against the desired target. Following the final round of screening the enriched 

population can be sequenced using techniques such as next generation sequencing (NGS) or 

individual colonies screened for desired activity, in order to identify lead molecules for further 

investigation (Figure 5B). 

 

Figure 5: Underlying principles of phage display. A) Diagrammatic representation of filamentous M13 bacteriophage 
displaying a VHH as a pIII fusion. B) An overview of one round of enrichment using a phage display library. 
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The earliest examples of this novel approach being used to facilitate the display of Ab fragments 

such as scFv (McCafferty et al., 1990) and Fab (Barbas et al., 1991) demonstrated that phage 

display represented a robust platform that could be efficiently used to enrich large Ab fragment 

libraries against a variety of targets. The popularity and continued development of phage display 

has resulted in a number of variations over the initial approaches adopted by Smith (1985), 

McCafferty et al. (1990) and Barbas et al. (1991). The Ff bacteriophage (f1, fd and M13) are the 

most commonly used for phage display (Bazan et al., 2012). However T7 phage may also be used 

in instances in which the ligand of interest cannot be transported across the bacterial inner 

membrane, or when seeking to display larger fragments which can result in instabilty of the M13 

phage vector (Deng et al., 2017). Additionally, the use of alternative coat proteins with which to 

fuse the Ab fragment (Huovinen et al., 2014), as well as altering the valency of fragment display, 

have also been explored. Of the nine genes present in the M13 phage chromosome, five encode 

coat proteins that may be targeted for fusion with an Ab fragment (Ledsgaard et al., 2018). 

These include the pIII, pVI, pVII, pVIII and pIX coat proteins (Figure 5A). McCafferty et al., (1990) 

cloned scFv fragments directly into the M13 chromosome as a fusion with pIII. As each phage 

particle typically incorporates 3-5 pIII units at one end of the capsid the resultant phage were 

polyvalent, displaying multiple copies of the same Ab fragment. In order to ensure monovalent 

display of an Ab fragment minimal phagemid vectors have been developed. Phagemids contain i) 

an antibiotic resistance gene that allows selection, ii) the pIII-Ab fusion gene and iii) regions of 

the M13 chromosome including the origin of replication and components necessary for the 

amplification and packaging of the (+) DNA strand (Ledsgaard et al., 2018). As the phagemid 

vector is lacking in the remaining essential components of the M13 bacteriophage chromosome, 

E. coli containing the phagemid vector must be co-infected with a helper phage, typically 

M13K07 or VCSM13 (Carmen, 2002). The helper phage contains the remaining genes from M13 

chromosome, including that of the wild type pIII coat protein, so as to facilitate the production 

of functional phage particles. During the assembly of phage inside the infected bacterial cell the 

competition between wild type pIII and the pIII-Ab fusion results in ~ 90 % of phage particles to 

be produced without any Ab fragment displayed. The majority of the phage particles that do 

display Ab fragments do so with a single, monovalent, copy (Ledsgaard et al., 2018). Direct 

comparisons between the phage and phagemid systems revealed that the use of the phage 

system resulted in the generation of a wider range of antibody affinities, as well as greater 

antibody diversity όhΩ/ƻƴƴŜƭƭ Ŝǘ ŀƭΦΣ нллнύ. However, the phagemid system facilitated the 

recovery of antibodies with higher affinities to the target antigen όhΩ/ƻƴƴŜƭƭ Ŝǘ ŀƭΦΣ нллнύ. 

Additionally, phagemids prove easier to manipulate, demonstrating improved cloning and 
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transformation efficiencies due to improved stability in comparison to the phage vector, 

facilitating the construction of larger more diverse libraries (Hoogenboom, 2005). 

When considering alternative coat proteins with which to fuse proteins or fragments thereof, 

the use of the major capsid protein, pVIII, is also routinely explored. The pVIII protein is the most 

abundant of the bacteriophage coat proteins, with roughly 2700 copies forming the capsid. 

However, the pVIII coat protein is not tolerant of fusions in the chromosome, with only 1 % of 

phage retaining infective capabilities when displaying a 16 amino acid peptide (Iannolo et al., 

1995). The use of a phagemid/helper phage system, as described previously, in tandem with a 

mutant pVIII coat protein has been shown to alleviate this issue, facilitating the display of a high 

number of copies of human growth hormone (hGH) variants (Sidhu et al., 2000). The resulting 

pVIII-hGH library was subsequently used to detect low affinity (Kd Ҕ м ˃aύ ōƛƴŘŜǊǎ ǘƻ ƘDI 

ōƛƴŘƛƴƎ ǇǊƻǘŜƛƴΦ ¢Ƙƛǎ ƻōǎŜǊǾŀǘƛƻƴ ƛǎ ƛƴ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘŀǘ ƻŦ hΩ/ƻƴƴŜƭƭ Ŝǘ ŀƭΦ (2002), who 

similarly observed (albeit using pIII fusions) that an increase in the number of fragments 

displayed resulted in the identification of binders with lower target affinities. In addition to pIII 

and pVIII, the use of the pVII and pIX minor coat proteins have also been described for the 

display of large proteins (Høydahl et al., 2016; Løset et al., 2011b, 2011a). 

1.6.2. Alternative Display Methodologies 

Ribosome and mRNA display represent alternative selection strategies that can be performed 

entirely in vitro. As a result library size is not constrained by the transformation efficiency, 

facilitating the construction of large libraries with up to 1014 variants (Bencurova et al., 2015). 

Furthermore, random mutagenesis can be performed between rounds of selection, allowing 

further diversification, thus more closely mimicking the affinity maturation process of the 

humoral immune response (Zahnd et al., 2007). Ribosome display achieves the genotype to 

phenotype linkage necessary for selection by forming a stable complex between the polypeptide 

of interest, its corresponding mRNA and the ribosome (Plückthun, 2012; Zahnd et al., 2007). This 

is achieved by the ŀŘŘƛǘƛƻƴ ƻŦ ŀ ŦƭŜȄƛōƭŜ ƭƛƴƪŜǊ ƭŀŎƪƛƴƎ ŀ ǎǘƻǇ ŎƻŘƻƴ ŀǘ ǘƘŜ оΩ ŜƴŘ ƻŦ ǘƘŜ DNA 

coding sequence for the protein of interest (POI). During in vitro translation of the mRNA 

transcript, the lack of a stop codon causes the ribosoƳŜ ǘƻ ΨǎǘŀƭƭΩΦ ¢he flexible linker sequence 

remains attached to the peptidyl tRNA, and thereby remains in the ribosomal tunnel whilst the 

POI protrudes and is able to correctly fold (Figure 6) (Zahnd et al., 2007). This mRNA-ribosome-

polypeptide complex may then be used to select against immobilised antigens, with unbound 

complexes removed by a series of wash steps. Bound complexes can then be eluted, and the 

mRNA isolated prior to generation of cDNA and subsequent amplification and mutagenesis of 
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the enriched population. Similarly, mRNA display links genotype and phenotype by tethering the 

polypeptide of interest to its mRNA progenitor using puromycin, a tRNA mimetic (Figure 6) 

(Helma et al., 2015). Selection against an immobilised target can then proceed as described for 

ribosome display, with amplification and mutagenesis by error prone PCR facilitating affinity 

maturation within the enriched population. When compared to ribosome display, the covalent 

mRNA-polypeptide linkage afforded by mRNA display allows the use of more stringent selection 

conditions (Xu et al., 2002), and thus the recovery of higher affinity binders (Lipovsek and 

Plückthun, 2004). Both strategies have been utilised to enrich antibody fragment libraries, as 

reviewed by Lipovsek and Plückthun (2004). 

 

 

 

 

 

 

 

 

 

Microbial surface display strategies are similar in principle to phage display. The POI is expressed 

as a fusion with a protein naturally displayed on the outside of a cell. The use of whole cells, 

however, facilitates the use of flow cytometry techniques such a fluorescence activated cell 

sorting (FACS). The use of FACS not only allows the monitoring of antigen binding, but also the 

ability of the cell to display the POI (Feldhaus and Siegel, 2004). When considering the use 

microbial display strategies for the enrichment of recombinant antibody libraries, yeast display is 

most commonly chosen. The ability of yeast species such as Saccharomyces cerevisiae and Pichia 

pastoris to accommodate the formation of disulphide bonds using native cellular machinery 

improves the likelihood of the antibody folding correctly, reducing the likelihood of selection 

bias based on antibody expression. Typically, the a-agglutinin adhesion receptor (Aga1p and 

Aga2p linked by two disulphide bonds) is used as a fusion partner for recombinant Ab fragments 

(Figure 6), although other surface anchors can be used (Scholler, 2012). Yeast display has been 

Figure 6: Diagrammatic representation of the alternative display methodologies ribosome display, mRNA display and 
microbial (yeast) display. 
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widely used for the enrichment of scFv, Fab and VHH libraries, as reviewed by Boder et al. (2012), 

whilst novel methods based on newly emerging cloning techniques have also been developed 

(Rosowski et al., 2018). 

1.7. Single Domain Intracellular Antibodies (Intrabodies) 

Typically, therapeutic antibodies are delivered intravenously or subcutaneously. However the 

relatively poor half-lives of antibodies necessitate frequent repeat doses, which can result in 

undesirable immune responses and reduced efficacy of the treatment. However, the specificity 

and affinity that antibodies possess may also be utilised intracellularly, with antibodies produced 

and subsequently directed towards an antigen of interest within the target cell. The improved 

stability and solubility of sdAb, a result of mutations within the framework 2 (FR2) region to 

replace hydrophobic residues prone to induce aggregation with hydrophilic alternatives 

(Beghein and Gettemans, 2017), mean that sdAb represent a more robust tool for intracellular 

applications than alternatives such as scFv. To date, intracellular antibodies (intrabodies) have 

been used to achieve target knockdown and modulation, as well as the study of protein-protein 

interactions, amongst other applications (Böldicke, 2017; Kaiser et al., 2014).  

1.7.1. sdAb Mediated Target Modulation/Knockdown 

The use of sdAbs to facilitate the modulation of enzymatic activity in living cells was first 

reported by Jobling et al. (2003), who utilised camelid VHH obtained from a semi-synthetic phage 

display library to inhibit the enzymatic activity of potato starch branching enzyme A (SBE A). 

Neutralisation of SBE A was confirmed both in vitro and in planta following targeting of the VHH 

fragments to the plastid as a fusion with granule-bound starch synthase (GBSS). Interestingly, 

the inhibitory effect afforded by the anti-SBE A VHH was stronger than that observed for RNAi 

mediated knockdown, highlighting the potential of intrabodies as modulators. Subsequently, 

inhibitory cytosolic sdAbs raised against a wide variety of targets have been reported, as 

reviewed by Böldicke (2017), including intracellular kinases, oncogenic proteins, toxins, virus 

proteins, proteins of the nervous system, as well as both plant and Drosophila proteins. One 

example of the development of cytosolic sdAb inhibitors was described by Zhu et al. (2012), who 

developed a panel of VHH which functioned as non-competitive inhibitors of furin, a proprotein 

convertase (PC) with roles in a number of pathologies. Purified anti-furin VHH were shown to 

inhibit the cleavage of diphtheria toxin into its active form in vitro, whilst anti-furin VHH were also 

shown to protect human embryonic kidney (HEK) cells from diphtheria toxin induced cytotoxicity 

as efficiently as the known PC inhibitor nona-D-arginine in vivo.  
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In addition to the direct inhibition and knockdown of target proteins in the cytosol, sdAb capable 

of retaining proteins within the endoplasmic reticulum (ER) have also been developed. The 

addition of an ER retention peptide, the four amino acid sequence KDEL, ensures that the sdAb 

remains in the lumen of the ER. The retained sdAb bind to their target following synthesis, 

sequestering the target protein within the ER, thereby preventing its translocation and native 

function (Böldicke, 2017; Kaiser et al., 2014). The wide variety of knockdown and modulatory 

intrabodies, as extensively reviewed by Böldicke (2017) and Marschall et al. (2015), 

demonstrates that sdAb are viable knockdown alternatives to gene editing technologies and 

RNAi based approaches, which can demonstrate off-target effects (Böldicke, 2017). The ability of 

intrabodies to function at the protein level, as opposed to DNA or RNA levels, means these novel 

molecules could be useful tools in the field of drug target discovery (and validation), improving 

mechanistic understanding and the development of novel therapeutics. 

1.7.2. sdAb Intrabodies Show Potential for Synthetic Biology Applications 

Synthetic biology, as a biological engineering discipline, utilises biological parts that may be 

assembled in a modular fashion in order to achieve a desired response. As such, the 

development of novel and improved functional parts is crucial to further advancing this 

discipline. Intracellular antibodies, as well as other recombinant binding proteins, represent high 

quality tools that can be used to achieve novel functionality and develop powerful toolkits and 

platforms for synthetic biology applications (Harmansa and Affolter, 2018). 

When considering the use of sdAb as tools for synthetic biology, two main strategies exist for 

functional binder development. The first strategy is to utilise tag binders, whereby an antibody 

fragment with affinity towards a commonly used tag, e.g. a fluorescent protein, is used to 

recognise a POI containing the tag in question (Harmansa and Affolter, 2018). This strategy 

facilitates the construction of toolboxes which, following validation, may be widely used on a 

variety of POI. The utility and widespread applicability of GFP fusions has resulted in the 

development of a number of GFP binding proteins (GBP) (Kirchhofer et al., 2010; Kubala et al., 

2010; Rothbauer et al., 2006; Saerens et al., 2005), which have subsequently been functionalised 

for a variety of purposes with potential significance for synthetic and developmental biology 

(Harmansa and Affolter, 2018). Examples of functional anti-GFP sdAb include a number of 

universal protein knockdown methodologies (Caussinus et al., 2012; Fulcher et al., 2016; Ju Shin 

et al., 2015). One of the earliest examples of which, termed deGradFP, utilises an anti-GFP sdAb 

to target an F-box protein towards a POI which has been produced as a GFP fusion. This results 

in the degradation of the target by the proteasome following ubiquitination of the POI by the 
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ubiquitin ligase complex (Figure 7A) (Caussinus et al., 2012). Further efforts to expand the utility 

of anti-tag sdAb intrabodies include the llama VHH toolkit developed by Prole and Taylor (2019), 

who functionalised a variety of anti-fluorescent protein sdAb by their fusion to a number of 

different modules. This resulted in sdAb capable of targeted fluorescent protein labelling within 

the cell, clustering and/or inducible sequestration of tagged proteins, cross linking of tagged 

proteins and the targeting of spatial distribution within cellular compartments (Prole and Taylor, 

2019). The clustering and sequestration strategy outlined by Prole and Taylor (2019) could be of 

particular interest when engineering novel bio-synthetic pathways. Co-localisation of proteins 

within a pathway can result in improved product titres, such as those observed by Sarria et al. 

(2014), who observed a 6 fold improvement in pinene titres following the fusion of geranyl 

pyrophosphate synthase (GPPS) and pinene synthase (PS). The use of sdAb as tools for co-

localisation, as opposed to N or C terminal fusions, allows a greater variety of spatial 

conformations between both proteins and thus the relative positions of their respective active 

sites. Additional applications of anti-GFP sdAb include the development of novel hybrid 

transcription factors that facilitate modular, highly adjustable control of gene expression in the 

presence of GFP in mouse and zebrafish cell lines (Figure 7B) (Tang et al., 2013) and targeted 

protein phosphorylation using a minimal kinase domain resulting in target activation (Figure 7C) 

(Roubinet et al., 2017).  

In some instances however, the addition of a fusion tag results in poor production of the POI or 

the loss of native activity. In this case, protein binders that directly target the POI must be 

developed. As this approach necessitates the generation, characterisation and validation of 

novel binders, the discovery process is slower, whilst also lacking universal applicability afforded 

by tag binder systems. Despite this, applications of sdAb intrabodies with potential relevance to 

synthetic biology have been reported. One such example of this is the development of chimeric 

forms of Notch (SynNotch), which can be used to customise cell sensing and response behaviour 

(Harmansa and Affolter, 2018; Morsut et al., 2016). The use of sdAb and scFv as the recognition 

domain in SynNotch systems facilitates the use of different ligands to trigger, for example, 

transcriptional activation in response to ligand binding on the cell surface (Figure 7D) (Morsut et 

al., 2016; Roybal et al., 2016). A final example of the potential synthetic biology applications of 

sdAb is the generation of antibody catalysts, which are often referred to as abzymes (Padiolleau-

Lefèvre et al., 2014). The generation of catalytic VHH was described by Li et al. (2012), who 

developed a panel of abzymes that demonstrated catalytic activity using an anti-idiotypic 

mimicry approach. First, an inhibitor of alliinase, a carbon-sulphur lyase found in plants, was 

obtained from an immune camel VHH phage display library. The inhibitory antibody was then 
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Figure 7: Applications of single domain antibody (sdAb) intrabodies. A) The deGradFP GFP targeted protein 
degradation system. Fusion of the protein of interest (POI) to GFP results in the recruitment of an F-box domain fused 
to an anti-GFP VHH, this in turn recruits the E3 ubiquitin ligase complex resulting in poly-ubiquitination and 
subsequent protein degradation. B) GFP dependent control of transcription in which two anti-GFP VHH re-assemble a 
transcription activator that has been split into a DNA binding domain (DBD) and activation domain (AD). In the 
presence of GFP the VHH-AD and VHH-DBD complex is reconstituted resulting in transcription of the gene of interest 
(GOI). C) Fusion of a VHH to a kinase domain can facilitate targeted phosphorylation of a protein of interest. D) 
Example of a synthetic Notch (SynNotch) pathway in which extracellular binding of a VHH and a ligand results in the 
release and subsequent acivity of an effector domain. Figures based on those created by Harmansa and Affolter 
(2018), Tang et al. (2013) and Morsut et al. (2016). 

used to re-screen the original anti-alliinase VHH library. Following the evaluation of inhibitory VHH 

binders, four catalytic VHH with alliinase activity were identified. Whilst the allinase activities of 

the VHH were significantly less than that of native alliinase, one abzyme (VHHC10) demonstrated 

sufficient alliinase activity to suppress B16 tumour cell growth in vitro (Li et al., 2012). The ability 

of sdAb to function as catalysts could be of significance to synthetic biology in instances where 

an existing enzyme cannot be functionally produced, or in cases where such an enzyme does not 

exist. 
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1.8. Microbial Antibody Production Strategies 

When considering the use of intracellular antibodies as tools for synthetic biology and metabolic 

engineering, challenges associated with the production of recombinant antibody fragments 

must be considered. Typically, microbial hosts such as E. coli and S. cerevisiae are utilised for 

synthetic biology applications due to their general ease of use, quick doubling times and wide 

variety of established protocols (Adams, 2016). However these hosts are unable to perform the 

post-translational modifications necessary to ensure functional production of an intact antibody. 

The use of recombinant antibody fragments provides greater flexibility when considering the 

choice of production strain (Frenzel et al., 2013). The lack of an Fc domain in these recombinant 

antibody fragments eliminates the requirement of glycosylation, whilst the removal of additional 

constant domains reduces the number of disulphide bonds that may form aberrantly. Despite 

VHH demonstrating improved stability and solubility, these minimal antibody fragments still 

require (in the majority of cases) the formation at least one disulphide bond in order to ensure 

native folding, and thus the desired functionality, without triggering protein aggregation. 

Whilst protein synthesis occurs within the cytosol, the reducing environment maintained by 

glutathione and thioredoxin reductase prevents the formation of disulphide bonds (Stewart et 

al., 1998). Therefore in order to promote the functional formation of disulphide bonds the 

protein is translocated to an oxidising cellular compartment. In eukaryotes, disulphide bond 

formation can occur in both the endoplasmic reticulum (ER) and the mitochondrial 

intermembrane space (IMS) (Riemer et al., 2009). In each instance, enzyme catalysts form a 

disulphide relay system that shuttles electrons from the POI to molecular oxygen (Riemer et al., 

2009). In the ER, the first enzyme of the disulphide relay system is a member of the protein 

disulphide isomerase (PDI) family. Members of the PDI family contain conserved cysteine 

residues that are reduced upon contact with reduced cysteines in the target protein. PDI is 

subsequently re-oxidised by the flavoenzyme Ero1, which facilitates the transfer of electrons to 

oxygen via flavin adenine dinucleotide (FAD), resulting in the production of H2O2 (Sevier et al., 

2001). In proteins containing multiple pairs of cysteine residues, PDI facilitates the shuffling of 

disulphide bonds by isomerisation, which is achieved as a result of cycles of reduction and 

oxidation. During this shuffling process, reduced glutathione from the cytosol acts as a reductant 

rather than Ero1 (Riemer et al., 2009). In the mitochondrial IMS, the first member of the 

disulphide relay system is Mia40, which contains a redox active disulphide bond that is capable 

of oxidising cysteine residues of nearby proteins (Riemer et al., 2009). Oxidation of a target 

protein by Mia40 locks the protein in a stably folded state, preventing escape from the 
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mitochondrial IMS. Mia40 is then re-oxidised by Erv1, an FAD dependent sulfhydryl oxidase (Lee 

et al., 2000), which shuffles electrons from a pair of redox active cysteines to FAD. Erv1 is then 

oxidised by cytochrome c which in turn shuffles electrons to oxygen, via cytochrome c oxidase, 

resulting in the production of water (Riemer et al., 2009). 

In prokaryotes, proteins that require the formation of a disulphide bond are secreted to the 

periplasm, where disulphide bond formation is facilitated by the Dsb protein family. Oxidised 

DsbA accepts electrons from the reduced cysteine residues of the unfolded target protein, 

resulting in disulphide bond formation. DsbA is then re-oxidised by DsbB, which generates 

disulphide bonds de novo from oxidised quinones (Collet and Bardwell, 2002). Isomerisation of 

incorrectly formed disulphide bonds is performed by DsbC and DsbG, which shuffle disulphide 

bonds in a similar manner to PDI. DsbC and DsbG are maintained in a reduced form by the 

intermembrane protein DsbD, which is in turn reduced by thioredoxin in an NADPH dependent 

reaction (Collet and Bardwell, 2002). Therefore, when using E. coli as a host for the production 

of antibody fragments, a commonly used strategy is to export the unfolded protein to the 

periplasmic space using signal peptides such as ompA and pelB (Sockolosky and Szoka, 2013). 

However, when considering the use of antibody fragments for synthetic biology applications, the 

export of the antibody to the periplasm will subsequently prevent its involvement in pathways 

or processes occurring within the cytoplasm. Therefore, alternative strategies that promote the 

native formation of disulphide bonds within the cytoplasm are required in order to ensure the 

functional production of recombinant antibody fragments within this subcellular compartment.  

1.8.1. Novel Strains for Antibody Production 

One strategy that has been used to facilitate disulphide bond formation in the cytoplasm of E. 

coli is the development of novel production strains. In wild type (WT) E. coli the cytosol is 

maintained as a reducing environment by glutathione and thioredoxin reductases (Stewart et al., 

1998). Therefore early strategies to ensure native formation of disulphide bonds within the 

cytoplasm investigated the knock-out of genes encoding components of these reducing systems, 

so as to increase the availability of oxidised glutaredoxins and thioredoxins that could be used to 

aid disulphide bond formation. In early investigations, thioredoxin reductase knock-ƻǳǘǎ όҟtrxB) 

were shown to accommodate the formation of stable disulphide bonds in proteins that would 

typically be secreted to the periplasm, such as alkaline phosphatase (Derman et al., 1993; 

Stewart et al., 1998). When both the thioredoxin (trxB) and glutathione (gor or gshA) reductases 

were knocked out, the formation of disulphide bonds within the cytoplasm was shown to be 

more efficient than either single mutant (Prinz et al., 1997). However both double knock-out 



41 
 

mutants grew very poorly, exhibiting doubling times of 300 min, and required the addition of 

reducing agents such as dithiothreitol (DTT) to improve the rate at which the cells grew (Prinz et 

al., 1997). It was subsequently discovered that a single amino acid insertion into the bacterial 

peroxiredoxin AhpC restored normal growth characteristics to the double knock-out strain (Ritz 

et al., 2001). As a result of these observations, strains bearing these mutations, or combinations 

thereof, have been developed into a series of commercially available production strains 

including Origami and SHuffle, developed by Novagen and New England Biolabs respectively. In 

addition to the mutations described above, SHuffle cells also constitutively express the 

disulphide bond isomerase DsbC without its periplasmic signal sequence, so as to retain the 

protein in the cytoplasm (Lobstein et al., 2012). SHuffle T7 Express (New England Biolabs) has 

subsequently been used to produce high yields (up to 200 mg L-1) of sdAb, demonstrating the 

potential of these strains for the production of antibody fragments (Zarschler et al., 2013). 

Despite this, however, these double knock-out strains can still exhibit slower growth rates than 

other commercially used alternatives, as well as also demonstrating variability in the functional 

production levels of proteins containing disulphide bonds, which is likely due to the lack of an 

active catalyst of disulphide bond formation (DŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ нлмтύ. Furthermore, when 

considering the use of these strains for synthetic biology applications, alterations to the redox 

chemistry within the cytoplasm could also impair the ability of these strains to utilise biological 

parts or pathways from the synthetic biology toolkit, potentially limiting the scope with which 

sdAb could be utilised. 

1.8.2. Co-Production of Catalysts for Disulphide Bond Formation 

Efforts to improve the production of proteins containing disulphide bonds that do not radically 

alter the redox chemistry within the cytoplasm of E. coli include the production of the enzyme 

catalysts that are utilised during the native expression of such proteins in eukaryotes. Hatahet et 

al. (2010) first reported that the production of Erv1p, the FAD dependent sulfhydryl oxidase 

found in the mitochondrial IMS of S. cerevisiae, facilitated the formation of native disulphide 

bonds in alkaline phosphatase (PhoA) produced in the cytoplasm of E. coli without the need to 

disrupt either of the reducing pathways. The same group then went on to describe how the pre-

production of both the sulfhydryl oxidase Erv1p and a disulphide isomerase enzyme, such as 

DsbC or human PDI, resulted in the functional production of eukaryotic proteins containing 

multiple disulphide bonds within the cytoplasm (Nguyen et al., 2011). Additionally, the use of N-

terminal fusion tags, His6 or maltose binding protein (MBP), were also investigated for their 

ability to improve cytoplasmic protein production. Both tags were shown to improve the 
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production of functional tissue plasminogen activator (vtPA, 9 disulphide bonds), bovine 

pancreatic trypsin inhibitor (BPTI, 3 disulphide bonds) and resistin (5 disulphide bonds with an 

additional intermolecular disulphide bond). Whilst the use of complex, buffered media and 

alternative strains (including the trxB and gor knockouts) were also shown to have an effect on 

protein production levels (Nguyen et al., 2011). The use of the Erv1p/human PDI system, termed 

CyDisCo, was subsequently used to systematically screen the functional production of eleven 

scFv and eleven Fab antibody fragments in the cytoplasm of an E. coli K12 strain in which the 

reducing pathways were intact όDŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ нлмсύ. Of the twenty-two scFv and Fab fragments 

screened, twenty could be produced in a soluble, functional form using the CyDisCo catalyst 

system, whereas only two could be produced in their absence όDŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ нлмсύ. The ability 

of the CyDisCo catalysts to facilitate the production of > 90 % of the recombinant antibody 

fragments investigated by DŊŎƛŀǊȊ Ŝǘ ŀƭΦ (2016), with no additional protein dependent 

optimisation, indicates that the CyDisCo catalysts are a flexible system that could be utilised for 

the cytoplasmic production of functional antibody fragments with potential synthetic biology 

applications.  
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1.9. Aims of the Project 

The aim of this project was to investigate whether the intrinsic specificity and affinity that 

antibodies demonstrate toward their target could be exploited in order to create tools with 

relevance to synthetic biology. More specifically, antibodies with functionalities relating to the 

production of monoterpenoids in Escherichia coli were desired. The development of a robust 

platform for the production of high quality VHH tools could facilitate their use as monoterpene 

synthase/cyclase (mTS/C) modulators, as tools for co-localisation of enzymes within a 

biosynthetic pathway or as catalytic antibodies. 

The work included in this thesis was conducted in collaboration with UCB, who provided their 

antibody and phage display library expertise to aid in the construction of high quality anti-

linalool synthase (Streptomyces clavuligerus, bLinS) VHH libraries that could later be interrogated 

using the monoterpenoid production platforms developed in the Scrutton lab. In order to 

achieve the overarching aim of this thesis, the project was split into three main strands 

representing objectives necessary to achieve this outcome. These strands align with the 

experimental chapters discussed henceforth, in which: 

i. bLinS was prepared at purity suitable for the immunisation of a llama, facilitating the 

construction of an immune VHH phage display library which was later enriched for LinS 

binding. 

ii. A Design of Experiments (DoE) methodology was utilised so as to achieve the cytoplasmic 

production of anti-bLinS VHH in E. coli. 

iii. Investigations into the potential applications of a selection of anti-bLinS VHH, including their 

use as modulators, co-localisation agents and as catalysts were explored. 
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2.1. Abstract 

Synthetic biology is opening up new opportunities for the sustainable and efficient production of 

valuable chemicals in engineered microbial factories. Here we review the application of 

synthetic biology approaches to the engineering of monoterpene/monoterpenoid production, 

highlighting the discovery of novel catalytic building blocks, their accelerated assembly into 

functional pathways, general strategies for product diversification, and new methods for the 

optimization of productivity to economically viable levels. Together, these emerging tools allow 

the rapid creation of microbial production systems for a wide range of monoterpenes and their 

derivatives for a diversity of industrial applications. 

2.2. Synthetic Biology for the Production of Monoterpenes and Monoterpenoids 

Synthetic biology is a powerful combination of multiple scientific disciplines, including 

biochemistry, molecular biology, systems biology, computational biology, and engineering, for 

the controlled design and construction of biological systems with new functionalities. One 

economically attractive application is the development of microbial factories for the biosynthesis 

of high-value chemical commodities such as pharmaceuticals, flavours, fragrances, fuels and 

many more. In order to achieve optimal biosynthetic production of these molecules, genes 

encoding enzymes involved in a desired biochemical pathway are collected from various source 

organisms (microbes, plants and fungi), modified and improved, and finally introduced into 

engineered production hosts (chassis) that are most suitable for production. The most famous 

synthetic biology example of high-value chemical production is artemisinic acid, the precursor of 

the antimalarial drug arteminisin, which was produced in engineered Escherichia coli and bakerΩǎ 

yeast, Saccharomyces cerevisiae, reaching economically viable production levels after 10 years of 

iterative optimization (Paddon et al., 2013; Paddon and Keasling, 2014) . 

Artemisinic acid is just one of thousands of potentially high-value terpenoids. Synthetic biology 

approaches towards versatile and robust biosynthetic production of additional members of this 
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highly diverse class of chemicals have attracted considerable interest in recent years. Here, we 

specifically discuss recent developments towards a general synthetic biology toolbox for the 

production of monoterpenes/monoterpenoids, a particularly interesting subset of this family of 

molecules, with over 55,000 different compounds and many applications (e.g. as drugs, food 

flavourings, fragrances, biofuels and cleaning agents) (Ruzicka, 1953). Traditionally, 

monoterpenes and their derivatives are extracted from natural sources (generally plants), but 

this extraction process can be low yielding, costly, and sometimes highly dependent on raw 

material availability (Duetz et al., 2003); a synthetic biology approach to their synthesis provides 

a sustainable route to production and opens new possibilities for diversification and discovery. 

2.3. The Terpene Precursor Pathways  

The biosynthesis of all terpenes is dependent on the two (C5) isoprene precursors, isopentenyl 

pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), which are synthesised via either 

the methylerythritol 4-phosphate (MEP) pathway, also known as the 1-deoxy-D-xylulose-5-

phosphate (DXP) pathway, or the mevalonate-dependent (MVA) pathway (Figure 8). IPP and 

DMAPP are condensed to form the terpene precursors, with the order of the terpene being 

defined by the number of isoprene units incorporated (monoterpenes, C10; sesquiterpenes, C15 

etc.). The universal precursor of monoterpenes is geranyl pyrophosphate (GPP), combining two 

C5 units, which is then further processed by monoterpene synthases/cyclases (mTS/C) to 

produce a vast array of chemical structures (Martin et al., 2003; Reiling et al., 2004). 

All organisms possess at least one route towards terpenoid production, either an MVA or an 

MEP pathway. The predominant source of monoterpenes/monoterpenoids is plants, which 

possess both a cytosolic MVA and a plastidial MEP pathway (Boucher and Doolittle, 2000). 

Typically, yeast, animals and archaea use the MVA pathway, whereas bacteria predominantly 

employ the MEP pathway; however, some species of bacteria can use an MVA pathway, whilst 

others use both (Vickers and Sabri, 2015).  

Early engineering efforts to create mono- and sesquiterpene/oid production systems in bacteria 

aimed to improve the availability of precursors by increasing the intracellular production of IPP 

and DMAPP (Reiling et al., 2004). This was achieved by the insertion of the 1-deoxy-D-xyulose-5-

phosphate synthase (DXS) and IPP isomerase (IPPHp) genes, responsible for the expression of 

key enzymes in the DXP/MEP pathway, thereby supplementing the endogenous E. coli pathway. 

When these biosynthetic pathways were expressed alongside mono- and sesqui-terpene 

synthases, initial titres were in the low mg L-1 range. The subsequent efforts to improve the 

terpene titres have been extensively reviewed (Paddon and Keasling, 2014).  
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2.4. Monoterpene Synthases  

Monoterpene synthases/cyclases (mTS/C) produce a plethora of chemicals from a single 

substrate (GPP) and provide a powerful opportunity for the production of diverse chemical 

libraries (Figure 8). They are a metal-dependent family of enzymes that typically catalyse the 

cyclisation of GPP Ǿƛŀ ŀƴ ʰ-terpinyl cation intermediate, or elimination and addition reactions 

from the linear geranyl cation intermediate, resulting in a diverse selection of monoterpene 

products (Figure 8). mTS/C are most commonly found in plants; however, recent genome mining 

efforts have demonstrated that terpene synthases also commonly occur in bacteria (Dickschat, 

2016; Yamada et al., 2015b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: An overview of monoterpene/monoterpenoid production pathways  
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2.5. Synthetic Biology Production of Monoterpenes/Monoterpenoids 

Over the last decade, numerous monoterpenes/monoterpenoids have been produced by 

engineered bacteria and yeast. A specialised limonene (and perillyl alcohol) production system 

was created in E. coli by introducing heterologous, codon-optimised, Staphlyococcus aureus and 

S. cerevisiae MVA pathway genes into E. coli alongside the Abies grandis GPP synthase and 

Mentha spicata limonene synthase genes. Optimisation of gene regulation and growth 

conditions resulted in a limonene titre of 400 mg L-1 (Alonso-Gutierrez et al., 2013). Following 

this work, principal component analysis (PCA) was used in an effort to further improve the 

previously obtained limonene titres (Alonso-Gutierrez et al., 2015). The authors of this study 

created a ǘƻǘŀƭ ƻŦ нт ǇǊƻŘǳŎǘƛƻƴ ΨǎŎŜƴŀǊƛƻǎΩΣ ƛƴ ǿƘƛŎƘ ǘƘŜ ƴƛƴŜ ŜƴȊȅƳŜǎ ƻŦ ǘƘŜ a±! ǇŀǘƘǿŀȅ 

were present in different copy numbers under different promoters, and testing these in three 

different cell densities and three inducer concentrations. Proteomics (LC-MS/MS) and limonene 

production (GC-MS) data were obtained for each of these scenarios. Surprisingly, no single 

enzyme level showed a clear correlation with improved production, as tested by univariate 

statistics. However, the application of PCA, a multivariate statistical method, allowed the 

identification of combinations of proteins that needed to be optimized in order to achieve 

improved production. The results indicated that low and balanced expression of the early steps 

of precursor production, alongside an overexpression of limonene synthase would yield the 

optimal product titre. This was subsequently confirmed by constructing a production strain with 

these characteristics, which attained a maximal titre of 605 mg L-1 of limonene, a 40 % 

improvement over the original pathway (Alonso-Gutierrez et al., 2015) (Table 1). 

The recent development of improved combinatorial design approaches for the assembly and 

characterization of large multi-gene operons further facilitates optimization strategies (Kim et 

al., 2015; Smanski et al., 2014; Yang et al., 2016). Using these approaches, which depend on the 

design of standardized re-usable bioparts and improved methods for their rapid assembly, it is 

possible to quickly test a large number of pathway variants that differ, for example, in their 

promoter strengths, ribosomal binding sites, gene order, orientation and operon structure, to 

identify the most productive combination. 

Alternative strategies in E. coli focussed on the MEP pathway, over-expressing the dxs and 

isopentenyl diphosphate isomerase (idi) genes, which had previously been identified as encoding 

rate limiting enzymes in the endogenous MEP E. coli pathway. However, the resulting strains 

provided a poor titre of 35.8 mg L-1 limonene (Du et al., 2014). Willrodt and colleagues 

subsequently demonstrated that the choice of bacterial production chassis, feedstock and 
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fermentation approach have a major influence on achievable titres in engineered microbes. 

They showed increased production of limonene in E. coli grown on glycerol in minimal media, 

due to a prolonged growth and production phase (Willrodt et al., 2014). Moreover, they were 

able to further improve limonene production by limiting magnesium sulphate availability 

(Willrodt et al., 2015). In these nutrient-ƭƛƳƛǘŜŘ ƳƛƴƛƳŀƭ ƳŜŘƛŀ ǘƘŜ ŎŜƭƭǎ ŜƴǘŜǊ ŀ ΨǊŜǎǘƛƴƎΩ ǎǘŀǘŜΣ ƛƴ 

which cellular resources are no longer consumed for biomass and by-product formation, thereby 

increasing resource availability for limonene production. 

While most of the synthetic biology of monoterpenes so far has focused on limonene production 

as a test case, E. coli has also been engineered to produce a variety of other monoterpenes, 

ƛƴŎƭǳŘƛƴƎ ʰ-pinene (Sarria et al., 2014), myrcene (Kim et al., 2015), geraniol (Zhou et al., 2014) 

and sabinene (Zhang et al., 2014), by the assembly and optimisation of biosynthetic pathways 

containing a heterologous MVA or MEP pathway, a GPP synthase and the monoterpene 

synthase of interest (Table 1).  

As an alternative to E. coli, yeast has proven to be a successful chassis for 

monoterpene/monoterpenoid production, with strains capable of sabinene (Ignea et al., 2014), 

limonene (Jongedijk et al., 2015), linalool (Amiri et al., 2015) and cineole (Ignea et al., 2011) 

production, obtained to date (Table 1). In the case of sabinene and limonene production, an 

engineered farnesyl pyrophosphate synthase (FPP synthase), Erg20, functioning as a GPP 

synthase was implemented. In addition to functioning as a GPP synthase, the engineered 

enzyme was unable to perform the sequential FPP synthesis reaction, that is seen for the wild 

type (WT) S. cerevisiae FPP synthase Erg20 enzyme, thus removing a potentially competing 

pathway that had been identified as an important factor limiting monoterpene titres (Ignea et 

al., 2014). In addition, the authors reasoned that the fusion of the Erg20 enzyme and sabinene 

synthase would help to direct GPP to the the sabinene synthase to rapidly sequester GPP at its 

source. Furthermore, the deletion of one Erg20 allele, thus reducing the gene doses of WT Erg20 

and shifting the balance in favour of the overexpressed engineered Erg20 from a plasmid, 

resulted in a 340-fold improvement of sabinene titre (17.5 mg L-1) compared with the original 

WT Erg20 (Table 1). In comparison to these relatively low titres, Ignea et al (2011) had previously 

successfully engineered a yeast system capable of producing cineole on a much larger scale, 

eventually reaching titres of > 1000 mg L-1. This was achieved using recyclable integration 

cassetes that facilitated unlimited sequential integration of genetic elements and was applied to 

the sterol biosynthetic genes HMG2, ERG20 and IDI1. 
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Table 1: Diversity of monoterpene/ monoterpenoid production strains engineered at time of publication. 

 

Monoterpenoid 
Product 

Host 
Pre-cursor 
pathways 

mTS/C 
mTS/C 
source 

Maximum 
Titre (mg 

L
-1
) 

Volumetric 
Productivity 
(mg L

-1
 day

-1
) 

Reference 

Limonene E. coli 
MEP, 
GPPS 

Limonene 
synthase 

Mentha 
spicata 

35.8 11.9 
Du et al., 

2014 

 
E. coli 

MVA, 
GPPS 

Limonene 
synthase 

Mentha 
spicata 

605.0 201.7 
Alonso-

Gutierrez et 
al., 2015 

 
S. cerevisiae 

MVA, 
ERG20 

Limonene 
synthase 

Citrus × 
limon 

0.5 0.2 
Jongedijk et 

al., 2015 

-hpinene E. coli 
MVA, 
GPPS2 

Pinene 
synthase 

Abes 
grandis 

32.4 10.8 
Sarria et al., 

2014 

 
C. glutamicum 

MEP, IDI, 
GPPS 

Pinene 
synthase 

Pinus taeda 0.176 0.088 
Kang et al., 

2014 

-̡pinene E. coli 
MVA, 
GPPS2 

Pinene 
synthase 

Abies 
grandis 

32.4 10.8 
Sarria et al., 

2014 

 
C. glutamicum 

MEP, IDI, 
GPPS 

Pinene 
synthase 

Abies 
grandis 

0.165 0.055 
Kang et al., 

2014 

Myrcene E. coli 
MVA, 
GPPS 

Myrcene 
synthase 

Quercus ilex 58.2 19.4 
E.-M. Kim et 

al., 2015 

Sabinene E. coli 
MVA, 
GPPS2 

Sabinene 
synthase 

Salvia 
pomifera 

82.2 82.2 
Zhang et al., 

2014 

 
S. cerevisiae 

MVA, 
ERG20 

Sabinene 
synthase 

Salvia 
pomifera 

17.5 n/a 
Ignea et al., 

2014 

Geraniol E. coli 
MVA, 
GPPS 

Geraniol 
synthase 

Ocimum 
basilicum 

182.5 91.3 
Zhou et al., 

2014 

Linalool S. cerevisiae MVA 
Linalool 
synthase 

Lavandula 
angustifolia 

0.095 n/a 
Amiri et al., 

2015 

Cineole S. cerevisiae 
MVA, 

ERG20, IDI 
Cineole 

synthase 
Salvia 

fruticosa 
~ 1100 57.9 

Ignea et al., 
2011 

3-carene E. coli 
MEP, 
GPPS 

3-carene 
cyclase 

Picea abies 0.003* 0.01* 
Reiling et 
al., 2004 

 

 

2.6. Diversification of Monoterpenes/Monoterpenoids 

To date, the majority of studies have reported the conversion of GPP to 

monoterpenes/monoterpenoids in a single step, but much of the natural diversity is created by 

subsequent tailoring by isomerisation or hydroxylation among others. For example, limonene is 

a key intermediate of the mint pathways (leading, among others, to the valuable flavour and 

fragrance compounds originally derived from spearmint and peppermint). Recent work reported 

the use of a complementary cell-free synthetic biology strategy for the production of these 

tailored products using extracts from engineered E. coli containing biosynthetic genes from 

Nicotiana tabacum, including a double bond reductase (NtDBR), (ς)-menthone:(ς)-menthol 

reductase (MMR) and menthone:(+)-neomenthol reductase (MNMR) pathways (Toogood et al., 

2015). This one-pot biocatalytic approach suggests new opportunities for the modular 

combination of reactions to generate libraries of derived monoterpenes/monoterpenoids, for 

example, for use in high-throughput screening for new functionalities. 

(* For 3-carene the maximum titre and volumetric productivity are measured in mg L-1 
OD600

-1
 and mg L

-1 
h

-1
 OD600

-1
 

respectively) 
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A particular strength of synthetic biology is the ability to produce non-natural compounds by co-

expression of enzymes, sourced from a variety of different organisms, in new combinations not 

found in nature. One recently published example of this exploited the modularity of class I and II 

diterpene synthases (diTPSs) by systematically co-expressing diTPSs in heterologous hosts. 

Hamberger and colleagues constructed a library of 51 diTPS combinations, 41 of which were 

ŘŜǎŎǊƛōŜŘ ŀǎ ΨƴŜw-to-ƴŀǘǳǊŜΩΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƛƴŎǊŜŀǎŜ ƛƴ ǇǊƻŘǳŎǘ ŘƛǾŜǊǎƛǘȅ (Andersen-

Ranberg et al., 2016). Further efforts to improve diversity of monoterpenes included the 

incorporation of non-natural tailoring enzymes into pathways (e.g. cytochrome P450s or 

ƎƭȅŎƻǎȅƭǘǊŀƴǎŦŜǊŀǎŜǎύΦ ¢ƘŜ ƛƴŎƭǳǎƛƻƴ ƻŦ ǎǳŎƘ Ψƴƻƴ-ƴŀǘǳǊŀƭΩ ŜƴȊȅƳŜ ŎƻƳōƛƴŀǘƛƻƴǎ ŎƻǳƭŘ ōŜ 

successful in providing access to new chemical space (Alonso-Gutierrez et al., 2013). For 

example, the incorporation of a Mycobacterium sp. cytochrome P450 into an engineered E. coli 

limonene producer resulted in the production of perillyl alcohol. 

Alternative efforts to improve monoterpene/monoterpenoid titres include the editing and 

optimisation of enzymes used in the biosynthetic pathways via directed evolution strategies 

(Currin et al., 2015). In this approach, mutant libraries are created by systematically varying the 

specific amino acid residues within an enzyme that are expected to affect substrate specificity, 

product purity or catalytic efficiency. High-throughput screening and selection can then be used 

to identify optimal variants that produce the desired products faster or more selectively, 

sometimes even accepting non-natural substrates not suitable for the original native enzyme. 

Directed evolution for enzyme optimisation is important for monoterpene production as mTS/Cs 

invariably also produce multiple monoterpenes in addition to the desired main product, which is 

not ideal for commodity chemical production. Sequence analysis has shown that even mTS/Cs 

sharing close sequence identity can produce distinct monoterpene profiles (Masumoto et al., 

2010; Sato-Masumoto and Ito, 2014). The rational engineering or directed evolution of mTS/C 

for altered or cleaner product profiles is therefore a main ambition for monoterpene production 

using synthetic biology. These approaches may also be exploited as a means of introducing 

further diversity into monoterpene/monoterpenoid production. The ability to alter the substrate 

specificity of monoterpene synthases, such that new suites of small, structurally diverse natural 

ǇǊƻŘǳŎǘ ƭƛōǊŀǊƛŜǎ Ƴŀȅ ōŜ ƻōǘŀƛƴŜŘΣ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ΨǊŜ-ǇǊƻƎǊŀƳΩ ƳƻƴƻǘŜǊǇŜƴŜ ǎȅƴǘƘŀǎŜ 

activity may be of significant interest to the fine chemical and pharmaceutical industries. 
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2.7. Outlook for Future Pathway Design 

Establishing genetic parts needed for the production of secondary metabolites, like 

monoterpenes/monoterpenoids, is the first challenge faced by synthetic biologists and is 

commonly tackled by computational tools (Medema and Fischbach, 2015). Predicting bacterial 

terpene synthases is very challenging, but extensive Hidden Markov Model (HMM) analysis of 

the Pfam (Punta et al., 2012) database can be applied to identify new terpene synthases 

(Yamada et al., 2015b) and test them in production systems (Yamada et al., 2015a). Once the 

monoterpene synthase of interest has been identified, it must be brought into genomic context 

by choosing the appropriate chassis, usually yeast or E. coli. Other host organisms engineered for 

the production of monoterpenoids include Corynebacterium glutamicum (Kang et al., 2014) and 

Pseudomonas putida (Mi et al., 2014), which were developed for the production of pinene and 

geranic acid, respectively. In addition, the Gram-positive bacterium Bacillus subtilis, which is 

already widely used in biotechnological applications, has recently been promoted as a potential 

platform for the general production of terpenoids, although to date there are no published 

instances of mTS/C production in this species (Guan et al., 2015). 

The next step is the design of intrinsic regulation within the engineered biosynthetic gene 

cluster, where regulatory parts need to be selected carefully in order to reach the maximal 

efficiency of the selected parts (Gould et al., 2014). It has been demonstrated for limonene-

producing E. coli strains that production is highly dependent on the number of plasmids per cell, 

which can be modulated by changing the selective pressure using different antibiotics 

concentrations (Alonso-Gutierrez et al., 2013). In yeast, inserting pathways on the chromosome 

has been shown to increase diterpenoid production up to three-fold, and similar effects would 

be expected for monoterpenes/monoterpenoids (Andersen-Ranberg et al., 2016). In addition, 

genomic insertion would help in reducing biological variation, making the whole system more 

productive, which was demonstrated also in E. coli, where a three-fold increase of production 

ƭŜǾŜƭǎ ǿŀǎ ƻōǎŜǊǾŜŘ ŦƻǊ ǘƘŜ ǘŜǘǊŀǘŜǊǇŜƴŜΣ ʲ-carotene (Li et al., 2015). With the emergence of the 

CRISPR-Cas9 technology, genome editing on a large scale has become more timely and 

affordable (Marraffini, 2015; Wright et al., 2016). This technology allows biosystems engineers 

to insert de novo synthesized genes of up to 8 kbp and produce knock-outs of up to 18 kbp on 

the E. coli chromosome (Jakociunas et al., 2015; Jiang et al., 2015; Pyne et al., 2015). Other 

production chassis, such as S. cerevisiae (Bao et al., 2015), Corynebacterium glutamicum (Cleto 

et al., 2016) and Streptomyces sp. (Cobb et al., 2015) can be CRISPR-Cas9 genome edited in a 

similar fashion. Additionally, various conventional methods of genome editing (using selection 

markers) can be employed in Pseudomonas putida and many other potential microbial 
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production hosts (Nakashima and Miyazaki, 2014). The new opportunities created by the 

CRISPR/Cas technology have been strikingly demonstrated by engineering yeast for the 

production of farnesol, a sesquiterpene, which could not be produced if the pathway was 

encoded on a plasmid (Zhuang and Chappell, 2015).  

For E. coli it has been demonstrated that limonene is converted spontaneously to its toxic 

hydroperoxide form, causing severe growth retardation (Chubukov et al., 2015). A natural point 

mutation in the gene for alkyl-hydroperoxidase (AhpC) decreased the formation of limonene 

hydroperoxide, resulting in improved limonene tolerance. Targeted genome editing will play a 

considerable role in engineering tolerant strains for improved production. Another strategy to 

overcome general cytotoxic effects of chemicals produced in a production host is the 

compartmentalization of the pathway, thus reducing the active concentration and intrinsic 

toxicity of the produced chemical or the pathway intermediates. Suitable compartments that are 

being explored for this purpose include peroxisomes in yeast and proteinaceous micro-

compartments in bacteria (Chessher et al., 2015; Kerfeld and Erbilgin, 2015). 

2.8. Conclusion 

The synthetic biology of monoterpene/monoterpenoid production has already made substantial 

progress in recent years, promising sustainable and economically viable new routes to industrial-

scale production of these valuable chemicals. However, this is only the beginning: in the near 

future, we expect to see new computational tools identifying even more genes to add to the 

monoterpene/monoterpenoid diversification toolbox; advances in metabolomics and 

proteomics that will more rapidly identify bottlenecks in engineered biosynthetic pathways; 

progress in directed protein evolution that will increase product purity and chemical diversity; 

and ever faster and more robust genome editing techniques that will facilitate the rapid and 

automated introduction and combinatorial assembly of biosynthetic pathway variants into 

tailor-made high-performance industrial chassis strains. Together, these tools will enable a 

profound transformation in the bio-industrial production of an increasingly diverse range of 

monoterpenes and their derivatives. 
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3.1. Abstract 

Antibodies have been exploited for a wide variety of therapeutic, diagnostic and biomedical 

applications due to the high antigen affinity and specificity that they possess. These qualities 

make antibodies promising candidates for potential applications in the rapidly expanding field of 

synthetic biology. Whilst full length antibodies require post translational modifications that 

cannot be accommodated in Escherichia coli, recombinant antibodies such as camelid heavy 

chain variable domains (VHH) can be produced more readily. In an effort to develop a series of 

novel synthetic biology tools, two VHH phage display libraries were constructed following the 

immunisation of a llama with the Streptomyces clavuligerus linalool synthase (bLinS). The Bleed 

1 and Bleed 2 libraries, containing 1 x 107 and 5 x 107 clones respectively, were enriched by 

phage display bio-ǇŀƴƴƛƴƎ ǳƴŘŜǊ ΨǎǘŀƴŘŀǊŘΩ ŀƴŘ ΨǎǘǊƛƴƎŜƴǘΩ ǿŀǎƘ ŎƻƴŘƛǘƛƻƴǎ ǎƻ ŀǎ ǘƻ ŎŀǇǘǳǊŜ ŀ 

wider spectrum of bLinS binding affinities. Of the 380 colonies screened following library 

enrichment, 353 (93 %) were identified as bLinS binders by ELISA. Sequencing of the bLinS 

binders revealed 261 unique VHH sequences within the enriched population, highlighting the 

diversity of the library. Analysis of the CDR3 sequences within the enriched VHH population 

ǊŜǾŜŀƭŜŘ нп ŎƭǳǎǘŜǊǎ ǿƘƛŎƘ ŀǇǇŜŀǊŜŘ җ о ǘƛƳŜǎΣ ǿƛǘƘ ǘƘŜ Ƴƻǎǘ ŎƻƳmonly occurring sequence 

occurring on 31 occasions. The libraries constructed herein therefore represent a high quality 

platform for the development of anti-bLinS VHH as tools for synthetic biology applications, such 

as novel inhibitors, modulators or catalysts. 

3.2. Introduction 

Variants of immunoglobulin G (IgG), the most commonly occurring antibody class in vertebrates 

(Painter, 1998), have been widely used as therapeutics (Redman et al., 2015; Zlocowski et al., 

2019), as well as medical, diagnostic and biotechnology tools (Fernandes et al., 2017; Wang et 

al., 2018). The heterodimeric homodimer, which consists of two identical pairs of heavy and light 

chains linked by disulphide bonds, demonstrates incredible antigen specificity and affinity. This is 

a due to the hypervariability of three complementarity determining regions (CDR) in each of the 

heavy (VH) and light (VL) chain variable domains, a result of somatic hypermutation and affinity 
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maturation during an immune response to a foreign antigen, which form an antigen binding site 

at the domain interface (Leusen and Nimmerjahn, 2013; Methot and Di Noia, 2017). The potency 

of IgG has resulted in significant research efforts to further improve and develop these 

molecules, in order to explore and investigate novel applications and functionalities. An example 

of this is the development of recombinant antibody technologies, such as the reformatting of full 

length IgG as single chain variable fragments (scFv) or antigen binding fragments (Fab). These 

fragments are typically 25-30 kDa and 50 kDa respectively, and as such may be more easily 

produced in prokaryotic or eukaryotic systems whilst also demonstrating improved tissue 

penetration due to their reduced size (Arbabi-Ghahroudi, 2017).  

Further attempts to reduce the size of antibody fragments explored the development and usage 

of single domain antibody fragments (sdAb). Early efforts to utilise human and murine heavy 

chain only fragments resulted in reduced binding affinities and poor solubility (Muyldermans, 

2001). However, it was subsequently observed that sdAb occurred naturally. Members of the 

Camelidae family were shown to produce a subclass of heavy chain only antibodies (HCAb) 

which were devoid of the light chain and the CH1 domain of the heavy chain (Hamers-Casterman 

et al., 1993). Similar heavy chain only antibodies were also found in cartilaginous fish such as 

sharks, which were termed immunoglobulin new antigen receptors (Ig-NAR) (Dooley and Flajnik, 

2006). As these novel heavy chain only antibodies were characterised it was noted that 

recombinant antibodies based upon their variable domains retained the antigen specificity and 

affinity of their full length counterparts, whilst also displaying improved solubility and stability 

(Harmsen and De Haard, 2007; Muyldermans, 2001; van der Linden et al., 1999). Furthermore, it 

was observed that camelid heavy chain variable domains (VHH) and shark IgNAR variable domains 

(V-NAR) typically possess longer CDR3 than those seen in conventional IgG VH/VL domains, 

facilitating the binding of epitopes within clefts, thereby significantly expanding the scope of 

potential targets and applications of these antibody classes. As such, sdAb have been developed 

for an array of applications, including crystallisation chaperones, super resolution imaging 

(Mikhaylova et al., 2015), the probing of protein dynamics (Dmitriev et al., 2016), the generation 

of novel catalysts (Li et al., 2012) and biosensors (Fernandes et al., 2017; Wang et al., 2018). To 

date however, the most widely explored application of sdAb remains therapeutics, with 

Caplacizumab becoming the first sdAb drug to gain FDA approval as of February 2019 (Duggan, 

2018; Scully et al., 2019).  

The development of recombinant antibody technologies has also facilitated the construction of 

large, diverse antibody fragment libraries. These libraries can be broadly split into three 
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categories: immune, naïve and synthetic, with each having advantages and disadvantages (Zhou 

et al., 2011). Immune libraries exploit the somatic hyper mutation and affinity maturation 

processes of the host to generate a large number of antibodies against a specific antigen (Zhou 

et al., 2011). These libraries can often yield panels of antibodies with sub-nanomolar affinities to 

the chosen antigen. However, the resultant library is specific to the antigen in question, whilst 

antigen preparation and host immunisation can be lengthy processes. Naïve libraries are 

constructed using B-cells of an un-immunised host/s, and as such these libraries are antigen 

independent facilitating panning campaigns against almost any antigen (Ponsel et al., 2011). As 

no affinity maturation of the antibodies within these libraries has occurred, the occurrence of 

high affinity binders tends to be less frequent. However it is still possible to obtain hits with 

micromolar to nanomolar antigen affinities, particularly when interrogating very large libraries 

(de Haard et al., 1999; Kim et al., 2017). Naïve libraries can be subject to biases occurring as a 

result of the chosen host, therefore naïve libraries are often pooled from multiple individuals. An 

alternative approach to increase the diversity of naïve libraries is the swapping or randomisation 

of the CDR. Such libraries can also be referred to as semi-synthetic libraries (Ponsel et al., 2011; 

Zhou et al., 2011). Synthetic libraries utilise optimised framework regions into which synthetic 

CDR are introduced, such that new diversity can be obtained randomly or by design. As with 

naïve libraries, synthetic libraries are antigen independent and have the added advantage of 

control over the amino acid distribution (if desired) within the CDR. As such synthetic libraries 

can be used to pan against a number of different targets, with affinities typically in the 

micromolar range (Knappik et al., 2000; Ponsel et al., 2011; Zhou et al., 2011).  

Following the construction of antibody fragment libraries, which can contain 106 ς 1011 

members, they must be screened in order to identify antibodies of interest. Due to the large size 

of most libraries, this can be a labour, resource and time intensive process. Therefore libraries 

are often enriched, such that high affinity clones are more prevalent and the overall library size 

is reduced. One commonly used approach to antibody library enrichment is the use of phage 

display technology. This technique has gained popularity due to its relative simplicity, robustness 

and adaptability. Antibody fragments are cloned into a phagemid vector in such a way that the 

antibody is displayed as a monovalent or multivalent fusion to the pIII or pVIII coat protein of 

filamentous bacteriophage (Hoogenboom, 2005). Following the construction and amplification 

of a phage display library, in vitro bio-panning against an immobilised antigen is performed so 

that un-desirable non/low affinity binders are removed from the population whilst higher 

affinity antibodies may be recovered for activity screening or amplified to allow further rounds 

of enrichment (Hoogenboom, 2005). The enriched phage populations can then be used to infect 
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Escherichia coli prior to monoclonal screening efforts via appropriate high throughput assays and 

ELISAs.  

Whilst sdAb have largely been developed for therapeutic and medical applications, the high 

affinity and antigen specificity that they possess make them ideal candidates for numerous other 

applications. Synthetic biology for example, a discipline in which molecular biology and genetic 

engineering are used to generate novel biological parts, pathways and organisms, is very well 

placed to take advantage of these attributes. The development and availability of orthogonal, 

high quality parts is critical to the advancement of synthetic biology as a cutting edge discipline. 

As such, the ability to create large, diverse and high quality libraries of antibodies against 

specially selected molecules, epitopes or other targets opens up numerous avenues for 

investigation. It is conceivable that sdAb can be exploited within synthetic biology as inhibitors, 

modulators, co-localisation tags or even novel catalysts.  

This work describes the construction of two immune VHH phage display libraries against linalool 

synthase (bLinS), a Streptomyces clavuligerus monoterpene synthase/cyclase (mTS/C), which 

acts as a biocatalyst for the production of the high value monoterpenoid linalool from geranyl 

pyrophosphate. In addition to its commercial and industrial applications, this bacterial linalool 

synthase (bLinS) was chosen for this study due to the availability of structural information and an 

understanding of the reaction chemistry (Karuppiah et al., 2017). The strong relationship 

between bLinS conformation and product formation combined with the fact that the active site 

of the enzyme is sequestered within a cleft makes recombinant VHH antibodies the most 

promising candidates for the development of sdAb tools. Following the construction of anti-

bLinS libraries this work goes on to describe the enrichment of the resultant libraries under 

ΨǎǘŀƴŘŀǊŘΩ ŀƴŘ ΨǎǘǊƛƴƎŜƴǘΩ ōƛƻ-panning conditions, so that a spectrum of binding affinities could 

be obtained. Finally, early monoclonal ELISA binding assays were performed such that potential 

anti-bLinS VHH binders may be identified and sequenced, prior to investigations into potential 

applications. 

3.3. Methods 

3.3.1. Preparation of Linalool Synthase 

Codon optimised bacterial linalool synthase from Streptomyces clavuligerus (Karuppiah et al., 

2017), which had been sub cloned into the pETM11 vector at the NcoI and XhoI restriction sites 

(pETM11 bLinS) was obtained from the Scrutton Group archive (See Supplementary Information 

Table 1 for codon optimised sequence). Arctic Express (DE3) E. coli cells (Agilent Technologies) 
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were transformed with pETM11 bLinS, as described by Karuppiah et al., (2017). A colony was 

used to inoculate a 10 mL 2X YT medium starter culture (ForMedium) containing kanamycin (50 

˃Ǝ Ƴ[-1) and gentamycin (20 ˃Ǝ Ƴ[-1) which was grown overnight at 37 oC with shaking. The 

starter culture was then used to inoculate 6 x L of 2X YT medium (ForMedium) containing 

kanamycin (50 ˃Ǝ Ƴ[-1) as a 1:100 dilution. The cultures were then incubated with shaking (190 

rpm) at 37 oC, until an OD600 of 0.5 was reached. The temperature was then reduced to 16 oC and 

iǎƻǇǊƻǇȅƭ ʲ-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.1 mM and 

incubation continued for a further 16 h. Cells were harvested by centrifugation at 6000 x g for 10 

minutes at room temperature and the pellet re-suspended in Buffer A (25 mM Tris-HCl pH 8.0, 

150 mM NaCl, 1 mM DTT, 5 % (v/v) glycerol and 4 mM MgCl2) supplemented with DNaseI (0.1 

mg mL-1), lysozyme (0.1 mg mL-1) and two EDTA free protease inhibitor tablets. The slurry was 

stirred at 4 oC for 30 minutes. Cells were sonicated (Bandelin Sonoplus) on ice with pulses of 20 s 

on, 40 s off, for a total of 20 min. Disrupted cells were centrifuged at 30,000 x g for 1 h at 4 oC, 

and the supernatant twice filtered (0.45 ˃Ƴ ŀƴŘ лΦнн ҡƳύ ǇǊƛƻǊ ǘƻ being loaded on a 5 mL 

HisTrap column (GE Healthcare) pre-equilibrated with Buffer A supplemented with 10 mM 

imidazole (Binding Buffer A). The column was then washed with 10 column volumes (CV) of 

Buffer A supplemented with 40 mM imidazole (Wash Buffer A), before elution of the His6-tagged 

protein using 5 CV of Buffer A supplemented with 250 mM imidazole (Elution Buffer A). The 

eluted protein was then de-salted using a Centripure P100 column (emp Biotech GmbH) 

equilibrated with Buffer A. Concentration of the purified protein was performed using Vivaspin 

20, 30 kDa MWCO concentrators (GE Healthcare). All protein purification steps were performed 

at 4 oC unless otherwise stated. 

During the preparation of bLinS for llama immunisation, care was taken to reduce levels of 

endotoxin in the purified protein fraction. As such an additional wash step was performed whilst 

bLinS was immobilised on the HisTrap column, as described by Reichelt et al. (2006). Wash 

Buffer A was supplemented with 0.1 % Triton X-114 and the immobilised bLinS was washed with 

an additional 10 CV of buffer. The remaining steps in the purification were as described above. 

bLinS was then buffer exchanged into phosphate buffered saline (PBS), 5 % (v/v) glycerol using a 

Centripure P100 column. Further endotoxin removal steps were performed using Pierce High 

/ŀǇŀŎƛǘȅ 9ƴŘƻǘƻȄƛƴ wŜƳƻǾŀƭ wŜǎƛƴ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ 

(ThermoScientific). The amount of endotoxin in the purified protein fractions was determined 

using a Pierce Limulus Amoebocyte Lysate (LAL) Chromogenic Endotoxin Quantitation Kit 
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(ThermoScientific). bLinS to be used for llama immunisation was split into 5 x 1 mg aliquots (2 

mg mL-1) which were mixed 1:1 with GERBU adjuvant prior to injection. 

In order to remove the His6-tag from the N-terminus of the bLinS, His6-tagged Tobacco Etch Virus 

(TEV) protease was added at a ratio of 1:1000 (w/w) to the purified protein and the mixture 

incubated at 4 oC overnight. The TEV protease was removed from solution by a final run through 

a 5 mL HisTrap column that had been pre-equilibrated with Buffer A, followed by an additional 

wash with 10 CV of Buffer A. The bLinS which had the N-terminal tag cleaved was collected in 

the flow through and wash fractions and subsequently concentrated using a Vivaspin 20 

centrifugal concentrator (Sartorius). Remaining un-cleaved bLinS and His6-tagged TEV protease 

was removed from the column using 5 CV of Elution Buffer A. Protein purity was monitored by 

SDS-PAGE. Protein concentration was determined using both the Bradford protein assay (Bio-

Rad) and extinction coefficient methodology. Extinction coefficients were calculated using the 

ProtParam on-line tool (https://web.expasy.org/protparam/) (Gasteiger et al., 2005). 

3.3.2. Preparation of Biotinylated bLinS 

Production of biotinylated linalool synthase ǿŀǎ ŀŎƘƛŜǾŜŘ ǳǎƛƴƎ [ǳŎƛƎŜƴΩǎ 9ȄǇǊŜǎǎƻ .ƛƻǘƛƴ 

Cloning and Expression System. Linalool synthase (pETM11 bLinS) was PCR amplified (Expresso 

bLinS Biotinylation Fw and Rv - {ǳǇǇƭŜƳŜƴǘŀǊȅ LƴŦƻǊƳŀǘƛƻƴ ¢ŀōƭŜ нύ ǎǳŎƘ ǘƘŀǘ ǘƘŜ рΩ ŀƴŘ оΩ 

termini contained 18 nucleotide homologous overlapping regions to the linear pAvi-Tag N-His6 

vector (Lucigen). The PCR product was purified by excision of the correctly sized band from an 

agarose gel and ŎƻƳǇŜǘŜƴǘ .ƛƻǘƛƴ ·/Ŝƭƭ CΩ ŎŜƭƭǎ (Lucigen) transformed via heat shock with the 

purified insert and ǘƘŜ ƭƛƴŜŀǊƛȊŜŘ Ǉ!Ǿƛ¢ŀƎ ǾŜŎǘƻǊΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

¢ǊŀƴǎŦƻǊƳŜŘ ŎŜƭƭǎ ǿŜǊŜ ǇƭŀǘŜŘ ƻƴ [. ŀƎŀǊ όCƻǊaŜŘƛǳƳύ ǿƛǘƘ ƪŀƴŀƳȅŎƛƴ όол ˃Ǝ mL-1) and 

incubated overnight at 37 oC. Colony PCR was performed using GoTaq Green 2X Master Mix 

(Promega) with pRham Fw and pETite Rv primers (Supplementary Information Table 2). Colonies 

that demonstrated the presence of the insert were then used to inoculate 10 mL LB broth 

όCƻǊaŜŘƛǳƳύ ŎƻƴǘŀƛƴƛƴƎ ƪŀƴŀƳȅŎƛƴ όол ˃Ǝ mL-1) and incubated at 37 oC with 190 rpm shaking for 

12 h. Isolation of the plasmid was performed using a QIAprep Spin Miniprep kit (Qiagen) prior to 

sequencing (Eurofins Genomics) between pRham Fw and pETite Rv primers (Supplementary 

Information Table 2) to ensure correct sequence identity. All DNA products were quantified 

using a NanoDrop 2000 (ThermoFisher) and analysed using agarose gel (1 %) electrophoresis, 

https://web.expasy.org/protparam/
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SafeView nucleic acid stain (NBS biologicals), 1 kb plus ladder (Invitrogen) and imaged using a 

Gel Doc EZ imager (BioRad).  

Colonies for which the sequence was confirmed were used to inoculate small scale cultures, LB 

broth (ForMedium) containing kanamycin (30 µg mL-1), which were incubated at 37 oC overnight. 

These were used to Inoculate (1:100) large scale cultures (6 x 0.5 L) which were grown in LB 

broth (ForMedium) containing kanamycin (30 µg mL-1) and incubated at 37 oC with 190 rpm 

shaking, until an OD600 of 0.3 was reached. Recombinant protein production was induced by the 

addition of 20 % (w/v) rhamnose, 10 % (w/v) arabinose and 5 mM biotin solutions, to obtain 

final concentrations of 0.2 % (w/v), 0.01 % (wκǾύ ŀƴŘ рл ˃aΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ !ŦǘŜǊ нп Ƙ ǘƘŜ ŎŜƭls 

were harvested by centrifugation at 6000 x g, 4 oC for 10 minutes, and the pellet re-suspended in 

Buffer A supplemented with DNase (0.1 mg mL-1), lysozyme (0.1 mg mL-1) and an EDTA free 

protease inhibitor tablet. The harvested cells were then lysed and purified as described 

previously for the non-biotinylated bLinS. 

Successful in vivo biotinylation of the tagged linalool synthase was confirmed using Dynabeads 

M-280 Streptavidin (ThermoFisher). The Dynabeads were prepared for use by taking 50 µL of 

Dynabeads, which were washed in 1 mL of PBS (1 % BSA pH 7.4) for 5 min. Microcentrifuge 

tubes containing the Dynabeads were then placed on a DynaMag-2 magnet (ThermoFisher) for 1 

min and the supernatant discarded. The Dynabeads were then re-suspended in 50 µL of PBS 

buffer pH 7.4, ready for use. Immobilization of the bLinS onto the Dynabeads was achieved by 

adding 2 µg of the protein to the solution, followed by incubation with shaking (100 rpm) for 2 h. 

The solution was again placed on a magnet, and the supernatant was removed and retained for 

SDS-PAGE analysis. The Dynabeads were washed in this manner with 50 µL of PBS buffer pH 7.4 

for a total of 4 washes. Analysis of each wash fraction and release of the bound biotinylated 

linalool synthase from the beads was achieved by boiling the samples in 2X Laemmli buffer prior 

to SDS-PAGE analysis. 

3.3.3. In vitro Biotransformation Reactions for the Production of Linalool 

In vitro biotransformation reactions were performed in triplƛŎŀǘŜ ŀǎ нрл ˃[ reactions in glass GC-

MS sample vials. The reaction mixture consisted of Buffer A supplemented with 1 mM geranyl 

pyrophosphate (GPP) and 5 ˃a ƻŦ ŜƴȊȅƳŜ, with a 20 % (v/v) n-nonane overlay. Reactions were 

incubated with shaking at 30 oC for 24 h at 170 rpm. After incubation the organic layer was 

collected and dried using anhydrous MgSO4, before being mixed at a 1:1 ratio with ethyl acetate 
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containing 0.01 % sec-butyl benzene as an internal standard. The samples were subsequently 

analysed by GC-MS (Agilent 7890AB GC coupled to an Agilent 5975A MSD) using a DB-WAX 

ŎƻƭǳƳƴ όол ƳΤ лΦон ƳƳΤ лΦнр ˃Ƴ ŦƛƭƳ thickness, JW Scientific). The injector temperature was 

ннл ϲ/ ǿƛǘƘ ŀ ǎǇƭƛǘ Ǌŀǘƛƻ ƻŦ рлΥм όм ˃[ ƛƴƧŜŎǘƛƻƴύΦ ¢ƘŜ ŎŀǊǊƛŜǊ Ǝŀǎ ǿŀǎ ƘŜƭƛǳƳ ǿƛǘƘ ŀ Ŧƭƻǿ Ǌate of 3 

mL minҍ1 and a pressure of 8.3 psi. The oven program began at 40 °C with a hold for 2 min 

followed by an increase of temperature to 70 °C at a rate of 6 °C/min, after this point the 

temperature was increased to 210 °C at a rate of 50 °C/min with a final hold at 210 °C for 2 min. 

The ion source temperature of the mass spectrometer was set to 210 °C, and spectra recorded 

form m/z 50 to m/z 250. The mass spectra fragmentation patterns that were obtained were 

entered into the NIST mass spectral library for identification, product identity was also 

confirmed by the use of commercially bought standards (Sigma Aldrich).  

3.3.4. Circular Dichroism  

Enzyme samples (1 mg mL-1) were prepared in 10 mM phosphate buffer (pH 7), 150 mM NaF 

using CentriPure P5 columns. Far UV-CD (180 nm ς 280 nm) was performed using an Applied 

Photophysics Chirascan qCD and a 0.1 mm cuvette (Starna Scientific). Initial spectra were taken 

at 25 oC, 180 nm ς 280 nm at 0.5 nm steps and an acquisition time of 0.5 s per step for a total of 

3 repeats. EllƛǇǘƛŎƛǘȅ όʻύ ǿŀǎ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ŀƴ !ǇǇƭƛŜŘ tƘƻǘƻǇƘȅǎƛŎǎ /ƘƛǊŀǎŎŀƴ ǉ/5 

spectrophotometer, which was then converted into mean molar residue ellƛǇǘƛŎƛǘȅ όώʻϐMRE) using 

Eq 1. Where c is the protein concentration in mg mL-1, l is the pathway length in cm and MRW is 

the mass of the protein in Daltons divided by n -1 amino acids present in the protein (Greenfield, 

2006).  

—-2%  
 Ȣ 

 
 

Analysis of CD spectra was performed using the online tool DichroWeb (Whitmore and Wallace, 

2008), using the CDSSTR algorithm (Compton and Johnson, 1986; Manavalan and Johnson, 1987; 

Sreerama and Woody, 2000) and reference set 7 (Sreerama and Woody, 2000). 

3.3.5. Llama Immunisation 

A single male llama (Llama glama) was provided by UCB as part of their collaboration with the 

University of Reading. All llama handling steps were performed by a trained expert according to 

Eq 1. 
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protocols compliant with the Animal (Scientific Procedures) Act 1986. The llama was given five 

subcutaneous immunisations of linalool synthase at monthly intervals, with bleeds (~ 500 mL) 

taken after the 3rd (Bleed 1) and 5th (Bleed 2) immunisations. Linalool synthase (purified as 

described in Chapter 3.3.1) was prepared as five 500 µL aliquots (2 mg mL-1) which were mixed 

1:1 with GERBU adjuvant prior to immunisation.  

3.3.6. Serum Titre Response ELISA 

All washing steps were performed with PBS 0.1 % (v/v) Tween-20 using a plate washer. 

Incubations between steps were performed at room temperature for 1 h with shaking. Two 

Nunc Maxisorp 96 well plates were coated with 50 µL NeutrAvidin (5 µg mL-1 PBS) and incubated 

at 4 oC overnight. Both NeutrAvidin coated plates were washed and blocked for 1 h at room 

temperature using 1 % BSA in PBS. The blocked plates were again washed and 50 µL biotinylated 

bLinS (5 µg mL-1 in PBS, 5 % (v/v) glycerol, 4 mM MgCl2 and 1 mM DTT) was added to one of the 

plates and incubated for 1 h. A NeutrAvidin only plate was retained as a control. After a further 

washing step, pre-immunisation (B0), Bleed 1 (B1) and Bleed 2 (B2) sera were added in duplicate 

(n = 2) to the blocked plates as 5-fold serial dilutions in PBS (1 % BSA). The serum titre plates 

were incubated for 1 h before being washed. HRP conjugated goat anti-llama IgG (H + L) 

secondary antibodies (ThermoFisher) were added at a 1:2000 dilution in PBS. Following a final 

incubation and wash step, bound antibodies were revealed by the addition of 50 µL of TMB 

reagent (ThermoFisher). Plates were shaken and the absorbance at 630 nm and 490 nm 

determined using a BioTek Synergy HT plate reader. Antibody binding to the target antigen was 

ŎŀƭŎǳƭŀǘŜŘ ōȅ ǎǳōǘǊŀŎǘƛƴƎ ǘƘŜ ŀōǎƻǊōŀƴŎŜ ŀǘ пфл ƴƳ ŦǊƻƳ ǘƘŜ ŀōǎƻǊōŀƴŎŜ ŀǘ сол ƴƳ όҟ!630-490). 

3.3.7. Llama VHH Immune Phage Library Construction 

Throughout the library construction process Bleed 1 and Bleed 2 samples were kept separate 

such that two libraries were constructed in an effort to capture a greater spectrum of the 

immune response. Leucosep tubes were prepared by the addition of 15 mL mammalian 

lympholyte and centrifugation at 4oC for 1 min at 1,000 x g. Blood (~ 500 mL per bleed) was 

mixed with an equal volume of PBS and gently applied onto the insert of the prepared leucosep 

tubes (30 mL per tube). The tubes were centrifuged at 4oC, 1,000 x g for 10 min using gentle 

acceleration and deceleration in order to minimise disturbance of the buffy layer. The buffy layer 

was removed from each tube and pooled in PBS (25 mL PBS per 100 mL whole blood equivalent). 
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The cells were pelleted by centrifugation at 1000 x g for 10 min and the pellet re-suspended and 

combined in 30 mL total volume of PBS. Peripheral blood mononuclear cells (PBMC) were 

counted and pelleted by centrifugation at 500 x g for 20 min. The pellet was then re-suspended 

in 10 % freeze medium (Foetal calf serum (FCS) + 10 % DMSO) at 5 x 107 cells mL-1 and separated 

into 1 mL aliquots. PBMC to be used for library construction were stored at -80 oC, with the 

remaining aliquots stored on liquid nitrogen. 

PBMC (Bleed 1: 5 x 108, Bleed 2: 3 x 108) were defrosted at room temperature and washed with 

10 volumes of cold Roswell Park Memorial Institute (RPMI) medium. Washed cells were pelleted 

by centrifugation at 500 x g for 10 min. The pellet was then re-suspended in RLT buffer 

(according to Qiagen RNeasy plus midi kit recommended protocol) and homogenised using a 

Qiagen TissueRuptor. The manufacturers recommended protocol was followed for the 

remaining steps, with the DNase on column digestion steps omitted. Following elution of the 

RNA in RNase free water, the concentration and relative purity of RNA was determined using a 

Nanodrop spectrophotometer. 

Each RNA elution was taken forward for RT-PCR. A primary reaction mixture containing 2 µg 

RNA, 1 µL oligo-dT or dN6 (50 µM) and 1 µL dNTPs (10 mM) was made up to a total reaction 

volume of 13.5 µL with H2O. The primary reaction mixtures were heated at 65 oC for 5 min and 

then cooled on ice for a further 5 min. A secondary reaction mixture containing 4 µL Superscript 

IV 5X buffer, 1 µL DTT (0.1 M), 0.5 µL rNAasin (40 U µL-1) and 1 µL Superscript IV (200 U µL-1) was 

added to each primary reaction mixture to create a final reaction volume of 20 µL. This reaction 

mixture was incubated in a thermocycler at 50 oC for 20 min, 70 oC for 15 min and then held at 4 

oC. 

Primary PCR amplification of the oligo-dT and dN6 generated cDNA between the signal peptide 

and CH2 domain was achieved using KOD Polymerase (Merck Millipore) with primers CaLL01 and 

CaLL02 (Supplementary Information Table 2). The PCR products were analysed by gel 

electrophoresis on a 1 % agarose gel in order to confirm amplification had occurred. The oligo dT 

and dN6 primary PCR products were then pooled for each library and separated by gel 

electrophoresis on a 1 % agarose gel. The VHH population (600 bp) was extracted using a 

QIAquick Gel Extraction kit. The purified pooled primary PCR product was then used as template 

for a secondary PCR using Herculase II polymerase (Agilent) with primers VHHSh Fw and 

CldLib2Rv 11/01 or CldLib2Rv 12, for Bleeds 1 and 2 respectively (Supplementary Table 2). The 
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t/w ǇǊƻŘǳŎǘǎ ǿŜǊŜ ǇǳǊƛŦƛŜŘ ǳǎƛƴƎ ŀ vL!ǉǳƛŎƪ t/w tǳǊƛŦƛŎŀǘƛƻƴ ƪƛǘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions 

Purified VHH inserts and pTAPMID phagemid (provided by UCB) were digested by NotI HF at 37 oC 

overnight and subsequently SfiI at 50 oC for 4 h, prior to purification via gel extraction. Ligation 

of the digested phagemid vector (4 µg) and VHH insert (1 µg) was performed using T4 DNA Ligase. 

The reaction mixture was first incubated at 25 oC for 30 min before being cooled to 16 oC 

overnight. The ligation mixture was then purified using a QIAquick PCR Purification kit. To ensure 

sufficient purity of the ligation product the DNA was further purified by ethanol precipitation. 

First, yeast tRNA was added to the sample at a final concentration of 100 µg mL-1 before 1/10th 

of the total volume of 3M sodium acetate pH 5.2 was added and the solution mixed. Cold 

ethanol (270 µL) was added and the samples placed on ice for 30 min. The ligation mixes were 

then centrifuged at 13,000 x g for 15 min at room temperature and the supernatant carefully 

decanted. Room temperature 70 % ethanol (1 mL) was added to the microcentrifuge tube and 

the solution mixed prior to a further centrifugation step at 13,000 x g for 1 min at room 

temperature. The supernatant was again carefully decanted and the pellet allowed to air dry. 

The pellet was then resuspended in water such that a final concentration of 100 ng µL-1 was 

obtained.  

TG-1 cells were transformed with the purified ligation product by electroporation. Purified 

ligation product was mixed with electrocompetent TG-1 cells (Lucigen) and loaded into pre-

chilled electroporation cuvettes (0.1 cm). Electroporation was performed using a BioRad 

DŜƴŜtǳƭǎŜǊ ǎŜǘ ǘƻ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŎƻƴŘƛǘƛƻƴǎΥ мл ҡCΣ слл ʍ ŀƴŘ мΦу ƪ±Φ tǊŜ ǿŀǊƳŜŘ όот oC) 

recovery medium (Provided with the electrocompetent cells) was added and the cells were 

allowed to recover for 1 h with shaking (200 rpm) at 37 oC. The transformation mixtures were 

pooled and serial dilutions (10-1, 10-2, 10-3, 10-4, 10-5) of the recovered transformants spread onto 

2X YT Agar, 1 % glucose, 100 µg mL-1 carbenicillin plates, and incubated overnight at 37 oC such 

that the library titre could be estimated. The remaining transformation mixture was centrifuged 

at 3220 x g for 15 min and re-suspended in 1 mL LB medium. The cell slurry was then spread 

across three XL Bio dishes (2X YT Agar, 1 % glucose, 100 µg mL-1 carbenicillin) per library and 

incubated overnight at 30 oC. 

3.3.8. Library Scale Phage Rescue 

The following day each XL Bio dish was washed with 2X YT, 1 % glucose, 100 µg mL-1 carbenicillin 

and the cell slurry collected. The slurry was used to inoculate a fresh culture of 2X YT, 1 % 
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Eq. 2 

glucose, 100 ug mL-1 carbenicillin at a starting OD600 of 0.1. The culture was then incubated at 37 

oC, with shaking (200 rpm), until an OD600 of 0.5 was reached. M13KO7 helper phage was then 

added at a multiplicity of infection (MOI) of 20 and the culture incubated for another hour in a 

stationary 37 oC incubator. The cultures were then centrifuged at 7246 x g for 10 min at room 

temperature, the supernatant decanted and the tubes inverted to ensure that all medium was 

removed. The pellet was then re-suspended in fresh 2X YT medium supplemented with 100 µg 

mL-1 carbenicillin and 50 µg mL-1 kanamycin and cultured overnight with shaking (200 rpm) at 30 

oC. The remaining E. coli slurry was centrifuged at 7246 x g for 15 min, and the pellet re-

suspended in an equal volume by pellet weight of 2X YT 40 % (v/v) glycerol, prior to storage at -

80 oC. The overnight cultures were pelleted at room temperature by centrifugation at 7246 x g 

for 10 min; the supernatant was transferred to sterile tubes and centrifuged for a further 10 min 

at 7246 x g. The supernatant was again decanted into fresh tubes and chilled on ice, with all 

further steps also being carried out on ice. First, phage particles were precipitated by the 

addition of 1/5th of the final total volume of 20 % PEG 8000, 2.5M NaCl and left on ice for 1 h. 

The mixture was then clarified by centrifugation at 12881 x g for 30 min and the pellet re-

suspended in PBS. The solution was again centrifuged at 3220 x g for 5 min and the supernatant 

decanted into sterile tubes prior to being chilled on ice. As previously, PEG salt was added (1/5 

total volume) and the mixture incubated for an hour on ice. The precipitated phage particles 

were collected by centrifugation at 4000 x g for 20 min and the pellet again resuspended in PBS. 

Following a final clarification spin, 3220 x g for 5 min, 40 % v/v glycerol was added to a final 

concentration of 20 %. The number of purified phage for each library was estimated using Eq 2, 

developed by G. Smith (https://tinyurl.com/yx9jnpk5) based on the measurements of Day and 

Wiseman (1978). Aliquots of the rescued phage libraries made prior to storage at -80 oC.  

 

!ςφω Ȥ!σςπ φ ρπ

ÎÕÍÂÅÒ ÏÆ ÂÁÓÅÓȾÖÉÒÉÏÎ
 

3.3.9. Monoclonal Phage Rescue and Library QC 

Small scale monoclonal phage rescue for library quality control was achieved by inoculating a 96 

well deep-well culture block containing [. ƳŜŘƛǳƳ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ млл ˃Ǝ mL-1 carbenicillin 

and 2 % glucose with individual colonies picked from the library titre plates. The cultures were 

incubated with shaking (200 rpm) at 37 oC overnight so that each culture reached the stationary 

phase. These cultures were then used to inoculate fresh blocks containing 2X YT medium 

https://tinyurl.com/yx9jnpk5
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ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ млл ˃Ǝ mL-1 carbenicillin and 1 % glucose. The overnight culture blocks were 

centrifuged at 3220 x g for 10 min, and the pellets sent for plasmid miniprep using UCBs internal 

service. These plasmids were subsequently sent for sequencing using LMB3 and FDSEQ1 

sequencing primers (Supplementary Table 2). 

The freshly inoculated culture blocks were incubated at 37 oC until an OD600 of 0.4 - 0.6 was 

reached. M13KO7 helper phage was then added at a MOI of 20 and the cultures were gently 

mixed and left to stand at 37 oC in order to let infection occur. The blocks were then centrifuged 

at 805 x g in order to pellet the cells. The supernatant was then discarded and the pellet dried, 

with great care taken to remove residual culture medium. The pellets were then re-suspended 

with 2X YT medium ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ млл ˃Ǝ mL-1 ŎŀǊōŜƴƛŎƛƭƭƛƴΣ рл ˃Ǝ mL-1 kanamycin and then 

incubated overnight with shaking (225 rpm) at 30 oC. 

Quality control (QC) ELISAs were performed using the overnight monoclonal phage rescue 

cultures. The culture blocks were centrifuged at 1258 x g for 10 minutes at room temperature, 

and the supernatant added to an equal volume of 2 % BSA, 2 % milk powder in PBS in fresh 

blocks. Three QC ELISAs were performed, with Nunc MaxiSorp plates prepared in the following 

fashion. Correct display of VHH on the phage surface was confirmed using an anti c-myc antibody 

(9E10). In the first instance, plates were coated with 9E10 (2 µg mL-1 in PBS) and incubated 

overnight at 4 oC. The following day, the 9E10 solution was discarded and the plate blocked with 

blocking buffer (1 % BSA in PBS) for 1 h. For the second QC ELISA in order to ensure that the 

rescued libraries did not contain template vector, a biotinylated control peptide from a previous 

UCB bio-panning campaign was used to identify any template carry-over. A MaxiSorp plate was 

coated with streptavidin (н ˃Ǝ mL-1 in PBS) and incubated overnight at 4 oC. The following day 

the streptavidin solution was discarded and the plate was blocked with blocking buffer for 1 h 

prior to the addition of the biotinylated peptide (2 µg mL-1 in 1 % BSA, PBS). For the third QC 

ELISA, the identification of potential bLinS binders prior to library enrichment was performed by 

ŎƻŀǘƛƴƎ ŀ aŀȄƛ{ƻǊǇ ǇƭŀǘŜ ǿƛǘƘ ǎǘǊŜǇǘŀǾƛŘƛƴ όн ˃Ǝ mL-1 in PBS) followed by incubation at 4 oC 

overnight. The following day the plate was blocked with blocking buffer for 1 h before the 

addition of biotinylated bLinS (2 µg mL-1 in 1 % BSA, PBS). For each of the three QC experiments 

the remainder of the ELISA protocol was as follows. The plates were washed four times with PBS 

0.1 % Tween-20 before the blocked monoclonal VHH were applied to the coated wells and 

incubated for 1 h at room temperature with shaking (800 rpm). The plates were again washed, 

as described above, and horseradish peroxidase (HRP) conjugated anti-M13 monoclonal 
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antibody (GE Healthcare) applied at a 1:5,000 dilution in 1 % BSA, PBS. The plates were 

incubated for 1 h at room temperature with shaking (800 rpm), washed as above and the 

presence of bound VHH revealed using 1-Step Ultra TMB-ELISA substrate solution. The 

absorbance at 630 nm and 490 nm was then measured using a BioTek Synergy HT plate reader, 

ŀƴŘ ǘƘŜ ҟ A630-490 value determined as described in Chapter 3.3.6. 

3.3.10. Phage Display VHH Bio-Panning 

For each library, bio-panning was performed using ΨǎǘŀƴŘŀǊŘΩ ŎƻƴŘƛǘƛƻƴǎΣ a NeutrAvidin όн ˃Ǝ mL-

1) coated Nunc MaxiSorp 96-well microtiter plateΣ ŀƴŘ ΨǎǘǊƛƴƎŜƴǘΩ conditions using streptavidin 

coated Dynabeads. The use of magnetic Dynabeads facilitated a greater wash volume which 

could be used to enrich the library for potentially higher affinity binders than those obtained 

ǳǎƛƴƎ ΨǎǘŀƴŘŀǊŘΩ ǿŀǎƘ ŎƻƴŘƛǘƛƻƴǎΦ CƻǊ ŜŀŎƘ panning condition 2 x 1011 and 1 x 1012 phage were 

used for B1 and B2 respectively, so as to cover the estimated diversity of the libraries 20,000 

fold. For each bio-panning condition (B1 standard, B1 stringent, B2 standard, B2 stringent) two 

aliquots of phage were prepared in order to perform a control enrichment in the absence of 

bLinS. The phage libraries were first blocked in an equal volume of 3 % BSA, 3 % milk powder in 

PBS for 1 h at room temperature with rolling. Simultaneously, the coated microtiter plates 

(Standard) or Dynabeads (Stringent) were blocked with 1 % BSA, PBS for 1 h with shaking/rolling. 

The antigen, biotinylated bLinS (2 µg mL-1) in 1 % BSA, PBS was then added to one aliquot of the 

blocked input phage library for each panning condition and then incubated for 1 h. The 

biotinylated bLinS-phage mixture (and phage only control) was subsequently added to the 

coated microtiter plate/Dynabead slurry and incubated for 1 h with gentle agitation. The coated 

microtiter plate/Dynabead slurry (Dynabeads were pelleted using a DynaMag-2 magnet) was 

then washed using PBS 0.1 % Tween-20 όр Ȅ олл ˃[ ŦƻǊ ǎǘŀƴŘŀǊŘ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ мл Ȅ нƳ[ ŦƻǊ 

stringent conditions), followed by an additional two washes (300 µL and 2 mL for standard and 

stringent conditions respectively) using PBS. The bound phage particles were then eluted by the 

ŀŘŘƛǘƛƻƴ ƻŦ ǘǊȅǇǎƛƴ όм ˃Ǝ mL-1 in PBS, 1 mM CaCl2) which was added to the dried microtiter 

plate/Dynabeads and left to incubate at room temperature with shaking (600 rpm) for 30 min. 

The trypsin treated supernatant containing the eluted phage particles were then allowed to 

infect E. coli TG1 cells grown in 2X YT Broth (ForMedium) at an OD600 of 0.2 - 0.4. The infected 

TG1 cells were incubated (static) at 37 oC for 30 min. In order to estimate the output phage 

diversity, a serial dilution (10-1 to 10-5) of the infected TG1 cells in 2X YT was performed, with the 

dilutions plated onto small LB agar plates supplemented with 1 % glucoǎŜ ŀƴŘ млл ˃Ǝ mL-1 
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carbenicillin which were then incubated for 16 h at 37 oC. The output titres were subsequently 

estimated by counting the colonies present at each dilution.  

3.3.11. Enriched Immune Library Monoclonal Phage ELISA 

Small scale monoclonal phage rescue was performed as described previously (Chapter 3.3.9) 

using the output phage titre plates (obtained in Chapter 3.3.10). Binding of enriched Bleed 1 and 

Bleed 2 monoclonal VHH to biotinylated bLinS was confirmed by ELISA as described in Chapter 

3.3.9, with the exception that the Nunc MaxiSorp plates were coated with NeutrAvidin (2 ˃Ǝ mL-

1 in PBS) rather than streptavidin as described previously. Following the identification of 

biotinylated bLinS binders, fresh 96 deep-well culture blocks containing LB medium 

ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ млл ˃Ǝ mL-1 carbenicillin and 2 % glucose were inoculated using the initial 

monoclonal rescue blocks as a 1:100 inoculum. Following overnight growth, the blocks were 

centrifuged at 3220 x g for 15 min at room temperature and the supernatant discarded. The 

phagemid vector was isolated using a 96 well plate plasmid DNA Miniprep kit (Bio Basic) and a 

96 well plate vacuum manifold (Phenomenex). The phagemid vector was subsequently 

sequenced between LMB3 and FDSEQ1 primers (Supplementary Table 2) and the sequences 

aligned using the CLUSTAL Omega (Madeira et al., 2019) sequence alignment tool. Sequence 

logos were created using the WebLogo server Version 2.8.2.2 (Crooks, 2004). 

3.4. Results & Discussion 

3.4.1. Antigen Preparation 

In order to construct an immune VHH library the antigen was first prepared. Streptomyces 

clavuligerus Linalool synthase (bLinS) was expressed as described by Karuppiah et al., (2017). 

Following an initial Ni-NTA IMAC purification the flow through (FT), wash (W) and two elution 

(E1 and E2) fractions were concentrated and analysed by SDS-PAGE (Figure 9A). In addition to 

His6-TEV-bLinS (39.5 kDa), low levels of protein contaminants <30 kDa could be observed, whilst 

a more intense band corresponding to possible homodimer formation, could be seen at ~ 75 

kDa. In order to ensure the safety of the llama during the immunisation process care was taken 

to ensure that the endotoxin concentration in the sample was as low as possible. As such an 

additional IMAC purification was performed with the addition of 0.1 % Triton X-114 to the wash 

buffer. This served to reduce the level of endotoxin within the sample as well as further improve 

the purity of His6-TEV-bLinS (Figure 9B). In order to remove the His6-TEV tag from the N-terminus 

of the bLinS, and thus reduce the likelihood of antibodies being raised against non-functional 
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epitopes of the antigen, His6-tagged TEV protease was added at a ratio of 1:1000 (w/w) to the 

purified bLinS and incubated at 4 oC overnight. The mixture was then subject to a final run 

through a HisTrap column. bLinS that had successfully had the His6-TEV tag removed (36.5 kDa) 

was collected in the flow through and wash fractions, which were subsequently concentrated, 

whilst un-cleaved His6-TEV-bLinS (39.5 kDa) was collected in the elution fraction (Figure 9C).  

 

 

 

 

 

 

 

 

 

Following cleavage of the His6-TEV tag, the purified bLinS (~ 10 mg) was buffer exchanged into 

PBS, 5 % (v/v) glycerol. The purified un-tagged bLinS was further polished using a self-packed 

Pierce High Capacity Endotoxin Removal Resin (ThermoScientific) column, pre-equilibrated in 

t.{ ǿƛǘƘ р ҈ όǾκǾύ ƎƭȅŎŜǊƻƭΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢Ƙƛǎ ǇǊƻŎŜǎǎ ǿŀǎ 

repeated twice using fresh resin on each occasion, in order to eliminate as much endotoxin as 

possible. Interestingly, only ~ 6 mg of bLinS was recovered from this process, indicating that 

some bLinS remained bound to the resin on each occasion. As sufficient bLinS had been 

recovered this phenomenon was not investigated further. The endotoxin concentration of the 

protein was determined using a Pierce Limulus Amoebocyte Lysate (LAL) Chromogenic 

Endotoxin Quantitation Kit (ThermoScientific) and was calculated to be 13.4 Endotoxin Units 

(EU) mg-1. This was determined to be sufficiently clean by UCB, and as such the purified low-

endotoxin bLinS was split into 5 x 1 mg aliquots (2 mg mL-1) ready for llama immunisation. 

3.4.2. Preparation of Biotinylated bLinS  

Biotinylated bLinS was required for the bio-panning and monoclonal screening of selected VHH. 

Using the Expresso Biotin Cloning and Expression System (Lucigen), a PCR amplified insert can be 

inserted into the pAviTag vector such that an N-terminal hexa-histidine (His6) tag, the 15 residue 

AviTag peptide (GLNDIFEAQKIEWHE) and a rigid linker peptide (SLSTPPTPSTPPT) are cloned in-

Figure 9: A) His-TEV-bLinS IMAC purification SDS-PAGE gel image; soluble fraction (S), flow through (FT), 40 mM 
imidazole wash (W), 250 mM imidazole Elution 1 (E1), and 250 mM imidazole Elution 2 (E2). B) His-TEV-LinS IMAC 
purification with additional 0.1 % Triton X-114 wash step. Flow through (FT), 40 mM imidazole wash (W), 40 mM 
imidazole + 0.1 % Triton X-114 wash (W2) 250 mM imidazole Elution (E). C) His-TEV cleavage, flow through (FT), 40 
mM imidazole wash (W), combined and concentrated FT & W (C), 250 mM imidazole Elution (E). In each instance 
bLinS (± His-TEV tag) is indicated by an arrow. 
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ŦǊŀƳŜ ǿƛǘƘ ǘƘŜ ŎƘƻǎŜƴ ƛƴǎŜǊǘΦ ¢ƘŜ ǳǎŜ ƻŦ .ƛƻǘƛƴ ·/Ŝƭƭ CΩ ŎŜƭƭǎ ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ in vivo biotinylation of 

the target protein at the lysine residue within the AviTag. As such bLinS was PCR amplified from 

pETM11 bLinS using the primers Expresso bLinS Biotinylation Fw and Rv (Supplementary Table 

2), yielding a single product at the expected size of 996 bp when analysed by gel electrophoresis 

(Figure 10A). Following excision of the 996 bp fragment from the agarose gel, chemically 

ŎƻƳǇŜǘŜƴǘ .ƛƻǘƛƴ ·/Ŝƭƭ CΩ ŎŜƭƭǎ ǿŜǊŜ ǘǊŀƴǎŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ƭƛƴŜŀǊ ō[ƛƴ{ ƛƴǎŜǊǘ ŀƴŘ ǘƘŜ ƭƛƴŜŀǊƛȊŜŘ 

N-His6 pAviTag vector. The following day 5 colonies were selected for colony PCR (cPCR), using 

pRham Fw and pETite Rv primers (Supplementary Table 2), in order to confirm the presence of 

the bLinS insert. When viewed by gel electrophoresis all of the colonies screened appeared to 

contain the bLinS insert as expected, running at ~ 1180 bp (Figure 10B). These colonies were 

then used to establish overnight cultures which were used to obtain plasmid DNA that was 

subsequently sent for sequencing using the pRham Fw and pETite Rv primers. Of the plasmids 

sent for sequencing, only C4 had the expected sequence of His6-Avi-bLinS. As such this clone was 

used for the expression of the recombinant protein. 

 

 

 

 

 

 

 

 

 

 

Following the large scale expression (6 x 0.5 L cultures) of His6-Avi-bLinS, the cells containing the 

recombinant protein were lysed and the soluble protein purified by Ni-NTA IMAC. The soluble 

lysate, flow though, wash and elution fractions were analysed by SDS-PAGE in order to 

determine the purity of the His6-Avi-bLinS (Figure 11A). The band observed in the elution 

fraction corresponds to the expected size of His6-Avi-bLinS (40.2 kDa) and was of sufficient purity 

for use in bio-panning and screening assays. 

1000 

3000 

1500 

! . bLinS C1 C2 C3 C4 C5 -VE 

Figure 10: A) 1 % agarose gel image of PCR amplified bLinS using Expresso LinS Fw and Rv primers. B) cPCR of 
pAvi Tag N-His-LinS transformed Biotin XCell F' E. coli 
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In order to ensure that the His6-Avi-bLinS had been successfully biotinylated in vivo, and could 

thus be immobilised properly, an experiment was performed in which un-tagged bLinS and His6-

Avi-bLinS were incubated in solution with streptavidin coated magnetic beads. The avidin-biotin 

complex has an incredibly strong interaction (Kd = 10-15 M), and as such is widely exploited in 

protein purification and detection methodologies. Following the initial incubation period, the 

ƳŀƎƴŜǘƛŎ ōŜŀŘǎ ǿŜǊŜ ǇŜƭƭŜǘŜŘ ǳǎƛƴƎ ŀ ƳŀƎƴŜǘΣ ǘƘŜ ΨǳƴōƻǳƴŘΩ ǎǳǇŜǊƴŀǘŀƴǘ ǊŜƳƻǾŜŘ ŀƴŘ ŦǊŜǎƘ 

buffer added. This process was repeated for a total of 4 washes, with the supernatant retained 

for SDS-t!D9 ŀƴŀƭȅǎƛǎΦ ¢ƘŜ ΨōƻǳƴŘΩ ōŜŀŘ slurry was re-suspended in buffer for a final time and 

н· [ŀŜƳƳƭƛ ōǳŦŦŜǊ ŀŘŘŜŘ ǘƻ ŀ Ŧƛƴŀƭ м· ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǘƻ ǘƘŜ ΨǳƴōƻǳƴŘΩΣ ǿŀǎƘ ŀƴŘ ΨōƻǳƴŘΩ 

fractions. Due to the strength of the avidin-biotin interaction the only way to separate the two 

proteins is to boil the sample and thus denature the native proteins. As such, each of the 

fractions were boiled as per standard SDS-t!D9 ǇǊƻǘƻŎƻƭǎΣ ǘƘŜ ΨōƻǳƴŘΩ ŦǊŀŎǘƛƻƴ ǿŀǎ ǇŜƭƭŜǘŜŘ 

using a magnet and the fraction supernatants analysed by SDS-PAGE. As expected the un-tagged 

bLinS control (36.5 kDa) could predominantly be seen in the unbound fraction (U), with a faint 

band also observed in wash fraction 1 (W1). Another faint band at ~ 37 kDa was observed in the 

bound fraction alongside a strong ~ 13 kDa band, corresponding to the size of monomeric 

streptavidin (13.2 kDa), indicating a low background level of non-specific binding between un-

tagged bLinS and the streptavidin coated beads (Figure 11B). Conversely for the His6-Avi-bLinS 

sample, a strong band at the expected size of 40.2 kDa could be observed only in the bound 

fraction, indicating the successful in vivo biotinylation of the His6-Avi-bLinS (Figure 11B). 

 

 

 

 

 

 

 

 

3.4.3. Non-biotinylated/Biotinylated Antigen Comparison 

Following confirmation of successful biotinylation of the antigen it was necessary to check that 

the biotinylated bLinS (His6-Avi-bLinS) had retained its catalytic activity, such that it would be 

Figure 11: A) His6-Avi-LinS IMAC purification SDS-PAGE gel image; soluble fraction (S), flow through (FT), 40 mM 
imidazole wash (W) and 250 mM imidazole Elution (E). B) SDS-PAGE confirmation of the in vivo biotinylation of His6-Avi-
bLinS using the Expresso Biotinylation system (Lucigen).Unbound (U), wash 1 (W1), wash 2 (W2), wash 3 (W3), wash 4 
(W4) and bound (B) fractions were run for both un-tagged bLinS and His6-Avi-bLinS. 
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suitable for bio-panning and screening efforts. In vitro biotransformation reactions, in which 5 

˃a ƻŦ ō[ƛƴ{ ƻǊ !Ǿƛ-His6-bLinS were incubated with 1 mM geranyl pyrophosphate, were used to 

determine the product profiles of each enzyme. Following extraction of the products from the 

organic overlay, GC-MS was used to show that both the un-tagged and tagged bLinS produced 

only linalool (Figure 12) with both variants producing similar linalool titres of 117 ± 5 ˃a ŀƴŘ 

109 ± 3 ˃ a respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Once it had been confirmed that the catalytic activity of the enzyme was maintained following 

the addition of the biotinylated His6-Avi tag, it was also necessary to check that the structure of 

the protein had not changed significantly, such that antibodies against epitopes other than the 

active site would not be lost during bio-panning and screening against His6-Avi-bLinS. Far UV 

circular dichroism was chosen as a means to confirm that the secondary structure had not been 

significantly altered by the addition of the His6-Avi tags. Each bLinS sample (1 mg mL-1) was 

exchanged into 10 mM phosphate buffer (pH 7), 150 mM NaF so as to reduce the background 

absorbance of the buffer. ElƭƛǇǘƛŎƛǘȅ όʻύ ǿŀǎ ƳŜŀǎǳǊŜŘ and converted into mean molar residue 

ellipticity όώʻϐMRE) using Eq 1 (Chapter 3.3.4) which was plotted (Figure 13) and analysed using the 

CDSSTR algorithm (Compton and Johnson, 1986; Manavalan and Johnson, 1987; Sreerama and 

Woody, 2000) on the DichroWeb online platform (Whitmore and Wallace, 2008) (Table 2). 

Published crystal structures of Streptomyces clavuligerus bLinS (Karuppiah et al., 2017) reveal 

Figure 12: Comparison of GC-MS chromatogram traces following in vitro GPP biotransformation reactions using 5 
µM purified LinS (B), 5 µM His6-Avi-LinS (C) and a 0.1 mg mL

-1
 R-Linalool control (A). Each sample contains 0.01 % 

sec-butyl benzene as an internal standard (IS) . 

0.1 mg mL-1  R-linalool 
LinS 
His6-Avi-LinS 
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that the enzyme adopts a typical class I terpenoid synthase conformation, and as such contains a 

series of h -helices which comprise the active site, with disordered regions at the N- and C- 

termini. This correlated to the predicted secondary structure obtained for bLinS in this work, 

ǿƘƛŎƘ ǇǊŜŘƛŎǘŜŘ лΦпм ƻŦ ǘƘŜ ƻǾŜǊŀƭƭ ō[ƛƴ{ ǎǘǊǳŎǘǳǊŜ ƘŀŘ ŀŘƻǇǘŜŘ ŀƴ ʰ-helical secondary 

structure, whilst 0.3 had adopted an unordered conformation. The addition of a His6-Avi tag plus 

the rigid linker peptide accounts for an additional 34 amino acids at the unordered N-terminus 

of the 329 amino acid bLinS. This was reflected in the predicted secondary structure obtained 

using DichroWeb for the tagged bLinS, which showed an increase in the predicted unordered 

secondary structure for the protein. Importantly however, the structural prediction based on the 

Far UV CD data obtained for His6-!Ǿƛ ō[ƛƴ{ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ǘƘŜ ŜƴȊȅƳŜ ƘŀŘ ƭŀǊƎŜƭȅ ǊŜǘŀƛƴŜŘ ǘƘŜ ʰ-

helical content attributed to class I terpene synthases, whilst no other major changes to the 

overall secondary structure of the protein had occurred as a result of the addition of the His6-Avi 

tag. The retention of catalytic activity of the His6-Avi tagged bLinS alongside the minimal 

differences in protein secondary structure observed using Far UV CD therefore suggested that 

the biotinylated His6-Avi bLinS was suitable to be taken forward for the bio-panning and 

screening campaigns following anti-bLinS VHH phage display library construction. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 13: Far-UV circular dichroism spectra comparison between linalool synthase (LinS) and biotinylated linalool 
synthase (His6-Avi-LinS). 

 

  Helix 1 Helix 2 Strand 1 Strand 2 Turns Unordered Total NRMSD 

LinS 0.24 0.17 0.06 0.05 0.17 0.3 0.99 0.016 

His-Avi-LinS 0.19 0.15 0.08 0.06 0.17 0.35 1 0.025 

Table 2: Predicted secondary structure of bLinS and His6-Avi tagged bLinS obtained using the CDSSTR algorithm 
available in DichroWeb following Far UV CD. 
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Figure 14: Serum titre response curves using pre-immunisation sera (Bleed 0), sera obtained after 3rd 
immunisation (Bleed 1) and after the 5th Immunisation (Bleed 2). The control plate was coated with NeutrAvidin (5 
˃Ǝ Ƴ[

-1
), whilst the test plate was coated with NeutrAvidin (5 ˃ g mL

-1
) followed by biotinylated bLinS (5 ˃g mL

-1
). 

3.4.4. Serum Titre ELISA 

A llama received a total of five immunisations, at monthly intervals, with 1 mg of purified, low 

endotoxin, bLinS (PBS, 5 % (v/v) glycerol) mixed 1:1 with GERBU adjuvant. After the 3rd and 5th 

injections ~ 500 mL of blood was taken to facilitate library construction. In order to assess that a 

sufficient immune response to the antigen had occurred, a serum titre ELISA was performed. 

Blood serum obtained prior to immunisation (B0), after the 3rd injection (B1) and the 5th injection 

(B2) was first diluted 1:10 in 1 % BSA, PBS followed by additional 5-fold serial dilutions (1:50 to 

мΥфтΣсрсΣнрлύΦ ¢ƘŜ Řƛƭǳǘƛƻƴ ǎŜǊƛŜǎ ǿŜǊŜ ŀŘŘŜŘ ǘƻ ŀ ŎƻƴǘǊƻƭ ǇƭŀǘŜ ŎƻŀǘŜŘ ǿƛǘƘ р ˃Ǝ Ƴ[-1 

bŜǳǘǊ!ǾƛŘƛƴ ŀƴŘ ŀ ǘŜǎǘ ǇƭŀǘŜ ŎƻŀǘŜŘ ǿƛǘƘ р ˃Ǝ Ƴ[-1 bŜǳǘǊ!ǾƛŘƛƴ ŦƻƭƭƻǿŜŘ ōȅ р ˃Ǝ mL-1 bLinS. The 

ҟ!630-490 was plotted against the fold dilution on a logarithmic scale, such that the serum titre 

response could be observed (Figure 14). For the control plate NeutrAvidin bound antibodies 

ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ .л ŀƴŘ .м ǎŜǊŀ ŎƻǳƭŘ ōŜ ŘŜǘŜŎǘŜŘ όҟ!630-490 > 0.05) up to a 1:250 dilution, whilst 

antibody binding could be detected up to a 1:1,250 dilution for the B2 serum. For the test plate 

bound antibodies could be observed up to a 1:1,250 dilution for the B0 serum, whilst antibodies 

bound to bLinS could be detected up to a dilution of 1:3,905,250 and 1:19,531,250 for B1 and B2 

respectively. The titres obtained indicated that there had been a sufficiently strong immune 

response to the antigen and as such construction of and anti-bLinS VHH phage display library 

could continue.  
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3.4.5. Immune Library Construction 

Following isolation of PBMCs, 5 x 108 and 3 x 108 cells were taken forward for RNA extraction, 

yielding 251 ˃g and 174 ˃ Ǝ ƻŦ wb! ŦƻǊ .м ŀƴŘ .н ǊŜǎǇŜŎǘƛǾŜƭȅΦ CƻǊ ǘƘŜ .м ƭƛōǊŀǊȅ ŀ ǘƻǘŀƭ ƻŦ нл ˃Ǝ 

of RNA (split over 10 reactions) was taken forward for RT-PCR in order to generate cDNA 

ǘŜƳǇƭŀǘŜΣ ǿƘƛƭǎǘ мн ˃Ǝ όс ǊŜŀŎǘƛƻƴǎύ ƻŦ wb! ǿŀǎ ǘŀƪŜƴ ŦƻǊǿŀǊŘ ŦƻǊ .нΦ CƻǊ ŜŀŎƘ ƭƛōǊŀǊy, half of 

the template RNA was amplified using the oligo dT primer and the remainder amplified using 

random hexamer (dN6) primers. Once the primary reaction mixtures had been made, an initial 

heating step to 65 oC allowed the denaturation of mRNA secondary structure. The subsequent 

cooling then facilitated the annealing of the DNA oligonucleotides to the purified mRNA 

template. The secondary reaction mixture, containing 200 U of Superscript IV reverse 

transcriptase, 20 U rRNasin ribonuclease inhibitor and DTT, was then added. The mixture was 

then incubated at 50 oC for 20 min to facilitate extension, at 70 oC for 15 min to inactivate the 

reverse transcriptase before finally being held at 4 oC.  

A reaction scheme for the PCR amplification strategy of the VHH domains to be cloned into the 

phagemid display vector is shown in Figure 15. For the primary PCR amplification between the 

/ŀ[[лм ŀƴŘ /ŀ[[лн ǇǊƛƳŜǊǎ ό{ǳǇǇƭŜƳŜƴǘŀǊȅ ¢ŀōƭŜ нύ н ˃[ ƻŦ Ŏ5b! ǿŀǎ ǳǎŜŘ ŀǎ ǘŜƳǇƭŀǘŜ ƛƴ рл ˃[ 

reactions. Initially, cDNA from each RT-PCR mixture (10 reactions for B1 and 6 for B2) was used 

to set up separate primary PCR reactions. Gel electrophoresis of the diluted PCR product on a 1 

% agarose gel (Figure 16A) confirmed that for each reaction mixture PCR amplification had 

occurred successfully. A band at ~ 1000 bp demonstrated the amplification of conventional IgG 

between the signal peptide and CH2 domains. Whilst the presence of a band at ~ 600 bp showed 

that amplification of the HCAb, containing the VHH domain whilst lacking the CH1 domain, was 

also successful. As a result the PCR products for each library were pooled, separated by gel 

electrophoresis and the VHH PCR products (~ 600 bp) purified by gel extraction (Figure 16B). 

 

 

 

 

 

 

 

Figure 15: Schematic for the PCR reactions performed during library construction. A primary (1
o
) PCR between the 

signal peptide (SP) and CH2 domain using primers CALL01 and CALL02 facilitates the separation of VH and VHH 
domains, as HCAb lack a CH1 domain. VHH PCR products may then be amplified in a secondary (2

o
) PCR, using 

primers VHHSh Fw and CldLib2Rv, for restriction cloning into the phagemid display vector. 
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Following the separation of the HCAb DNA encoding the VHH domains from that of the IgG VH 

domains it was necessary to PCR amplify the VHH population so that it could be cloned into the 

phage display vector. Approximately 20 ng of purified VHH DNA was used as a template for each 

PCR reaction (24 in total for each library) using VHH-SH Fw and reverse primers (CldLib2Rv 11/01 

and CldLib2Rv 12 for bleeds 1 and 2 respectively, Supplementary Table 2). Following the 

secondary PCR the products were again diluted and analysed by gel electrophoresis on a 1 % 

agarose gel (Figure 16C). Analysis of the agarose gel image suggested that the amplification of 

the B2 VHH inserts had been successful, as indicated by the presence of a band at ~ 400 bp. 

However for the B1 insert population it appeared that some contamination of the CldLib2Rv11 

stock had occurred, as a 400 bp band and significant amounts of unused primers and/or primer 

dimers could be seen in both the test and negative control lanes (Figure 16C). As such the PCR 

reaction was repeated, however the same issue was observed on the resultant agarose gel 

(image not included). PCR amplification of the B1 VHH inserts was then attempted using an 

alternative reverse primer provided by UCB (CldLib2Rv01). Gel electrophoresis of the PCR 

products again showed a faint band at ~ 400 bp, in addition to the expected band that 

Figure 16: A) Primary PCR amplification (CaLL01 and CaLL02 primers) of Bleed 1 & 2 IgG cDNA prepared using 
oligo-dT or dN6 primers. B) Gel purified primary PCR VHH products (dN6 & oligo-dT pooled). C) Secondary PCR 
amplification of Bleed 1 & 2 VHH using VHH-SH Fw and Rv primers CldLib2Rev 11 (B1) and 12 (B2). D) Repeated 
secondary PCR amplification of Bleed 1 VHH using VHH-SH Fw and Rv primer CldLib2Rev 01. 
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corresponded to unused primers in the negative control lane (Figure 16D). In the B1 test lane, 

however, the band at ~ 400 bp was more intense than the one seen for the negative control 

whilst there was no evidence of unused primers or primer dimers, indicating that amplification 

of the VHH domains had been successful. As such, the PCR products were purified using spin 

ŎƻƭǳƳƴǎ ǇǊƛƻǊ ǘƻ ǘƘŜƛǊ ǳǎŜ ǊŜǎǘǊƛŎǘƛƻƴ ŘƛƎŜǎǘǎΣ ȅƛŜƭŘƛƴƎ улΦл ˃Ǝ ŀƴŘ срΦр ˃Ǝ ƻŦ 5b! ŦƻǊ .м ŀƴŘ .н 

respectively. 

Cloning of the B1 and B2 VHH fragments into the pTAPMID phagemid vector was performed by 

restriction digestion using the NotI and SfiI endonuclease sites. Insertion of the VHH fragments at 

this site within the phagemid vector results in the addition of an N-terminal pelB tag as well as C-

terminal His6 and Myc tags to the VHH fragment. The addition of the pelB signal tag facilitates the 

secretion of the recombinant protein into the periplasmic space (Sockolosky and Szoka, 2013), 

whilst the His6 and Myc tags can be used for purification and detection. Furthermore the 

pTAPMID vector contains an amber stop codon following the Myc tag, which results in the 

expression of the recombinant VHH as an N-terminal fusion to the M13 pIII coat protein and thus 

facilitates phage display when expressed in an amber suppressing strain (Carmen, 2002). For 

ŜŀŎƘ ŘƛƎŜǎǘ нл ˃Ǝ ƻŦ 5b! ƻŦ ŜƛǘƘŜǊ ƛƴǎŜǊǘ (B1 or B2) or phagemid vector was used. Digests were 

performed sequentially, with the NotI digestion performed first, followed by the SfiI digest. The 

digestion was monitored by gel electrophoresis (Figure 17A) to ensure excision of the control 

insert (~ 1500 bp) from the pTAPMID vector. The linearised vector backbone (~ 4,800 bp) and 

VHH inserts (~ 400 bp) were then purified by gel extraction, with the purity confirmed by further 

gel electrophoresis (Figure 17B). 

 

 

 

 

 

 

 

 

 

Figure 17: A) NotI single (S) and NotI + SfiI double (D) restriction digestion of pTAPMID (vector) and PCR amplified 
Bleed 1 & 2 VHH. B) Gel purified NotI + SfiI double digested pTAPMID (vector) and PCR amplified Bleed 1 & 2 VHH. 
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Purified digested vecǘƻǊ όп ˃Ǝύ ŀƴŘ ƛƴǎŜǊǘ όм ˃Ǝύ ǿŜǊŜ ligated using T4 DNA ligase. Following 

ligation the reaction mixture was first purified using a PCR purification kit and subsequently by 

ethanol precipitation before each pellet was re-ǎǳǎǇŜƴŘŜŘ ƛƴ мл ˃[ I2O. The purified ligation 

mixture was then used to transform 5 aliquots of TG-м 5¦h όолл ˃[ύ ŜƭŜŎǘǊƻŎƻƳǇŜǘŜƴǘ ŎŜƭƭǎ ŦƻǊ 

each library. Library titres were estimated by plating serial dilutions (10-3, 10-4 & 10-5) of the 

transformants for each library, whilst the remainder were spread on XL bio-dishes. Colonies 

were counted on the library titre plates, resulting in estimated titres of 1.0 x 107 for the Bleed 1 

library and 4.9 x 107 for Bleed 2. In order to produce infective phage particles that could be used 

to for bio-panning the libraries were rescued using M13KO7 helper phage and the phage 

particles precipitated using 20 % PEG 8000, 2.5M NaCl. The number of phage was estimated as 

1.7 x 1013 and 2.0 x 1013 pfu mL-1 for Bleed 1 and Bleed 2 respectively.  

3.4.6. Library QC 

In order to determine that the B1 and B2 libraries were of sufficient quality to proceed with bio-

panning 48 colonies were picked from the library titre plates for each library. The randomly 

selected colonies were then sent for sequencing and subject to small scale monoclonal rescue 

prior to a series of ELISAs. The sequencing data obtained for the B1 library revealed that each of 

the clones selected had a unique VHH sequence, demonstrating diversity of the initial B1 library. 

For the B2 library two sequences were found to occur twice within the 48 clones selected, 

however this was deemed to be within an acceptable range. In order to ensure that the VHH 

fragments were displayed correctly as pIII coat protein fusions a monoclonal ELISA was 

performed using a plate coated with the anti c-myc antibody, 9E10. For each library ~ 90 % of 

the colonies picked demonstrated efficienǘ ŘƛǎǇƭŀȅΣ ŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ŀ ҟA > 0.1. Once VHH 

display had been confirmed an additional ELISA was performed to ensure that the pTAPMID 

control insert was not present in the final libraries. Control and test plates were coated with 

streptavidin, with the test plate subsequently coated with a biotinylated control peptide that 

demonstrates a high affinity to the pTAPMID control insert. For both the control and test plates, 

no clones exhibited any bindinƎ ŀŎǘƛǾƛǘȅ ŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ŀ ҟA > 0.1 for either library. The 

absence of non-specific VHH binders to streptavidin and the control peptide provided further 

evidence that both libraries were of a sufficiently high quality to begin library enrichment by bio-

panning. As a final test of library quality an ELISA against immobilised biotinylated bLinS was 

performed. Despite no library enrichment following library construction, one clone from the B1 

library was found to bind biotinylated bLinS. This result highlights the strength of the immune 

response to the bLinS antigen and also confirms the presence of bLinS binders within the 
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libraries. The concordant data obtained from the library QC efforts therefore indicated that 

these phage display VHH libraries were of a high quality and could be used for bio-panning 

against bLinS. 

3.4.7. Phage Display VHH Bio-Panning 

A single round of phage display panning was performed for each library, so as to prevent over 

enrichment of the library and loss of sequence diversity that could later be exploited when 

looking to develop anti-bLinS VHH for synthetic biology applications. In a further effort to capture 

as much diversity as possible during the library enrichment process, two panning conditions 

weǊŜ ǳǎŜŘ ŦƻǊ ŜŀŎƘ ƭƛōǊŀǊȅΦ Ψ{ǘŀƴŘŀǊŘΩ ŎƻƴŘƛǘƛƻƴǎ ǳǘƛƭƛǎƛƴƎ ŀ bŜǳǘǊ!ǾƛŘƛƴ coated Nunc MaxiSorp 

96-well microtiter plate were used in an effort to capture the breadth of the immune response 

ǘƻ ō[ƛƴ{Φ ²Ƙƛƭǎǘ ΨǎǘǊƛƴƎŜƴǘΩ ŎƻƴŘƛǘƛƻƴǎ using streptavidin coated Dynabeads, which facilitated 

more rigorous washing steps, were used in an effort to identify higher affinity anti-bLinS VHH. For 

ease of handling libraries were referred to in the format BxM/D, where x refers to the library 

ƴǳƳōŜǊ ǿƘƛƭǎǘ ΨǎǘŀƴŘŀǊŘΩ ŎƻƴŘƛǘƛƻƴǎ ŀǊŜ ƭŀōŜƭƭŜŘ a όaŀȄƛǎƻǊǇύ ŀƴŘ ΨǎǘǊƛƴƎŜƴǘΩ ŎƻƴŘƛǘƛƻƴǎ ŀǊŜ 

labelled D (Dynabead). For each panning condition 2 x 1011 and 1 x 1012 phage were applied for 

B1 and B2 respectively, so as to cover the estimated diversity of the libraries 20,000 fold. 

Following enrichment of the libraries against biotinylated bLinS, output titres were estimated by 

plating serial dilutions of phage infected E. coli (Table 3). The output/input ratio for each library 

was used to confirm the efficiency of phage recovery, whilst the ratios between the output titres 

for bLinS and the negative controls were used to estimate library enrichment against bLinS. 

When comparing the bLinS output/input phage ratio for each library and panning condition, the 

estimated values were greater when using the stringent conditions as opposed to the standard 

panning conditions. Whilst this was unexpected, the recovery ratio for each bleed and panning 

stringency was sufficiently low to suggest that non-binders and/or low affinity VHH were being 

removed from the population as desired. In addition, each bio-panning condition demonstrated 

> 300 fold enrichment of the library against bLinS over the respective negative control. 

Table 3: Enrichment of B1 & B2 libraries under standard and stringent bio-panning conditions against biotinylated 
bLinS 

Bleed Panning Condition Identifier 
Input 
Phage 
(pfu) 

bLinS 
Output 

Phage (pfu) 

Control 
Output (pfu) 

Output/Input 
Phage 

bLinS/Control 
Output 

1 Standard B1M 2 x 10
11

 3.5 x 10
7
 1.1 x 10

5
 1.8 x 10

-4
 318 

1 Stringent B1D 2 x 10
11

 4 x 10
8
 7 x 10

5
 2.0 x 10

-3
 571 

2 Standard B2M 1 x 10
12

 1.5 x 10
8
 1.4 x 10

5
 1.5 x 10

-4
 1071 

2 Stringent B2D 1 x 10
12

 6.9 x10
8
 1.5 x 10

6
 6.9 x 10

-4
 460 
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3.4.8. Monoclonal Phage Rescue, ELISA and Sequence Analysis of Enriched VHH Hits 

Following library enrichment, 95 colonies were selected from the output titre plates for each 

panning condition (B1M, B1D, B2M and B2D) for monoclonal phage rescue. The phage 

supernatant was then used in a series of ELISAs against NeutrAvidin immobilised biotinylated 

bLinS, with an additional NeutrAvidin only control, performed for each library. Binding of the VHH 

ŎƭƻƴŜǎ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ŀ ҟ!630-490 value 3 fold greater than that of the corresponding negative 

control well. Of the 380 colonies screened, a total of 353 were identified as biotinylated bLinS 

binders (93 %), whilst no NeutrAvidin binders were observed. Clones that demonstrated bLinS 

binding activity were sequenced, with 261 unique sequences returned. These unique sequences 

were aligned using CLUSTAL Omega (Madeira et al., 2019) (Supplementary Table 3) and CDR 

regions identified according to the IMGT classification system (Lefranc, 1997).  

The alignments were then used to construct probability and sequence logo probability plots for 

each of the anti-bLinS VHH sequences (Figures 18A & B), which served to demonstrate the 

variability within the unique VHH sequences. As expected, the majority of this variability occurs 

within the CDR regions, however a small number of clones exhibit insertions within the 

framework (FR) 2 and 3 regions, such as the EEER insertion in the FR 2 (Figures 18A & B). The 

inclusion of these clones in the alignments used in this study resulted in a shift in the residue 

numbering of the probability plots shown in Figure 18. For clarity, all references to residue 

number in this Chapter refer to the residue numbers shown in Figure 18. Further analysis of the 

alignment plots confirmed the presence of characteristic mutations at the VHH tetrad positions 

(residues 40, 48, 49 and 55, Figure 18A) (Mitchell and Colwell, 2018; Nguyen et al., 2000). In 

conventional VH these conserved residues are typically hydrophobic (V40, G48, L49 and W55) 

and are involved in interactions with the VL domain (Nguyen et al., 2000). Due to the absence of 

a light chain in VHH, conservation of these hydrophobic residues would likely result in aggregation 

of the VHH when exposed to aqueous solvent. As such, G48E/Q and L49R reduce hydrophobicity 

at these positions, whilst V40Y/F and W55L/F are often shielded by the CDR3 loop (Mitchell and 

Colwell, 2018). Other residues that are characteristic of VHH and are thought to increase the 

solubility of the molecule include D73, K76, R78, R83, K87 and E102 (Mitchell and Colwell, 2018), 

each of which can be observed in the alignments generated using the anti-bLinS VHH sequences 

obtained in this study. The mean average lengths of the CDR regions when using the IMGT 

numbering system were 8, 7 and 14 amino acids for CDRs 1, 2 and 3 respectively. Histograms of 

the number of residues present in each CDR region (Figure 18C) further highlight that the 

majority of variability occurs within the CDR3 domain of the VHH.  
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Figure 18: Sequence alignment probability plots for B1 and B2 anti LinS VHH. A) The probability of an amino acid residue 
(not a gap) for all anti-bLinS VHH is plotted in red, with the probability of the most commonly occurring amino acid at 
each position overlaid in blue. B) Sequence logo plot for the most commonly occurring amino acid at each position of 
the aligned anti-bLinS VHH. The overlaid red line corresponds to the probability of any amino acid (i.e. not a gap) 
occurring at that position based on each of the B1 and B2 output sequences obtained. C) Histograms of the CDR 
lengths for the total anti-bLinS VHH population. 
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Given the importance of the CDR3 sequence for epitope recognition, and thus potential 

function, sequenced VHH were clustered by CDR3 identity using the online tool MMseqs2 

(Steinegger and Söding, 2017; Zimmermann et al., 2018), yielding a total of 158 unique CDR3 

sequences. The sequence AGTTGWGSTLSSGYEY was the most commonly occurring CDR3, 

appearing a total of 31 times within the sequenced VHH populations (Table 4), whilst the YEY 

motif was observed on a further 25 occasions. Anti-bLinS VHH possessing the CDR3 sequence 

AGTTGWGSTLSSGYEY were most frequently recovered from the B2D output population (Table 

4), suggesting that this CDR3 sequence confers higher affinity binding to bLinS. The next most 

frequently recovered CDR3 sequences within the enriched anti-bLinS population (NTAGAYR & 

VSGEF) were significantly shorter than the average CDR3 length (Figure 18C, Table 4), potentially 

indicating that VHH possessing these CDR3 sequences do not bind to epitopes within clefts of the 

bLinS antigen. The CDR3 sequence NTAGAYR was recovered almost exclusively in the Bleed 1 

output populations, suggesting that anti-bLinS VHH variants possessing this CDR3 sequence were 

prevalent early in the immune response, before repeated exposure to the bLinS antigen resulted 

in clonal selection toward higher affinity bLinS binders. Interestingly, anti-bLinS VHH that 

possessed three similar CDR3 sequences (VAGDF, VAGEF and VSGEF) were also recovered 

frequently. When comparing the frequency and distribution of the wash conditions under which 

these variants were recovered, it is possible to gain insights into the affinity maturation process 

that likely occurred for this V*G*F sequence (* denotes positions in which mutations have 

occurred). The recovery of anti-bLinS VHH with the CDR3 sequence VAGDF on three occasions 

from the B2M population indicates that this sequence has the lowest bLinS affinity of the V*G*F 

variants. Anti-bLinS VHH possessing the CDR3 sequence VAGEF, in which the Asp residue of 

VAGDF is replaced with a Glu residue, were recovered on three occasions from the B2M output 

population and once from the B2D population, indicating increased bLinS affinity. Finally, 

substitution of the Ala residue with a Ser yielded the CDR3 sequence VSGEF, which was 

recovered five times from the B2M output population and six times from the B2D output 

population. The increased frequency at which this variant was recovered, alongside the shift in 

ŘƛǎǘǊƛōǳǘƛƻƴ ǘƻǿŀǊŘǎ ǘƘŜ ΨǎǘǊƛƴƎŜƴǘΩ ǇƻǇǳƭŀǘƛƻƴΣ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǘƘŜ ±{D9C ǾŀǊƛŀƴǘ ǿŀǎ ǇǊŜǾŀƭŜƴǘ 

later in the immune response and thus possessed the highest bLinS affinity of the V*G*F family. 

A final CDR3 sequence that was also of interest was AAVGLGECRDYEYDY. This CDR3 sequence, 

which was recovered from anti-bLinS VHH present in both the B1M and B1D output populations, 

contains a Cys residue that likely forms an additional disulphide bond with a Cys residue within 

the adjacent CDR2. The formation of these secondary disulphide bonds has previously been 

linked to increased stability of the VHH domain (Goldman et al., 2017). 
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The emergence of 24 CDR3 clusters that occurred җ 3 times in the enriched anti-bLinS VHH 

population provides a foundation for further investigations into the modulatory capacity of VHH 

against bLinS, and the subsequent development of these VHH as potential synthetic biology tools. 

However, more than 50 % of the total VHH sequences recovered from the enriched anti-bLinS 

population occurred < 3 times. This emphasises the diversity of the anti-bLinS binders that were 

obtained, whilst also suggesting that additional, as yet un-tapped, sequence diversity remains in 

the round 1 output populations. Whilst it is possible to perform additional rounds of bio-panning 

against the antigen and thus further enrich the library, this would also reduce the overall 

diversity of clones that could be investigated and thus reduce the number of opportunities to 

identify novel functionalities. This highlights the need for a suitably robust, high throughput 

screening methodology in order to identify VHH of interest within the enriched population. 

 

Table 4: The most frequent CDR3 amino acid sequenŎŜǎ όƻŎŎǳǊǊƛƴƎ ƻƴ җ о ƻŎŎŀǎƛƻƴǎύ ǿƛǘƘƛƴ ǘƘŜ ǎŜǉǳŜƴŎŜŘΣ ŜƴǊƛŎƘŜŘ 
anti-bLinS VHH populations. Counts were separated by Bleed (B1/B2) and panning condition (Normal = M, Stringent = 
D). 

CDR3 Sequence 
B1M 
Count 

B1D 
Count 

B2M 
Count 

B2D 
Count 

Total 
Count 

Length 

AGTTGWGSTLSSGYEY 3 9 3 16 31 16 

NTAGAYR 4 6 1 0 11 7 

VSGEF 0 0 5 6 11 5 

KADGVAGWDRPSWGIDY 0 0 3 7 10 17 

ARGYRNTGRP 3 4 0 1 8 10 

KADIWGGQFGTDRLTTY 0 0 4 2 6 17 

AASRMWPVHTALY 0 0 3 3 6 13 

HAVLTDFDMRRPLPY 0 1 2 2 5 15 

RADRVATIQDPTRYEYGY 1 0 2 2 5 18 

NADVESMEYSSRREFRY 4 0 0 0 4 17 

SKGLSIDSDF 0 0 1 3 4 10 

VAGEF 0 0 3 1 4 5 

YADLPVGHRDYFSMPY 0 0 3 1 4 16 

AAAQSTVRLRFNRMIDY 0 3 0 0 3 17 

KADVDSDRRLVY 1 1 1 0 3 12 

AAVGLGECRDYEYDY 2 1 0 0 3 15 

NVLDY 1 2 0 0 3 5 

NAGLRSYSVRYPEV 2 1 0 0 3 14 

AADYVPFGTMWLSSQERDFHY 3 0 0 0 3 21 

NAQVAVGNRDYFGMDY 1 0 1 1 3 16 

GRGQFSLSARDSGF 0 0 3 0 3 14 

NAKVVSTSDSIREWSY 0 0 3 0 3 16 

VAGDF 0 0 3 0 3 5 

NADAAMDPYMGYRYLPL 0 0 3 0 3 17 
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3.5. Conclusions 

The construction of large, high quality recombinant antibody libraries has provided a platform 

for the discovery and development of novel therapeutics, diagnostics and biotechnology tools. 

For this study, in order to explore potential applications of VHH in the field of synthetic biology, it 

was necessary to create a library against a novel target that is of industrial interest. The bacterial 

mTS/C linalool synthase was chosen for this work due to the commercial and industrial interest 

in linalool (Mendez-Perez et al., 2017) and the fact that there is a pre-existing understanding of 

the target enzyme (Karuppiah et al., 2017). By ensuring that the bLinS antigen was of high 

quality, and that a strong immune response was observed, libraries with estimated sizes of 1 x 

107 and 5 x 107 were obtained. Following library enrichment against biotinylated bLinS, 93 % of 

the colonies screened were confirmed as bLinS binders by ELISA. Sequence analysis of the 

screened anti-bLinS VHH population showed the emergence of 158 unique CDR3 sequences. The 

most commonly occurring CDR3 sequence appeared a total of 31 times, with shorter motifs 

within this sequence also occurring frequently within other clusters. This indicated that the 

libraries produced in this work are likely to have successfully captured the process of affinity 

maturation against the bLinS antigen. Importantly, however, a significant amount of sequence 

diversity was also retained in the enriched VHH population, increasing the likelihood of 

identifying panels of VHH with varying binding affinities to a number of epitopes. This diversity 

can now be taken forward in order to investigate and develop tools such as inhibitors, 

modulators, co-localisation tags or novel catalysts with synthetic biology applications.  
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3.7. Supplementary Information 

 

Supplementary Table 1: Codon optimised DNA sequence for the Streptomyces clavuligerus linalool synthase (bLinS) 
used in Chapter 3. 

 

 

Supplementary Table 2: Primers used in Chapter 3. 

Primer Sequence (5' - 3') 

Expresso bLinS Biotinylation Fw CCGAGCACTCCTCCTACCCAAGAATTTGAATTTGCAG 

Expresso bLinS Biotinylation Rv  GTGGCGGCCGCTCTATTAGGTGCTCGATTAACCG 

pRham Fw GCTTTTTAGACTGGTCGTAGGGAG 

pETite Rv CTCAAGACCCGTTTAGAGGC  

CALL01 GTCCTGGCTGCTCTTCTACAAGG 

CALL02 GGTACGTGCTGTTGAACTGTTCC 

VHHSh Fw 
TATTACTCGCGGCCCAGCCGGCCATGGCCSAGGTGCAGCTSGTG
GAGTCTG 

CldLib2Rv01 ATGGTGATGGGCGGCCGCAGAAGAGACRGTGACCWGGGTSC 

CldLib2Rv12 ATGGTGATGGGCGGCCGCGGACGAGACRGTGACCWGGGTSC 

FDSEQ1 GAATTTTCTGTATGAGG 

LMB3  CAGGAAACAGCTATGAC 

 

 

 

 

Streptomyces clavuligerus bLinS (Codon Optimised) 

>ATGCAAGAATTTGAATTTGCAGTTCCGGCACCGAGCCGTGTTAGTCCGGATCTGGCACGTGCGCGTG
CACGTCATCTGGATTGGGTTCATGCAATGGATCTGGTTCGTGGTGAAGAGGCACGTCGTCGTTATGAA
TTTAGCTGTGTTGCAGATATTGGTGCCTATGGTTATCCGCATGCAACCGGTGCAGATCTGGATCTGTGT
GTTGATGTTCTGGGTTGGACCTTTCTGTTTGATGATCAGTTTGATGCCGGTGATGGTCGTGAACGTGA
TGCACTGGCAGTTTGTGCAGAACTGACCGATCTGCTGTGGAAAGGTACAGCAGCAACCGCAGCAAGC
CCTCCGATTGTTGTTGCATTTAGCGATTGTTGGGAACGTATGCGTGCAGGTATGAGTGATGCATGGCG
TCGTCGTACCGTTCATGAATGGGTTGATTATCTGGCAGGTTGGCCGACCAAACTGGCAGATCGTGCAC
ATGGTGCCGTTCTGGATCCGGCAGCACATCTGCGTGCTCGCCATCGTACCATTTGTTGTCGTCCGCTGT
TTGCACTGGCCGAACGTGTTGGTGGTTATGAAGTTCCGCGTCGTGCATGGCATAGCAGCCGTCTGGAT
GGTATGCGTTTTACCACCAGTGATGCAGTTATTGGTATGAATGAACTGCACAGCTTTGAAAAAGATCG
TGCCCAGGGTCATGCAAATCTGGTTCTGAGCCTGGTTCATCATGGTGGTCTGACCGGTCCGGAAGCAG
TTACCCGTGTTTGTGATCTGGTGCAGGGTAGCATTGAAAGTTTTCTGCGTCTGCGTAGCGGTCTGCCTG
AACTGGGTCGTGCACTGGGTGTTGAAGGTGCAGTGCTGGATCGTTATGCAGATGCACTGAGCGCATT
TTGTCGTGGTTATCATGATTGGGGTCGTGGTGCAAGCCGTTATACCACACGTGATCATCCGGGTGATC
TGGGTCTGGAAAATCTGGTGGCACGTAGCAGCGGTTAA 
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Supplementary Table 3: Clustal Omega sequence alignment of the anti-bLinS VHH isolated from the Bleed 1 and Bleed 
2 libraries constructed in Chapter 3. 

B2DA5    QVQLVESGGGLVQAGGSLSLSCTGSGGRF--- TDYAMAWFR- QAPGKER---- EFVAYVT 52 

B1DD3    EVQLVESGGGLVQAGDSLTLSCAGSGRRY--- SDTAMGWFR- QAPGKER---- EFVAAIS 52 

B2DB2    QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLGMGWFR- QAPGKER---- EFVADIT 52 

B1MC3    QVQLVESGGGLVQTGGSLRLSCTTSGSSL--- DGLAIGWYR- QAPGKAR---- EFVAYIT 52 

B1MA9    QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVAYMT 52 

B1DA8    QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVAYMT 52 

B1DD1    QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVAYMT 52 

B1DE3    EVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVAYMT 52 

B2DC5    EVQLVESGGGLVQAGGSLRLSCAASGPTF--- SSLAMGWFR- QAPGKER---- EFVADIS 52 

B2DC10   EVQLVESGGGLVQAGGSLRVSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DF7    EVQLVESGGGLVQAGGSLRVSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DG10   EVQLVESGGGLVQAGGSLRVSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2MC7    - VQLVESGGGLVQAGGSLRVSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 51 

B2DG11   EVQLVESGGGLVQSGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2MF6    EVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DE2    EVQLVESGGGLVQTGGSLELSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2MC10   QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DD3    EVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DB1    EVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DC9    EVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DE1    EVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DF1    EVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DF2    EVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2MD5    QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DB7    QVQLVESGGGLVQAGGSLRLSCAASGGTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DC1    QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DD4    QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DE7    QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B2DH11   QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVTYIT 52 

B1DC10   EVQLVESGGGLVQAGGSLRLSCAASGRAF--- SSLAMGWFR- QAPGKAR---- EFVAYIT 52 

B1DD9    QVQLVESGGGLVQAGGSLRLSCAASGRAF--- SSLAMGWFR- QAPGKAR---- EFVAYIT 52 

B1DA9    EVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLDMGWFR- QAPGKER---- EFVSYIL 52 

B1DB10   EVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QGPGKER---- EFVAYIT 52 

B1DF10   QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLAMGWFR- QAPGKER---- EFVAYIT 52 

B1DF1    QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SSLDMGWFR- QAPGKER---- EFVAYIT 52 

B1MC2    EVQLVESGGGLVQPGGSLRLSCAASGFTF--- SSLDMGWFR- QAPGKER---- EFVAYIT 52 

B2DA6    QVQLVESGGGLVQPGGSLRLSCVVSGFSL--- DYYPIGWFR- QAPGKER---- EGVSCIE 52 

B1DH5    QVQLVESGGGLVQPGGSLRLSCAASGFSL--- DYYPIGWFR- QAPGKER---- EGVSCIE 52 

B1MF6    EVQLVESGGGLVQPGGSLRLSCAASGFSL--- DYYPIGWFR- QAPGKER---- EGVSCIE 52 

B2MG4    EVQLVESGGGLVQTGGSLRLSCAASGRSF--- RSYAMGWFR- QAPGKER---- EFVGGIT 52 

B2MH4    EVQLVESGGGLVQTGGSLRLSCAASGRSF--- RSYAMGWFR- QAPGKER---- EFVGGIT 52 

B2DA8    EVQLVESGGGLVQAGGSLRLSCAGSGLNL--- GYYAIGWFR- QPPGKER---- EGVSCIN 52 

B2MA1    EVQLVESGGGHVQAGGSLRLSCVGSGFNV--- AYYAVGWFR- QVPGKER---- EGVSCMN 52 

B1DH11   QVQLVESGGGLAQPGGSLRLSCTASGFAL--- DYYAIGWFR- QAPGKER---- EGVSCFG 52 

B1MH3    EVQLVESGGGLVQAGGSLRLSCAASGFNF--- DDYAIGWFR- QAPGKER---- EGVSCIS 52 

B1MH10   QVQLVESGGGLVQPGGSQTLSCVASGFNL--- AYYAIGWFR- QAPGKER---- EGVSCIS 52 

B1DF11   QVQLVESGGGLVQAGGSLRLSCAASGFNV--- NYYGIGWFR- QAPGKER---- EGVSCIS 52 

B2DD8    EVQLVESGGDLVQAGGSLRLSCAASGFNL--- AYYAIGWFR- QAPGKER---- EGVSCIS 52 

B1DC2    EVQLVESGGGLVQAGGSLRLSCAASGFNL--- AYYAIGWFR- QAPGKER---- EGVSCIS 52 

B1MF12   EVQLVESGGGLVQAGGSLRLSCAASGFNL--- AYYAIGWFR- QAPGKER---- EGVSCIS 52 

B2DC4    EVQLVESGGGLVHTGDSLRLSCVGSGRSF--- SGYNMAWFR- QGTGKER---- EFVAAIN 52 

B2DB11   EVQLVESGGGLVQPGGSLTLSCTASGFSV--- SRSAMTWVR- QAPGKGL---- EWVAAIT 52 

B1MF9    QVQLVESGGGLVQSGGSLTLSCMASGFSF--- STSAMTWVR- QAPGKGP---- EWVAAIT 52 

B1DB4    QVQLVESGGGLVQPGGSLTLSCMASGFSF--- SSSAMTWVR- QAPGKGL---- EWVAAIT 52 

B1MC9    QVQLVESGGGLVQPGGSLTLSCMASGFSF--- SSSAMTWIR- QAPGKGV---- EWVAAIT 52 

B1DC4    EVQLVESGGGLVQPGGSLTLSCMASGFSF--- SSSAMTWIR- QAPGKGV---- EWVAAIT 52 

B1MB1    EVQLVESGGGLVQPGGSLTLSCMASGFSF--- SSSAMTWIR- QAPGKGV---- EWVAAIT 52 

B1DE5    EVQLVESGGGLVQPGGSLTLSCMASGFSF--- SSSAMTWIR- QAPGKGV---- EWVAAIT 52 

B1DH2    EVQLVESGGGLVQPGGSLTLSCMASGFSF--- SSSAMTWIR- QAPGKGV---- EWVAAIT 52 

B1DE7    EVQLVESGGGLVQPGGSLRLSCTISGSTL--- SSSGMTWVR- QAPGKGL---- EWVAADN 52 

B1MD1    EVQLVESGGDLVQPGGSLRLSCAASGFTF--- SNHGMSWVR- QAPGKGP---- EWVAADN 52 

B1MG10   QVQLVESGGGLVQPGGSLRLSCAASGFTF--- TNFAMTWVR- QAPGKGL---- EWVSHIN 52 

B2MH5    EVQLVESGGGLVQPGGSLRLSCAASGFSF--- SSYVMSWVR- QAPGKGE---- EWLSIIN 52 

B2DB12   EVQLVESGGGLVQPGGSLRLSCAASGFSF--- ETFVMSWVR- QAPGKRL---- EWVARIS 52 

B2MG6    EVQLVESGGGLVQPGGSLRLSCAASGFSF--- ETFVMSWVR- QAPGKRL---- EWVARIS 52 
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B2DC3    QVQLVESGGGLVQPGGSLRLSCAASGFAF--- ETFVMSWVR- QAPGKGL---- EWVARIS 52 

B1MC4    EVQLVESGGGLVQPGGSLRLSCAASGFAF--- DTFVMSWVR- QAPGKGL---- EWVARIS 52 

B1DD2    EVQLVESGGGLVQPGGSLRLSCAASGFAF--- NTYVMSWVR- QAPGKGL---- EWVSRIS 52 

B1DG2    EVQLVESGGGLVQPGGSLRLSCVASGFSF--- STYAMSWVR- QAPGKGR---- ERVAYIS 52 

B2DG8    QVQLVESGGGLVQPGGSLRLSCVASGFAF--- STFAMSWVR- QAPGKGR---- ERVAYIS 52 

B2DB8    QVQLVESGGGLVQPGGSLRLSCVASGFAF--- STFAMSWVR- QAPGKGR---- ERVAYIS 52 

B2MD4    QVQLVESGGGLVQPGGSLRLSCVASGFAF--- STFAMSWVR- QAPGKGR---- ERVAYIS 52 

B2DE11   EVQLVESGGGLVQPGGSLRLSCVASGFAF--- STFAMSWVR- QAPGKGR---- ERVAYIS 52 

B2MA5    QVQLVESGGGLVQPGGSLRLSCEASGFTF--- SSYRMYWAR- QGPGKGL---- EWVSSIS 52 

B2MB5    QVQLVESGGGLVQPGGSLRLSCEASGFTF--- SSYRMYWAR- QGPGKGL---- EWVSSIS 52 

B2MC5    QVQLVESGGGLVQPGGSLRLSCEASGFTF--- SSYRMYWAR- QGPGKGL---- EWVSSIS 52 

B2DC2    EVQLVESGGGLVQPGGSLRLSCAASGFTF--- SSYPMNWVR- QAPGKGL---- EWVSSIS 52 

B2MG7    EVQLVESGGGLVQPGGSLRLSCAASEFTF--- SMYWMYWVR- QAPGKGL---- EWVSSIN 52 

B1MC12   EVQLVESGGGLVLPGGSLRLSCAASGRTI--- SALGMGWFR- RAPGNER---- EYVAAVS 52 

B1MH9    QVQLVESGGGLVQAGGSLRLSCAVRGR- I --- SAYGMGWFR- RAPGNER---- EFVAAIS 51 

B1DB8    QVQLVESGGGLVQPGGSTRLSCAVTGLTL--- DYYAIAWFR- QAPGKER---- EFVAAIT 52 

B1DG6    QVQLVESGGGLVQPGGSLRLSCSASGHTL--- TNYAMGWFR- RAPGKER---- EFVAAIT 52 

B1DG9    EVQLVESGGGLVQAGGSLRLSCSASGHTL--- TNYAMGWFR- RAPGKER---- EFVAAIT 52 

B1MD7    EVQLVESGGGLVQAGESLRLSCAASGRTF--- TNFGVSWSR- QVQGKQP---- EFVATID 52 

B2ME11   EVQLVESGGGSVQAGDSLRLSCASSGHTF--- AGYGVSWSR- QAPGKRR---- EFVATID 52 

B2MD7    EVQLVESGGGLVQAGGSLRLSCAASGHTF--- AGYGVSWSR- QAPGKRR---- EFVATID 52 

B2DG12   QVQLVESGGGSVQAGDSLRLSCAASGHTF--- AGYGVSWSR- QAPGKRR---- EFVATID 52 

B2DF4    EVQLVESGGGSVQAGDSLRLSCAASGHTF--- AGYGVSWSR- QAPGKRR---- EFVATID 52 

B2MD3    QVQLVESGGGLVQAGDSLRLSCASSGHTF--- AGYGVSWSR- QAPGKRR---- EFVATID 52 

B2ME3    QVQLVESGGGLVQAGDSLRLSCASSGHTF--- AGYGVSWSR- QAPGKRR---- EFVATID 52 

B2DD2    QVQLVESGGGSVQAGDSLRLSCASSGHTF--- AGYGVSWSR- QAPGKRR---- EFVATID 52 

B2DD12   QVQLVESGGGSVQAGDSLRLSCASSGHTF--- AGYGVSWSR- QAPGKRR---- EFVATID 52 

B2DH10   QVQLVESGGGSVQAGDSLRLSCASSGHTF--- AGYGVSWSR- QAPGKRR---- EFVATID 52 

B2MC1    QVQLVESGGGSVQAGDSLRLSCASSGHTF--- AGYGVSWSR- QAPGKRR---- EFVATID 52 

B2MD1    QVQLVESGGGSVQAGDSLRLSCASSGHTF--- AGYGVSWSR- QAPGKRR---- EFVATID 52 

B2DF9    EVQLVESGGGSVQAGDSLRLSCASSGHTF--- AGYGVSWSR- QAPGKRR---- EFVATID 52 

B2DE12   QVQLVESGGGLVQPGGSLRLSCVASGHTF--- TGYGVSWSR- QAPGKRR---- EFVATIS 52 

B2MG9    QVQLVESGGGSVQAGDSLRLSCVASGHTF--- TGYGVSWSR- QAPGKRR---- EFVATIS 52 

B2MH9    QVQLVESGGGSVQAGDSLRLSCVASGHTF--- TGYGVSWSR- QAPGKRR---- EFVATIS 52 

B2MF2    EVQLVESGGGSVQAGDSLRLACVASGHTF--- TGYGVSWSR- QAPGKRR---- EFVATIS 52 

B2MF3    QVQLVESGGGLVQPGGSLRLACVASGHTF--- TGYGVSWSR- QAPGKRR---- EFVATIS 52 

B2MH3    QVQLVESGGGLVQPGGSLRLACVASGHTF--- TGYGVSWSR- QAPGKRR---- EFVATIS 52 

B2DD9    EVQLVESGGGLAQPGGSLRLSCAASGRTF--- RDYDMGWFR- QAPGKER---- EFVAAIS 52 

B1MH7    QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SNYDMGWFR- QTLRKER---- EFVAGIS 52 

B1ME8    EVQLVESGGGSAQAGGSLRLSCAASGSTI--- RNYDMGWFR- QAPGKER---- EFVAGIS 52 

B1MF7    QVQLVESGGGSAQAGGSLRLSCAASGSTI--- RNYDMGWFR- QAPGKER---- EFVAGIS 52 

B1MA10   EVQLVESGGGLVQAGGSLSLSCDASGRTF--- SNYDMGWFR- QAPGKER---- EFVSGIS 52 

B1MD9    QVQLVESGGGSVQAGGSLRLSCAASRHTF--- TNYDMGWFR- QAPGKER---- EFVAGIS 52 

B2DH3    QVQLVESGGGLVQAGGSLRLSCVASGRTR--- SLYAMGWFR- QPPGKER---- EFVARIT 52 

B2DA11   EVQLVESGGGLVQAGGSLRLSCGASGRTL--- SNYGMGWFR- QAPGKER---- EFVAGIS 52 

B2DG6    QVQLVESGGGLVQAGGSLRLSCGASGRTL--- SNYGMGWFR- QAPGKER---- EFVAGIS 52 

B1MB11   EVQLVESGGGLVQPGDSLRLSCGASGRTF--- SSYGMGWFR- QAPGKER---- EFVAGIS 52 

B1ME11   EVQLVESGGGLVQAGGSLRLSCGASGRTF--- SSYGMGWFR- QAPGKER---- EFVAGIS 52 

B2DG4    QVQLVESGGGLVQAGGSLSLSCAASGRTF--- SSYAMAWFR- QAPGKER---- EFVAARS 52 

B1DA1    QVQLVESGGGSVQAGGSLRLSCAASGRTF--- STLAMGWFR- QAPGKER---- EFVAAIN 52 

B1DH9    QVQLVESGGGLVQAGGSLRLSCAASGRTF--- STLAMGWFR- QAPGKER---- EFVAAIN 52 

B2MA10   QVQLVESGGGLVQAGDSLTLSCVASGRTA--- SNYAMAWFR- QAPGKER---- ESVAAIS 52 

B2MA12   EVQLVESGGGLVQAGDSLRLSCAASGLTFSSFSDYAMAWFR- QAPGKER---- ESVAAIS 55 

B2DD7    QVQLVESGGGSVQAGDSLRLSCAASGLTFSSFSDYAMAWFR- QAPGKER---- ESVAAIS 55 

B2DE5    QVQLVESGGGSVQAGDSLRLSCAASGLTFSSFSDYAMAWFR- QAPGKER---- ESVAAIS 55 

B2DH8    QVQLVESGGGSVQAGDSLRLSCAASGLTFSSFSDYAMAWFR- QAPGKER---- ESVAAIS 55 

B2MA9    QVQLVESGGGSVQAGDSLRLSCAASGLTFSSFSDYAMAWFR- QAPGKER---- ESVAAIS 55 

B2DB4    QVQLVESGGGLVQAGGSLRLSCAVSGGTF--- SSYKEGWFR- QAPGKER---- EFVAAIS 52 

B2MF11   EVQLVESGGGLVQAGGSLRLSCAISGLTF--- SRYAIGWFR- QAPDKER---- EFVGGIS 52 

B2DH9    EVQLVESGGGLVQAGGSLRLSCAASGLTF--- SRYAMGWFR- QVPGKER---- EFVAAI-  51 

B2MF12   EVQLVESGGGEVQAGGSLSLSCAASGRTS--- SRYAMGWFG- QAPGKER---- ELLAAIA  52 

B2DC11   EVQLVESGGGLVQAGDSMRLSCAASGLTF--- SRYAMGWFR- QAPGKER---- EFVAAIN 52 

B2MB2    QVQLVESGGGLVQAGDSMRLSCAASGLTF--- SRYAMGWFR- QAPGKER---- EFVAAIN 52 

B1MA2    QVQLVESGGGLVQAGGSLRLSCAASGRTS--- SRFAMGWFR- QAPGKER---- EFVAAVS 52 

B1DA7    EVQLVESGGGLVEPGGSLRLSCATSGLTF--- SRYAVGWFR- QSPGKER---- EFVAAMN 52 

B2DF12   EVQLVESGGGSVQAGGSLRLSCATSGLTF--- SRYAMGWFR- QAPGKER---- EFVAAMN 52 

B2DA4    EVQLVESGGGLVQTGGSLRLSCAISGLTN--- SRYAMGWFR- QAPGKER---- EFVAAIN 52 

B2DH2    QVQLVESGGGLVQAGGSLRLSCAISGLTN--- SRYAMGWFR- QAPGKER---- EFVAAIN 52 
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B1DB5    QVQLVESGGGLVQAGGSLRLSCAISGLTN--- SRYAMGWFR- QAPGKER---- EFVAAIN 52 

B1DC5    QVQLVESGGGLVQAGGSLRLSCVASGVTI--- SDKTVNWYR- QGPGKRR---- ELVAWVY 52 

B1DC8    QVQLVESGGGLVQAGGSLRLSCVASGVTI--- SDKTVNWYR- QGPGKRR---- ELVAWVY 52 

B1MA6    QVQLVESGGGSVQAGQSLRLSCLASGVTI--- SDKTVNWYR- QGPGKRR---- ELVAWVY 52 

B2MD2    QVQLVESGGGLVQTGGSLRLSCAASGDIL--- VVNDMAWYR- QAPGKQR---- ELVATIG 52 

B1MC8    EVQLVESGGGLAQAGGSLSLSCTASGRIF--- SVHDVGWYR- QGPGKER---- ELVATLT 52 

B2DF11   QVQLVESGGGLVQAGGSLRLSCAASGRIF--- SIRTMGWYR- QTPGKQR---- ELVATIF  52 

B2DF3    EVQLVESGGGLVQAGGSLRLSCAASGNIF--- SIRTMGWYR- QTPGKQR---- ELVATIF  52 

B1DC3    QVQLVESGGGLVQAGGSLRLSCAASGNIF--- SIRTMGWYR- QTPGKQR---- ELVATIF  52 

B1MF8    QVQLVESGGGWVQAGGSLRLSCAASGSIS--- RINVMGWYR- QAPGKQR---- ELVASIT 52 

B2DC12   QVQLVESGGGSVQAGGSLRLSCVASGSIF--- SINGMGWYR- Q----- R---- ELVAHIT 47 

B2MA7    QVQLVESGGGSVQAGGSLRLSCVASGSIF--- SINGMGWYR- Q----- R---- ELVAHIT 47 

B1MA3    EVQLVESGGGSVQAGGSLRLSCAASGSIY--- SINGMGWYR- QAPGKQR---- ELVAHIT 52 

B2MB12   QVQLVESGGGLVQAGGSLRLSCTATGSIL--- MIDIMGWYR- QPPGKQR---- ELVAHIT 52 

B1MB5    EVQLVESGGGLVSAGGSLRLSCAASGNFL--- IINNMGWHR- QAPGKQR---- ELVADIN 52 

B1MB6    QVQLVESGGDLVQAGGSLRLSCAASGNII--- YINSMGWYR- QAPGKER---- ELVASST 52 

B2DA2    QVQLVESGGGLVQAGGSLTLSCTASGMIF--- YINDMAWHR- QPPGKQR---- ELVASIT 52 

B2MF8    QVQLVESGGGLVQAGGSLRLSCTASGMIF--- YINDMAWYR- QPPGKQR---- ELVASIT 52 

B2ME10   QVQLVESGGGLVQAGGSLRLSCIASGRIF--- YIESMAWYR- QTPGKER---- ELVAIIT  52 

B2MH7    QVQLVESGGGLVQAGGSLRLSCIASGRIF--- YIESMAWYR- QTPGKER---- ELVAIIT  52 

B1DC12   EVQLVESGGGLMQDGDSLRLSCVASGRIF--- YINSMAWYR- QSPGKER---- ELVAIVD 52 

B1ME7    QVQLVESGGGLVQAGGSLRLSCVASGRIF--- YINSMAWYR- QSPGKER---- ELVAIVD 52 

B2MB8    EVQLVESGGGLVQAGGSLRLSCVASGRIF--- YINSMAWYR- QTPGKDR---- ELVAIVD 52 

B2MB6    EVQLVESGGGLVQAGGSLRLSCAASGRIF--- TIDRMGWYR- QAPGKER---- ELVAIRS 52 

B1MF5    EVQLVESGGGLVQAGGSLRLSCAASGPIF--- YIRRMAWYR- QAPGQQR---- ELVAEVG 52 

B1MG11   EVQLVESGGGLVQAGGSLRLSCAASGPIF--- YIRRMAWYR- QAPGQQR---- ELVAEVG 52 

B1MF10   QVQLVESGGGLVQAGGSLRLSCAASGPIF--- YIRRMAWYR- QAPGQQR---- ELVAEVG 52 

B1MG2    QVQLVESGGGLVQAGGSLRLSCAASGPIF--- YIRRMAWYR- QAPGQQR---- ELVAEVG 52 

B2DD5    QVQLVESGGGLVQPGGSLRLSCTASGRIL--- GIRTMGWYR- QAPGNQR---- DLVATST 52 

B2MG12   QVQLVESGGGLVQPGGSLRLSCTASGRIL--- GIRTMGWYR- QAPGNQR---- DLVATST 52 

B1MD3    QVQLVESGGGLVQAGGSLRLSCAASGSIL--- YIDIMAWYR- QAPGKQR---- ELVSRIS 52 

B1DF5    QVQLVESGGGLVQAGGSLTLSCAASGGIL--- SIDTMGWYR- QAPGKQR---- ELVAQIL 52 

B2DA3    QVQLVESGGGLVQAGGSLTLSCVASGGIL--- SLDTMGWYR- QAPGKQR---- ELVAQIL 52 

B2DA7    QVQLVESGGGLVQAGGSLTLSCVASGGIL--- SLDTMGWYR- QAPGKQR---- ELVAQIL 52 

B2MB1    QVQLVESGGGLVQAGGSLTLSCVASGGIL--- SLDTMGWYR- QAPGKQR---- ELVAQIL 52 

B2MC8    EVQLVESGGGLVQAGGSLTLSCVASGGIL--- SLDTMGWYR- QAPGKQR---- ELVAQIL 52 

B1ME4    QVQLVESGGGLVKAGGSLRLSCAASGSIL--- NINTMAWYR- QAPGMQR---- ELVASIT 52 

B1DE9    QVQLVESGGGLVQAGGSLRLSCATSGSIL--- TIYRMGWYR- EAPGQPR---- ELVATMP 52 

B1MC7    QVQLVESGGGLVQAGGSLRLSCAASGSIF--- YINDMGWYR- QAPGKQR---- DLVATMP 52 

B1MC6    EVQLVESGGGLVQAGGSLRLSCAASGSHV--- SNYIMGWYR- QPPGQQR---- ELVANIY 52 

B2DF5    QVQLVESGGGLVQAGGSLRLSCAASGRTS--- SKYAMGWFR- QAPGKQREEERELVANIY 56 

B1DB3    EVQLVESGGGLVQAGGSLSLSCAASGSRF--- NRYIMGWYR- QAPGKQREEERELVANIY 56 

B1MC1    QVQLVESGGGLVQAGGSLRLSCAASGRTF--- SAYGMGWFR- RAPGNQR---- EYVAAIS 52 

B1DH4    QVQLVESGGGLAQAGGRLRLSCVVSGTIF--- RLKDMGWYRRRSG-- VR---- EWVASIT 51 

B1DH7    QVQLVESGGGLAQAGGRLRLSCVVSGTIF--- RLKDMGWYRRRSG-- VR---- EWVASIT 51 

B1DA5    EVQLVESGGDSVQAGGSLRLSCVVSGIDF--- KSKNMGWYYRRAPGKPR---- DMVATIS 53 

B1MA8    EVQLVESGGDSVQAGGSLRLSCVVSGIDF--- KSKNMGWYYRRAPGKPR---- DMVATIS 53 

B1DF7    QVQLVESGGDSVQAGGSLRLSCVVSGIDF--- KNKNMGWYYRRAPGKPR---- DMVATIS 53 

B1MH11   EVQLVESGGGLVQSGGSLSLSCAASGNSI--- VIKDMGWYR- QAPGKQR---- EWIASIS 52 

B2MG10   EVQLVESGGGLVQAGGSLRVSCVVSGTIF--- STKHMGWYH- QAPGKQR---- EWVASIS 52 

B1MB10   EVQLVESGGGLVQTGGSMRLSCTASGRVV--- GVQTGRWYR- QAPGNQR---- ELVATVT 52 

B1MH2    QVQLVESGGGLVQVGDSLRLSCAASGIRI--- NDDYMDWYR- QAPGKQR---- ELIANMG 52 

B1MD8    QVQLVESGGGLVQAGGSLRLSCAASGYIL--- SIETMGWYR- QSPGHLR---- ELVATIA 52 

B1DD6    QVQLVESGGGLVQAGGSLRLSCAPSGTIL--- SINDMAWYR- QAPGKQR---- ELVANVM 52 

B1MB9    QVQLVESGGGLVQAGGSLRLSCSASGITF--- ANYWMAWYR- QAPGKQR---- ELVATIT  52 

B1DD7    EVQLVESGGGLVQAGGSLRLSCAASGNIL--- SINAMGWYR- QASGNQR---- ELVASIT 52 

B1MD12   QVQLVESGGGLVQAGGSLRLSCAAHGNIF--- FINIMAWYR- QAPGEQR---- ELVADIN 52 

B2MG5    QVQLVESGGGLVQAGGSLRLSCVASGRVF--- SIASMAWYR- QAPGNQR---- ELVAAMT 52 

B1DG10   EVQLVESGGGSVHVGGSLRLSCAASGSIS--- SFNAMAWYR- QPPGKQR---- ELVATIT  52 

B1ME2    EVQLVESGGGLVQAGGSLNLSCLASGGIF--- AINAMAWYR- QSPGKER---- ELVATIT  52 

B2DG7    EVQLVESGGGLVLAGGSLRLSCKASGNIF--- SIDSMGWYR- QAPGKQR---- DMVATIA 52 

B2MB9    QVQLVESGGDLVQAGGSLRLSCLVSGSIA--- SIGNMGWYR- RPPGKQR---- ELVAGID 52 

B2DE4    QVQLVESGGGTVQPGDSLTLSCVASGRTY--- SINAMGWYR- QAPGKQR---- ELVASIT 52 

B2MG11   EVQLVESGGGSVQAGGSLSLSCSASGNII--- RADIMGWYR- QAPGKQR---- EMVATHI 52 

B1DH1    EVQLVESGGGLVQAGGSLRLSCAASGSIF--- IVQAMGWYR- QAPGKQR---- ELVATIT  52 

B1MD4    EVQLVESGGGLVQTGGSLRLSCVASG-- I --- GVNFMAWYR- QAPTGER---- ELVASIT 50 

B2ME2    QVQLVESGGGLVQPGGSLRLSCVASGSIF--- GINSMGWYR- QAPGKQR---- ELVAIIK  52 

B2DG1    QVQLVESGGGLVQAGGSLRLSCVASGSIF--- SISAMGWHR- QAPGKQR---- ELVARVS 52 
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B1MC5    EVQLVESGGGLVQAGGSLRLSCAASGSIL--- SINDMGWYR- QAPGKQR---- DLVARMS 52 

B2DA10   EVQLVESGGGLVQGGGSLRLSCEASGRIY--- VAYDMAWYR- QNPGKER---- ELVAVIS 52 

B2DF10   EVQLVESGGGLVQAGGSLRLSCAASGSIF--- VMYDMAWYR- QAPGKQR---- ELVAVIT 52 

B1MB3    QVQLVESGGGLVQAGGSLRLSCAASGSIF--- VMNDMGWYR- QAPGKQR---- ELVALIT  52 

B1MF2    QVQLVESGGGLVQAGGSLGLHCAASGSIF--- VMYDMGWYR- QAPGKQR---- ELVAAIT 52 

B1ME5    EVQLVESGGGLVQAGGSLRLSCAATGIIS--- TIGAMDWYR- QFPGKQR---- ELVAGIA 52 

B1DG3    EVQLVESGGGLVQAGESLRLSCVASGSIN--- RINVMGWYR- QAPGNQR---- EFVAAIT 52 

B1MG8    QVQLVESGGGLVQAGKSLRLSCAASGSIS--- SIIVMGWYR- QAPGKER---- EFVAAIP 52 

B1DG11   EVQLVESGGGLVQAGESLRLSCAASGSIS--- SIIVMSWYR- QAPGKQR---- EFVAAIT 52 

B1MB2    EVQLVESGGGLVQAGKSLRLSCTASGSIS--- SIIVMGWYR- QAPGKQR---- EFVAAIT 52 

B2MA3    EVQLVESGGGVVQPGGSLRLSCAASGRFL--- LINDMGWYR- QAPGKER---- ELVANIS 52 

B2DG3    EVQLMESGGGLVQAGESLRLSCAASGSFL--- SINTMGWYR- QAPGKQR---- EFVSAIS 52 

B1DH3    EVQLVESGGGLVQAGESLRLSCAASGSFL--- SISRMGWYR- QAPGKQR---- EFVTSIS 52 

B1MA11   EVQLVESGGGLVQAGGSLRLSCVVSGRIF--- TTERMGWYR- QAPGKER---- ELVATIT  52 

B1DA11   - VQLEESGGGLVQAGGSLTLSCTASGRIL--- ISDVVAWYR- QVPGKQR---- DLVARIT 51 

B1DF12   EVQLVESGGGLVQAGGSLKLSCAASGNIL--- MIKDMGWYR- QAPGKQR---- ELVATIT  52 

B2DD6    EVQLVESGGGLAQPGGSLRLTCAASGSII--- SINDMAWYR- QAPGKQR---- ESVAAIT 52 

B2DE3    EVQLVESGGGLVQSGGSLRLSCAGSGSIL--- MINRMGWYR- QAPGKER---- ELVASIT 52 

B1DD10   QVQLVESGGGLVQAGGSLRLSCVASGRIL--- TINTMNWYR- QAPGQQR---- ELVAGII  52 

B2MA8    EVQLVESGGGLVQTGGSLRLSCVASGRIL--- SINGMRWYR- QAPGKQR---- ELVASIN 52 

B1MA4    EVQLVESGGGSVQSGGSLTLSCVASGRIL--- NIATMGWYR- QGPGKQR---- ELVAVST 52 

B1DC7    EVQLVESGGGLVQAGGSLRLSCTASGPIL--- SIDSMAWYR- QTPGKQR---- ELVASIN 52 

B1DB2    EVQLVESGGGLVQAGGPLRLSCTASGNIL--- SIDLMGWYR- QAPGKQR---- ELVAAIT 52 

B1DH10   EVQLVESGGGLVQAGGPLRLSCTASGNIL--- SIDLMGWYR- QAPGKQR---- ELVAAIT 52 

B2MB7    EVQLVESGGGLVQAGGSLRLSCTASGRIL--- GIRTMGWYR- QAPGNQR---- DLVATST 52 

B2DD10   QVQLVESGGGLVQAGGSLRLSCTASGRIL--- GIRTMGWYR- QAPGNQR---- DLVATST 52 

B2ME1    QVQLVESGGGLVQAGGSLRLSCTASGRIL--- GIRTMGWYR- QAPGNQR---- DLVATST 52 

B2MF1    QVQLVESGGGLVQAGGSLRLSCTASGRIL--- GIRTMGWYR- QAPGNQR---- DLVATST 52 

B2MC6    EVQLVESGGGLVQAGGSLNLSCAGSGTIF--- SIDVMGWYR- QAPGKQR---- DLVASIT 52 

B2ME8    EVQLVESGGGLVQAGGSLTLSCTASGRIF--- TINAMGWYR- QAPGKQR---- DLVATIT 52 

B2DG2    QVQLVESGGGLVQAGGSLRLTCAAHGSIF--- VINTMAWYR- QAPGEQR---- ELVADIT 52 

B2DH6    QVQLVESGGGLVQAGGSLRLTCAAHGSIF--- VINTMAWYR- QAPGEQR---- ELVADIT 52 

B2MH8    QVQLVESGGGLVQAGGSLRLTCAAHGSIF--- VINTMAWYR- QAPGEQR---- ELVADIT 52 

B2MD12   EVQLVESGGGLVQAGGSLRLTCAAHGSIF--- VINTMAWYR- QAPGEQR---- ELVADIT 52 

B1DC1    QVQLVESGGGLVQAGGSLRLSCAASGSIF--- VINAMGWYR- QAPGKER---- ELVATIT  52 

B1MD5    EVQLVESGGGLVQAGGSLTLSCAASGSIF--- SINVMGWYR- QTPGKQR---- DLVATIT 52 

B1MG9    EVQLVESGGGLVQVGGSLRLSCAASGSIL--- TIYRMGWYR- EAPGQPR---- ELVATMP 52 

B1DA4    EVQLVESGGGLVQAGGSLRLSCAASGSIF--- TINTMGWYR- QAPGKQR---- ELVADIS 52 

B1MH6    EVQLVESGGGLVQPGGSLRLSCAASGTIF--- SIDTMAWYR- QAPGKQR---- ELVASIT 52 

B1MD6    QVQLVESGGGSVQAGGSLRLSCAASGSIL--- MINDMGWYR- QAPGKQR---- ELVATIT  52 

B1MG4    EVQLVESGGGLVQAGGSLRLSCVASGSIL--- SINDMGWYR- QDAGKQR---- ELVATIT  52 

B1ME3    EVQLVESGGGLVQAGGSLRLSCAASGSIL--- SINTMGWYR- QAPGKQR---- ELVADIS 52 

B2MF9    EVQLVESGGGLVQPGGSLRLSCAASGSIF--- SIGAMGWYR- QAPGEQR---- ELVASIT 52 

B2MG1    EVQLVESGGGLVQAGGSLRLTCAASGSIF--- SIGAMGWYR- QAPGEQR---- ELVASIT 52 

B2MH1    EVQLVESGGGLVQAGGSLRLTCAASGSIF--- SIGAMGWYR- QAPGEQR---- ELVASIT 52 

B1MG6    EVQLVESGGGLVQDGGSLRLSCAASGAIL--- TINAMSWYR- QTPGKQR---- ELVALIR 52 

B2MA6    QVQLVESGGGLVQAGGSLRLSCAASGSIL--- SINTMGWYR- QAPGKQR---- EVVARAG 52 

B2MD9    QVQLVESGGGTVQAGGSLRLSCAATGSIF--- SSNLVGWYR- QAPGKQR---- EVVARIG 52 

B2ME6    EVQLVESGGGLVQAGGSLRLACAYSGSIF--- SINAMGWYR- QAPGKER---- ELVARIT 52 

B1DG7    EVQLVESGGGLVQAGGSLRLSCAASGSIF--- SISSMGWYR- QAPGKQR---- EVVARMS 52 

B1ME10   QVQLVESGGGLVQAGGSLRLSCAASGSIF--- SINAMGWYR- QAPGKQR---- ELVARAT 52 

B1DB12   QVQLVESGGGLVQAGGSLRLSCAASGSIF--- SISAMGWYR- QAPGKQR---- ELVARVS 52 

B1DD8    QVQLVESGGGLVQAGGSLRLSCVASGNIF--- VINAMGWYR- QAPGKER---- ELVARTS 52 

B2DH5    EVQLVESGGGLVQAGGSLRLSCTASGSIF--- VINAMGWYR- QAPGKQR---- ELVARTS 52 

B2MB3    QVQLVESGGGLVQAGGSLRLSCAASGSIF--- VINAMGWYR- QAPGKQR---- ELVARTS 52 

B2ME4    QVQLVESGGGLVQAGGSLRLSCAASGSIF--- VINAMGWYR- QAPGKQR---- ELVARTS 52 

B2MF4    QVQLVESGGGLVQAGGSLRLSCAASGSIF--- VINAMGWYR- QAPGKQR---- ELVARTS 52 

B1MH1    EVQLVESGGGLVQAGGSLRLSCVASGSIF--- SINVMGWYR- QAPGKQR---- ELVATMI 52 

B2MD6    EVQLVESGGGAVQAGGSLRLSCVGSGSIL--- SIRSMGWYR- QAPGKQR---- ELVATQA 52 

B1MG1    QVQLVESGGGLVQAGGSLRLSCAASGSIL--- SINAMNWYR- QTPGKQR---- ELVAGIG 52 

B2DD11   EVQLVESGGGLVQPGGSLRLSCTASGSIF--- SISSMGWYR- QAPGKQR---- ELVATII  52 

B2ME12   EVQLVESGGGLVQAGGSLRLSCTASGSIF--- SISSMGWYR- QAPGKQR---- ELVATII  52 

B1MB4    QVQLVESGGGLVQAGGSLRLSCAASESIF--- SRTVVAWYR- QAPGKER---- ELVARIF 52 

B1DB6    EVQLVESGGGLAQAGGSLSLSCTASGRIF--- SVHEMGWYR- QGPGKER---- ELVATLT 52 

B2DH1    EVQLVESGGGLVQAGGSLTLSCAASGSIF--- SINGWGWYR- QAPGKQR---- ELVAQLT 52 

B2DB9    EVQLVESGGGLVQAGGSLTLSCAASGSIF--- SINGWGWYR- QAPGKQR---- ELVAQLT 52 

B2DF6    QVQLVESGGGLVQAGGSLTLSCAASGSIF--- SINGWGWYR- QAPGKQR---- ELVAQLT 52 

B2DB6    QVQLVESGGGLVQAGGSLRLSCTASGSIF--- SINGMGWYR- QAPGKQR---- ELVAHIT 52 
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B2DC6    EVQLVESGGGLVQAGESLRLSCAASGSIF--- SINGMGWYR- QAPGKQR---- ELVAHIT 52 

B2DC8    QVQLVESGGGLVQAGGSLRLSCAASGSIF--- SINGMGWYR- QAPGKQR---- ELVAHIT 52 

B2MH6    EVQLVESGGGLVQAGGSLRLSCAASGSIF--- SINGMGWYR- QAPGKQR---- ELVAHIT 52 

B1DF4    QVQLVESGGGLVQAGGSLRLSCAASGSIF--- VMNAMGWYR- QAPGKQR---- ELVAAIT 52 

B2MD8    EVQLVESGGGLVQAGGSLRLSCAASGSIF--- VINDMGWYR- QAPGKQR---- ELVATIT  52 

B2DE6    QVQLVESGGGSVQAGGSLRLSCVASGSTF--- GINSMGWYR- QAPGKQR---- ELVAVIG 52 

B1MG12   QVQLVESGGGLVQAGGSLRLSCAASGSIF--- SINHMGWYR- QAPGKQR---- ELVAIIR  52 

B1MH12   QVQLVESGGGLVQAGGSLRLSCAASGSIF--- SINHMGWYR- QAPGKQR---- ELVAIIR  52 

B1ME12   QVQLVESGGGLVQAGGSLRLSCAASGSIF--- SINAMGWYR- QAPGKQR---- ELVAAIT 52 

B1MG5    EVQLVESGGGLVQAGGSLRLSCAASGRIF--- SINAMGWYR- QAPGKQR---- ELVAEIA 52 

B1ME1    QVQLVESGGGLVQAGGSLRLSCAASGRIF--- TIDRMAWYR- QAPGKQR---- ELVAIMS 52 

B1DC6    QVQLVESGGGLVQAGDSLRLSCAASGRIF--- SIDTMGWYR- QAPGKQR---- ELVAVMT 52 

B2MC11   EVQLVESGGGLVQAGGSLRVSCVVSGTSF--- STKAMGWYR- QAPGKQR---- EWVASIS 52 

B1MD11   QVQLVESGGGLVQAGGSLRLSCAASGKIF--- MINTMAWYR- QAPGNQR---- ELVATIA 52 

B1DA2    QVQLVESGGGLVQAGGSLRLSCAASGSIA--- SIIHVGWYR- QAPGKQR---- EFIAGVT 52 

B1MF11   QVQLVESGGGLVQAGGSLRLSCAASGSIA--- SIIHV GWYR- QAPGKQR---- EFIAGVT 52 

B1MH5    QVQLVESGGGLVQAGGSLRLSCAASGSIA--- SIIHVGWYR- QAPGKQR---- EFIAGVT 52 

B2MD11   QVQLVESGGGLVQAGGSLRLSCAASVSIS--- SIIHVGWYR- QAPGKQR---- EFIAGIT  52 

B1DE6    QVQLVESGGGLVQAGGSLRLSCAASGSIS--- SIIHVGWYR- QAPGQQR---- EFIAGIT  52 

B1ME9    QVQLVESGGGLVQAGGSLRLSCAASGSIS--- SIIHVGWYR- QAPGQQR---- EFIAGIT  52 

B1DF6    EVQLVESGGGLVQAGGSLRLSCAASGSIS--- SIIHVGWYR- QAPGQQR---- EFIAGIT  52 

B1MA1    EVQLVESGGGLVQAGGSLRLSCAASGSIA--- SIIHVGWYR- QAPGKQR---- EFIAGIT  52 

B1DE10   QVQLVESGGGLVQAGGSLRLSCAASGSIS--- SIIH VGWYR- QAPGKQR---- EFIAGIT  52 

B1DE1    EVQLVESGGGLVQAGGSLRLSCAASGSIS--- SIIHVGWYR- QAPGKQR---- EFIAGIT  52 

B1DF2    EVQLVESGGGLVQAGGSLRLSCAASGSIS--- SIIHVGWYR- QAPGKQR---- EFIAGIT  52 

B1MG7    EVQLVESGGGLVQAGGSLRLSCAASGSIF--- SINTMGWYR- QAPGKQR---- ELVARIL 52 

B1DA10   EVQLVESGGGLVQAGGSLRLSCVASGSIF--- MINAMGWYR- QAPGKQR---- ELVAAIT 52 

B1DB1    QVQLVESGGGLVQAGGSLRLSCAASGRIF--- MINAMGWYR- QAPGKQR---- ELVATIT  52 

B1DB11   EVQLVESGGGLVQAGGSLRLSCAASGRIF--- MINAMGWYR- QAPGKQR---- ELVAAIT 52 

B1DB7    QVQLVESGGGLVQAGGSLRLSCAASGSIF--- MINAMEWYR- QAPGKQR---- ELVAAIT 52 

B1DA12   QVQLVESGGGLVQAGGSLRLSCAASGSIF--- SINAMGWYR- QAPGKQR---- ELIGTIT  52 

B1DD11   QVQLVESGGGLVQAGGSLRLSCTASGSIV--- DINNMGWYR- QAPGKQR---- ELVAAIT 52 
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B2DA5    WS--- GERMFYADSVKGRFAVSRAKDAE- NTVYLQMNSLKVE- DTAVYYCAGTTGWGS--  105  

B1DD3    WS--- GGTASYADSVKGRFTISRDNATK- NTVYLQMNSLKAE- DTAVYYCAGTTGWES--  105  

B2DB2    WS--- GGDTRYADSVKGRFTISRDNTAQ- NTVYLQLNSLKPE- DTAVYYCAGTTGWAS--  105  

B1MC3    WS--- GGNTYYADSVKGRFTISRDNATG- NTVYLQMNSLKAE- DTAVYSCAGTTGWGS--  105  

B1MA9    WS--- GGSISYADSVKGRFAVSKANATK- NTVYLQMNSLKVE- DTAVYYCAGTTGWGS--  105  

B1DA8    WS--- GGSISYADSVKGRFAVSRANATK- NTVYLQMNSLKVE- DTAVYYCAGTTGWGS--  105  

B1DD1    WS--- GGSISYADSVKGRFAVSRANATK- NTVYLQMNSLKVE- DTAVYYCAGTTGWGS--  105  

B1DE3    WS--- GGSISYADSVKGRFAVSRANATK- NTVYLQMNSLKVE- DTAVYYCAGTTGWGS--  105  

B2DC5    WS--- GDNTYYADSVKGRFTISRGNATK- NTVYLQMKSLKAE- DTAAYYCAGTTGWGG--  105  

B2DC10   WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKVD- DTAVYYCAGTTGWGS--  105  

B2DF7    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKVD- DTAVYYCAGTTGWGS--  105  

B2DG10   WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKVD- DTAVYYCAGTTGWGS--  105  

B2MC7    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKVD- DTAVYYCAGTTGWGS--  104  

B2DG11   WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKVD- DTAVYYCAGTTGWGS--  105  

B2MF6    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKVD- DTAVYYCAGTTGWGS--  105  

B2DE2    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2MC10   WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2DD3    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2DB1    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2DC9    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2DE1    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2DF1    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2DF2    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2MD5    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2DB7    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2DC1    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2DD4    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2DE7    WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B2DH11   WS--- GDSTHYADSVKGRFTISRDNAAV- NTVYLQMNSLKAD- DTAVYYCAGTTGWGS--  105  

B1DC10   WS--- GGNTYYADSVKGRFTISRDNATG- NTVYLQMNSLKAE- DTAVYSCAGTTGWGS--  105  

B1DD9    WS--- GGNTYYADSVKGRFTISRDNATG- NTVYLQMNSLKAE- DTAVYSCAGTTGWGS--  105  

B1DA9    WS--- SGSTYYVDSVKGRFTISRDNATK- NTVYLQMNSLKAE- DTAAYYCAGTTGWGS--  105  

B1DB10   WS--- GGSTYYADSMKGRFTISRDNATK- NTVYLQMNSLKAE- DTAVYYCAGTTGWGS--  105  

B1DF10   WS--- GDSTYYADSVKGRFTISRDNATK- NTVYLQMSSLKAE- DTAVYYCAGTTGWGS--  105  

B1DF1    WS--- GGSTRYADSVKGRFTISRDHATK- NTVYLQMNSLKAE- DTAVYYCAGTTGWGS--  105  

B1MC2    WS--- GGSTRYADSVKGRFTISRDHATK- NTVYLQMNSLKAE- DTAVYYCAGTTGWGS--  105  

B2DA6    RS--- DGVSYIADSVKGRFTISRDKTKNTETVYLQMNSLKPE- DTAVYYCATGDCSN---  105  

B1DH5    RS--- DGITYYLESVKGRFTISRDN--- TNTVYLQMNSLKPE- DTAVYYCATGDCSG---  102  

B1MF6    RS--- DGITYYLESVKGRFTISRDN--- TNTVYLQMNSLKPE- DTAVYYCATGDCSG---  102  

B2MG4    GS--- GYFTDYADSAKGRFTISRDNFRN-- TASLQMNSLKPD- DTAVYYCAASRRWESI-  105  

B2MH4    GS--- GYFTDYADSAKGRFTISRDNFRN-- TASLQMNSLKPD- DTAVYYCAASRRWESI-  105  

B2DA8    - S--- DSTTDYTDSVKGRFTISRDNAKN-- TVYLQMDSLKPE- DTAVYYCAAYGDVGWSI 105  

B2MA1    - S--- DGSTLYADSVKGRFTISSDNAKN-- TAYLQMDRLKPE- DTAVYYCAVYGDVGWST 105  

B1DH11   SS--- DGNIDYADSVKGRFTISMDKAKN-- TVYLQMNSLKPE- DTAVYYCATEGWGGPAG 106  

B1MH3    IR --- DGSTYYRDSVKGRFTISSDNAKN-- TVYLQMNSLKPE- DTAVYYCSAEFARWGDD 106  

B1MH10   NT--- EGTTYYADSVKGRFTISRDIAKN-- TLYLQMNKLKPE- DTARYYCAAVGLGECRD 106  

B1DF11   GT--- EGTTHYADSVKGRFTISSDNGKN-- TVYLQMNALKPE- DTAVYYCAAVGLGECRD 106  

B2DD8    NS--- EGTTDYAESVKGRFTISSDNAKN-- TVYLQMNSLKPE- DTAVYYCAAVGLGECRD 106  

B1DC2    NT--- EGTTYYADSVKGRFTISSDNAKN-- TAYLQMNALKPE- DTAVYYCAAVGLGECRD 106  

B1MF12   NT--- EGTTYYADSVKGRFTISSDNAKN-- TAYLQMNALKPE- DTAVYYCAAVGLGECRD 106  

B2DC4    WSGWSGEVTNYADPAEGRFTINRDSTEN-- TVYLQIDRLKPE- DTAVYYCAAGVRGNA--  107  

B2DB11   IG --- GDYINYADSVKGRFTISRDEGKD-- TLYLQMNSLKPE- DTAIYSCARGYRN----  102  

B1MF9    MG--- GSYINYADSVKGRFTISRDDAKD-- TLYLQMNSLKPE- DTAIYSCARGYRN----  102  

B1DB4    MG--- GSYINYADSVKGRFTISRDDAKD-- TLYLQMNSLKPE- DTAIYSCARGYRN----  102  

B1MC9    MG--- GSYINYADSVKGRFTISRDDAKD-- TLYLQMNSLKPE- DTAIYSCARGYRN----  102  

B1DC4    MG--- GSYINYADSVKGRFTISRDDAKD-- TLYLQMNSLKPE- DTAIYSCARGYRN----  102  

B1MB1    MG--- GSYINYADSVKGRFTISRDDAKD-- TLYLQMNSLKPE- DTAIYSCARGYRN----  102  

B1DE5    MG--- GSYINYADSVKGRFTISRDDAKD-- TLYLQMNSLKPE- DTAIYSCARGYRN----  102  

B1DH2    MG--- GSYINYADSVKGRFTISRDDAKD-- TLYLQMNSLKPE- DTAIYSCARGYRN----  102  

B1DE7    IG --- GTYIRYADDVKGRFTISRDNAMN-- TLYLQMNNLKPE- DTAVYYCAKGYRN----  102 

B1MD1    ID --- GTYIRYADDVKGRFTISRDNAMN-- TLYLQMNNLKPE- DTAVYYCAKGYRN----  102  

B1MG10   IG --- GDITRYADSVKGRFTISRDNAKN-- MLYLQMNSLKPE- DTAVYYCQKPRPYL---  103  

B2MH5    KS--- GDTTSYTDSVKGRFTISRDNAKN-- TLYLQMNSLKPE- DTAVYYCKTSELGF---  103  

B2DB12   SL--- GITTNYTDSVKDRFVISRDNTNN-- TLYLQMNNLKPE- DTAVYFCALGNG-----  101  

B2MG6    SL--- GITTNYADSVKDRFVISRDNTKN-- TLYLQMNNLKPE- DTAVYFCALGNG-----  101  

B2DC3    SR--- GITTNYADSVKDRFAISRDNTKN-- TLYLQMNNLKPE- DTAVYFCGLGNG-----  101  

B1MC4    SL--- GVTTNYADSVKDRFAISRDNTKN-- TLYLQMNNLTPQ- DTAVYFCGLGNG-----  101  
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B1DD2    SL--- GQTTAYADSVKGRFTISRDNAKN-- TLFLQMDSLKPE- DTAVYYCAKGNARG---  103  

B1DG2    SL--- GGTTIYADSVKGRFTISRNNAKN-- TLDLQMNGLKPE- DTAVYYCSKGIS-----  101  

B2DG8    SL--- GGTTIYADSVKGRFNISRNNANN-- TLYLQMSSLTPE- DTAVYYCSKGLS-----  101  

B2DB8    SL--- GGTTIYADSVKGRFNISRNNANN-- TLYLQMSSLTPE- DTAVYYCSKGLS-----  101  

B2MD4    SL--- GGTTIYADSVKGRFNISRNNANN-- TLYLQMSSLTPE- DTAVYYCSKGLS-----  101  

B2DE11   SL--- GGTTIYADSVKGRFNISRNNANN-- TLYLQMSSLTPE- DTAVYYCSKGLS-----  101  

B2MA5    PL--- GESTLYADSVKGRFTISRDNAKN-- TVFLQMTLLKPE- DTAVYYCGRGQFSL---  103  

B2MB5    PL--- GESTLYADSVKGRFTISRDNAKN-- TVFLQMTLLKPE- DTAVYYCGRGQFSL---  103  

B2MC5    PL--- GESTLYADSVKGRFTISRDNAKN-- TVFLQMTLLKPE- DTAVYYCGRGQFSL---  103  

B2DC2    SL--- GGSTNYADSVKGRFTISRDNAKN-- ALYLQMNSLKPE- DTAVYYCANGNQFS-- -  103  

B2MG7    TG--- GGTTDYADSVKGRFTISRDNAKN-- TLYLQMNSLKSE- DTAVYYCAKDRLYS---  103  

B1MC12   PS--- GI - RIYADSVKDRFTISRDTAKN-- TMYLQMNSLKPE- DTAVYYCAADYVPFGTM 105  

B1MH9    PT--- FR- STYADSVKERFTISRDNAKN-- TMYLQMNSLKPE- DTAVYYCAADYVPFGTM 104  

B1DB8    VT--- PTETYYGDSVKGRFAISRDDAKN-- MVSLQMYSLEPV- DTAIYYCAAAQSTV---  103  

B1DG6    VT--- PTETYYGDSVKGRFAISRDDAKN-- MVSLQMYSLEPV- DTAIYYCAAAQSTV---  103  

B1DG9    VT--- PTETYYGDSVKGRFAISRDDAKN-- MVSLQMYSLEPV- DTAIYYCAAAQSTV---  103  

B1MD7    SS--- GGWTSYSDSVKGRFTISRDNAKN-- VVYLQMSSLKPE- DTAIYYCVSGAL-----  101  

B2ME11   SS--- GDWTSYSDSVKGRFTISRDNAKN-- VVYLQMSSLKPE- DTALYYCVAGEF-----  101  

B2MD7    SS--- GGWTSYSDSVKGRFTISRDNSKN-- VVYLQMSSLKPE- DTALYYCVSGEF-----  101  

B2DG12   SS--- GGWTSYSDSVKGRFTISRDNSKN-- VVYLQMSSLKPE- DTALYYCVSGEF-----  101  

B2DF4    SS--- GGWTSYSDSVKGRFTISRDNSKN-- VVYLQMSSLKPE- DTALYYCVSGEF-----  101  

B2MD3    SS--- GGWTSYSDSVKGRFTISRDNSKN-- VVYLQMSSLKPE- DTALYYCVSGEF-----  101  

B2ME3    SS--- GGWTSYSDSVKGRFTISRDNSKN-- VVYLQMSSLKPE- DTALYYCVSGEF-----  101  

B2DD2    SS--- GGWTSYSDSVKGRFTISRDNSKN-- VVYLQMSSLKPE- DTALYYCVSGEF-----  101  

B2DD12   SS--- GGWTSYSDSVKGRFTISRDNSKN-- VVYLQMSSLKPE- DTALYYCVSGEF-----  101  

B2DH10   SS--- GGWTSYSDSVKGRFTISRDNSKN-- VVYLQMSSLKPE- DTALYYCVSGEF-----  101  

B2MC1    SS--- GGWTSYSDSVKGRFTISRDNSKN-- VVYLQMSSLKPE- DTALYYCVSGEF-----  101  

B2MD1    SS--- GGWTSYSDSVKGRFTISRDNSKN-- VVYLQMSSLKPE- DTALYYCVSGEF-----  101  

B2DF9    SS--- GGWTSYSDSVKGRFTISRDNSKN-- VVYLQMSSLKPE- DTALYYCVSGEF-----  101  

B2DE12   SS--- GDWTSYSDSVKGRFTISRDNAKN-- VVYLQMSSLKPE- DTALYYCVAGEF-----  101  

B2MG9    SS--- GDWTSYSDSVKGRFTISRDNAKN-- VVYLQMSSLKPE- DTALYYCVAGEF-----  101  

B2MH9    SS--- GDWTSYSDSVKGRFTISRDNAKN-- VVYLQMSSLKPE- DTALYYCVAGEF-----  101  

B2MF2    SR--- GDWTSYSDSVKGRFTISRDNAKN-- VVYLQMNSLKPE- DTALYYCVAGDF-----  101  

B2MF3    SR--- GDWTSYSDSVKGRFTISRDNAKN-- VVYLQMNSLKPE- DTALYYCVAGDF-----  101  

B2MH3    SR--- GDWTSYSDSVKGRFTISRDNAKN-- VVYLQMNSLKPE- DTALYYCVAGDF-----  101  

B2DD9    GY--- GLTTNYVDSVRGRFTISRDNDKN-- TVHLQMNSLEPE- DTGVYYCAATLSLSYEH 106  

B1MH7    QY--- GLNTNYVDSVRGRFTISRDNAKN-- TVDLQMNSLKPE- DTGVYYCAATPSIGYEH 106  

B1ME8    SY--- GLRTNYVDSVRGRFTISRDNAKN-- TVYLQINDLKPE- DTGVYYCAATPSISYEH 106  

B1MF7    SY--- GLRTNYVDSVRGRFTISRDNAKN-- TVYLQINDLKPE- DTGVYYCAATPSISYEH 106  

B1MA10   RY--- GLRTNYVDSVRGRFTISRDNAEN-- TVYLQMNSLKPE- DTGVYYCAATPSLGYEH 106  

B1MD9    VY--- GLRTNYVDSVRGRFTISRDNAKN-- TVYLQMNSLKPE- DTGVYYCAATPSIGYEH 106  

B2DH3    WL--- GGSTNYADSVKGRFTISRDNAKN-- MVYLQMSGLRPE- DTAVYYCAATTN-----  101  

B2DA11   WN--- GKSTLYGDSVKGRFTVSRDNAEN-- TAYLQMNSLKPE- DTAVFYCAATAESD- VP 105  

B2DG6    WN--- GKSTLYGDSVKGRFTVSRDNAEN-- TAYLQMNSLKPE- DTAVFYCAATAESD- VP 105  

B1MB11   WN--- GGRTKYADYVKGRFTISRDNAKN-- TVSLQMNSLKPE- DSAIFYCVATAESD- VP 105  

B1ME11   WN--- GGRTKYADYVKGRFTISRDNAKN-- TVSLQMNSLKPE- DSAIFYCVATAESD- VP 105  

B2DG4    WN--- GG- IFYTDAVKGRFTFSSDNAKN-- TVYLQMNSLEPE- DTAVYYCAAGSRQY- RI  104  

B1DA1    WK--- GDDTYYADSVKGRFTISRANAEN-- TVYLQMNSLKPE- DTAVYICAADS---- GF 102  

B1DH9    WK--- GDDTYYADSVKGRFTISRANAEN-- TVYLQMNSLKPE- DTAVYICAADS---- GF 102  

B2MA10   WN--- FGTTHFSDSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYFCAASRM-----  101  

B2MA12   WN--- FGTTHFSDSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYFCAASRM-----  104  

B2DD7    WN--- FGTTHFSDSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYFCAASRM-----  104  

B2DE5    WN--- FGTTHFSDSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYFCAASRM-----  104  

B2DH8    WN--- FGTTHFSDSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYFCAASRM-----  104  

B2MA9    WN--- FGTTHFSDSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYFCAASRM-----  104  

B2DB4    WN--- RASTHYSDSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCAASP---- PQ 102  

B2MF11   WS--- EGTTYYIDSVKGRFTISRDNAKN-- TVHLQMNSLKPDRDTAIYYCAAKILDT- VF 106  

B2DH9    - S--- GGNSVYIDSVKGRFTISRDNAKN-- TIHLQMNSLKTE- DTAIYFCATKILDT- IV  103  

B2MF12   WS--- GGGTYYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCALKKLDT- IV  105  

B2DC11   WS--- G- STYYADSVKGRFTISKDNTEN-- TVHLQMNSLKPE- DTAVYFCATKMLDT- IF  104  

B2MB2    WS--- G- STYYADSVKGRFTISKDNTEN-- TVHLQMNSLKPE- DTAVYFCATKMLDT- I F 104  

B1MA2    WS--- GGSIFYEDFVKGRFTISRDNAEN-- TVYLQMNSLKPE- DTAVYYCALKILDT- IV  105  

B1DA7    WS--- GGSTYYTDSVEGRFTISRDNAKN-- TVHLQMNSLKPE- DTAVYYCAVKILDT- IF  105  

B2DF12   WS--- GGATFYTDSAKGRFTISRDSAAN-- TVHLQMNSLKPE- DTAVYYCAAKILDT- IF  105  

B2DA4    WS--- GGSTYYTDFAKGRFTISRDNAKN-- AVHLQMNSLKPE- DTAVYYCATKILES- IF  105  

B2DH2    WS--- GGSTYYTDFAKGRFTISRDNAKN-- AVHLQMNSLKPE- DTAVYYCATKILDT- IF  105  

B1DB5    WS--- GGSTYYTDFAKGRFTISRDNAKN-- AVHLQMNSLKPE- DTAVYYCATKILDT- IF  105  

B1DC5    DM---- GYTNYNFKVKGRFTISRDSAEN-- MVYLQMDNLRPE- DTAVYYCN---------  96 
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B1DC8    DM---- GYTNYNFKVKGRFTISRDSAEN-- MVYLQMDNLRPE- DTAVYYCN---------  96 

B1MA6    DM---- GYTNYNFKVKGRFTISRDSAEN-- MVYLQMDNLRPE- DTAVYYCN---------  96 

B2MD2    SD---- STTNYADAMRGRFAITREAAKN-- TVYLQMNSLRAE- DTAVYICKMKVTDL---  102  

B1MC8    SG---- SSTNYADFVKGRFTISRDNTKK-- TVYLQMNGLKPE- DTAVYYCNAEIFGQD--  103  

B2DF11   YD----- ATNYADSVKGRFTISRDNGEN-- AVYLQMNSLQPE- DTAVYYCNAEIVERS--  102  

B2DF3    SE----- AIDYADSVKGRFTISRDNAKN-- TVYLQMNSLQPE- DTAAYYCNADIVERS--  102  

B1DC3    SE----- AIDYADSVKGRFTISRDDAKN-- TVYLQMNSLQPE- DTAAYYCYAQIVERS--  102  

B1MF8    TG---- GTANYADSVKGRFTVSRDNAKN-- TVYLRMDSLKPE- DTAVYYCNYRDPLGR--  103  

B2DC12   AD---- GTTNYADFVKGRFTISRGNAKN-- TVYLQMTSLKPE- DTGVYYCKADGVAGW--  98 

B2MA7    AD---- GTTNYADFVKGRFTISRGNAKN-- TVYLQMTSLKPE- DTGVYYCKADGVAGW--  98 

B1MA3    TG---- GTINYADSVKGRFTISRGNARH-- TVYLQMNGLKPE- DSADYYCNADGVAGW--  103  

B2MB12   TG---- GDINYADSVKGRFTISRDNARH-- TVLLQMNNLKPE- DTAVYYCKADGVAGW--  103  

B1MB5    IG ---- GSTTYVDSVKGRFTISRDNAKN-- TVTLQMNSLKPE- DAAVYYCNANVESR---  102  

B1MB6    PG---- SSTHYADSVKGRFTISRDNARN-- TVSLQMDSLKPE- DTAVYYCNAKVTAR---  102  

B2DA2    KS---- GNTDYTDSVKGRFTISRDNGRL-- TAYLQMNNLKPE- DTAVYYCNADVVAR---  102  

B2MF8    SS---- GNTDYADSVKGRFTISRDNGRL-- TAYLQMSNLRPE- DTAVYYCNADVVAR---  102  

B2ME10   KE---- GTTTYADSVKGRFTISMDNGKN-- TMYLQMNTLKPE- DAGVYYCKADVN-----  100  

B2MH7    KE---- GTTTYADSVKGRFTISMDNGKN-- TMYLQMNTLKPE- DAGVYYCKADVN-----  100  

B1DC12   KD---- GSTNYADSVKGRFTISMDNAKN-- TMSLQMHALKFE- DAGVYYCKADVD-----  100  

B1ME7    KD---- GSTNYADSVKGRFTISMDNAKN-- TMSLQMHTLKPE- DAGVYYCKADVD-----  100  

B2MB8    KD---- GSTNYADSVKGRFTVSMDNAKN-- TMSLQMNTLKPE- DAGVYYCKADVD-----  100  

B2MB6    SG---- GTSTYAEAVKGRFTVSGDHAKN-- TVHLQMSSLKPE- DTGVYFCNADGV- VD--  102  

B1MF5    S------ GTNYADSVKGRFTIFRDNAKN-- TMYLQMNSLKPE- DTAVYLCNADVESME--  101  

B1MG11   S------ GTNYADSVKGRFTIFRDNAKN-- TMYLQMNSLKPE- DTAVYLCNADVESME--  101  

B1MF10   S------ GTNYADSVKGRFTIFRDNAKN-- TMYLQMNSLKPE- DTAVYLCNADVESME--  101  

B1MG2    S------ GTNYADSVKGRFTIFRDNAKN-- TMYLQMNSLKPE- DTAVYLCNADVESME--  101  

B2DD5    GD---- GTTNYADSVKGRFTTSRDNAKN-- TVYLQMNSLKPE- DTAVYYCKADIWGGQ--  103  

B2MG12   GD---- GTTNYADSVKGRFTTSRDNAKN-- TVYLQMNSLKPE- DTAVYYCKADIWGGQ--  103  

B1MD3    SD---- GTTNYVDSVKGRFTISRDNGKN-- TVHLQMSSLEPE- DAAVYYCYALLSDY---  102  

B1DF5    KD---- GKTNYADSIKGRFTISRDNAKN-- MAQLQMNSLEQE- DAAVYYCHAVLTDF---  102 

B2DA3    KD---- GKTNYADSVKGRFTISRDNAKN-- MVHLQMRGLEQE- DAAVYYCHAVLTDF---  102  

B2DA7    KD---- GKTNYADSVKGRFTISRDNAKN-- MVHLQMRGLEQE- DAAVYYCHAVLTDF---  102  

B2MB1    KD---- GKTNYADSVKGRFTISRDNAKN-- MVHLQMRGLEQE- DAAVYYCHAVLTDF---  102  

B2MC8    KD---- GKTNYADSVKGRFTISRDNAKN-- MVHLQMRGLEQE- DAAVYYCHAVLTDF---  102  

B1ME4    SG---- GVTNYADSVKGRYTIFGDNAKN-- RVYLQMNSLTPE- DTAVYYCNLDLTDG---  102  

B1DE9    SG---- GSTNYADSVKGRFTISRDNAKN-- TVYLQMNSLKPD- DTAVYYCNANLDDM---  102  

B1MC7    SV---- GTTTYASSVKGRFTISRDNAKN-- TVYLQMNSLEPE- DAGVYYCNADLVDS---  102  

B1MC6    LD---- GSTNYADSVRGRFTISRDNAKN-- LVFLQMDSLIPE- DTAVYFCRRIER-----  100  

B2DF5    WD---- GSTNYEDSVKGRFTISRDDAKN-- AVVLQMNSLIPE- DTAIYYCRAIER-----  104  

B1DB3    ID ---- GSTNYEDSVKGRFTISRDNAKN-- AVVLQMRSLIPE- DTAVYFCRAIER-----  104  

B1MC1    PS---- GIRIYADSVKERFTISRDNAKN-- TMYLQMNSLKPE- DTAVYFCAADYVPFGTM 105  

B1DH4    NS---- GSTNYEDSVKGRFTISRDNAKN-- TVYLQMNSLLPE- DTGVYYCNNPGS-----  99 

B1DH7    NS---- GSTNYEDSVKGRFTISRDNAKN-- TVYLQMNSLLPE- DTGVYYCNNPGS-----  99 

B1DA5    PD---- GSTNYRDSVKGRFTISRDNAKN- - TVYLQMNSLKPE- DTAVYFCNYAGS-----  101  

B1MA8    PD---- GSTNYRDSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYFCNYAGS-----  101  

B1DF7    PD---- DSTNYRDSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYFCNYAGS-----  101  

B1MH11   FD---- NITTYEDSVKGRFTISRDNAKN-- TVYLQMSSLRPE- DTGVYYCNRAGA-----  100 

B2MG10   TD---- DIADYAPSVLGRFTISRDNAKN-- TVYLQMDSLKPE- DTAVYYCNLAGA-----  100  

B1MB10   SE---- SSTNYADAVKGRFTISRDNAKN-- TVYLQMNDLKSE- DTAVYYCSVLVDD----  101  

B1MH2    SS---- GLTNYADSVKGRFTISRDNAKN-- TMYLQMNSLKPE- DTAVYYCHT--------  97 

B1MD8    AG---- GPTNYADSVKGRFTISRDNGKN-- AVYLQMDSLKPE- DTAVYYCKADRTVVVGE 105  

B1DD6    RG---- GSTEYTNSVKGRFTISRDNGKN-- TVYLQMNSLKPE- DTGVYSCYADRIQDW--  103  

B1MB9    TG---- STTNYAESVKGRFTISRDNVKN-- LVYLQMNSLKPE- DTAVYYCNLDRPPR---  102  

B1DD7    TD---- GRTRYKDSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTDIYYCNADSVHYLSD 105  

B1MD12   SG---- GSTKYADSVKGRFTISRDNAKN-- TVFLQMNSLKPE- DTAVYYCRADRVATI--  103  

B2MG5    SG---- GSTNYADAVKGRFTISRDNGKN-- SVYLQMNRLKPE- DTAVYYCHADQIWT---  102  

B1DG10   RP---- PETYVADSVKGRFTISRDNAK--- TVSLQMNSLKPE- DTAVYFCKASEMDIS--  102  

B1ME2    LG---- GTPHYVDAVKDRFTIARDNDKN-- TVSLEMTSLKPE- DSAVYYCNVDVVTFE--  103  

B2DG7    TD---- GTTNYEDSVKGRFTISRDNTKN-- TLYLQMNNLKPE- DTAVYLCNGDVRLYD--  103  

B2MB9    GG---- GTTNYADAVKGRFTVSRDNAKN-- TVTLQMDSLKPE- DTAVYYCYADLPVGH--  103  

B2DE4    SG---- GGTNYEGSVKGRFTITRNNAKN-- SVYLQMNSLEPE- DTAVYTCYADLPVGH--  103  

B2MG11   RG---- DITNYAADVKGRFTISRDNAKN-- TVYLQMNSLEPE- DTAVYTCYADLPVGH--  103  

B1DH1    SD---- GNTNYADSLKGRFTISRDNSAD-- TVYLQMNNLTPE- DTAVYYCNAVVATFQ--  103  

B1MD4    AR----- GTYYADSVKGRFTISRDNAEN-- TVYLQMNSLKPE- DTAVYYCNAQVAVGN- -  100  

B2ME2    ND---- ISINYADFVKGRFTISRDNAKN-- TVYLEMNNLYPE- DTAVYYCNAQVAVGN--  103  

B2DG1    SD---- G- IDYVDSVKGRFTISMDSAKN-- TVSLEMNRLKPE- DTAVYYCDANVVSTS--  102  

B1MC5    AD---- G- VNYAESVKGRFTISRDNAKN-- TAYLQMDNLKFE- DTAVYYCKANLVSAS--  102  

B2DA10   NG---- GRANYEDSVKGRFTISRDNAKN-- TVWLQMNSLKPE- DTAVYYCNADLMGDL--  103  
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B2DF10   NH---- GSTTYVDSVKGRFTVSRDNGEN-- TMILQMNSLKPE- DTGVYYCNAKASLTT--  103  

B1MB3    NR---- GDPTYVDPVKGRFIISRDNAEN-- TVFLQMNSLKPD- DTGVYYCNAKATLTT--  103  

B1MF2    NQ---- GSATYADPVKGRFTISRDNADN-- TVFLQMNSLKPE- DTGVYYCNAKATLIT--  103  

B1ME5    PF---- DRTTYADAVKGRFTISRDIAKN-- TVYLQMNSLKPE- DTAVYYCNVKGWSRG--  103  

B1DG3    TS---- GSTHYSESVKGRFTISEDIASS-- AVYLQMSSLKSD- DTAVYYCNAGLRSYS--  103  

B1MG8    SS---- GSAHYAVSVKDRFTISRDNAKN-- TVYLQMSSLKSE- DTAVYYCNAGLRSYS--  103  

B1DG11   SS---- GTTHYADSVKGRFTISENNAKN-- TMYLQMSSLKSE- DTAVYLCSAGLRSYS--  103  

B1MB2    SS---- GDTHYADSVKGRFTISRDNAKD-- TVYLQMSSLKSE- DTAVYHCNAGLRSYS--  103  

B2MA3    TA---- GSTNYADFVKGRFTISRDNGKS-- TVSLQMNSLKPE- DTAVYYCNADVTEIS--  103  

B2DG3    GS---- GVSNYADFVKGRFTISRDSAKN-- TVSLQMNSLKPD- DTAVYYCNAAVTDQT--  103  

B1DH3    GS---- GVSNYADFVKGRFTISRDSAEN-- TVSLQMNSLEPD- DTAVYYCNAAVTDQT--  103  

B1MA11   TG---- GATNYADFVKGRFAISKDNARN-- AVFLQMNSLKSE- DTAVYYCNFYGRTVD--  103  

B1DA11   SG---- GTTIYAESVKGRFTITRDNAKN-- TVNLQMSSLKPE- DTAVYYCNVKRVRLG--  102  

B1DF12   SD---- GSTDYIGSVKGRFTISRDNGKN-- TVDLQMNSLKPD- DTAEYYCNADVISLD--  103  

B2DD6    SG---- GSTSYTDSVKNRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCNAEVFDLQ--  103  

B2DE3    ND---- GSTTYQDSVKGRFTISGDNAKN-- TVYLQMTSLKHE- DTAVYYCNANLLDYN--  103  

B1DD10   TG---- GRTNYADFVKGRFTMSSDNAKN-- TVYLQMNSLKPE- DTAIYYCNIFYT-- D--  101  

B2MA8    TS---- GDTSYSDFVKGRFTISGDNGKN-- TVYLQMNSLNPE- DTAIYYCNMFYT-- D--  101  

B1MA4    QD---- GSANYADSVEDRFTISRDNAKK-- TVFLHMNSLKPE- DTAVYLCTARVIPIG--  103  

B1DC7    PG---- SSTDYADSVKGRFTISRDNAKN-- TVSLQMNSLKTE- DTAVYYCNMDILQYG--  103  

B1DB2    AN---- SEIDYADSVQGRFTISRDNAKN-- TVYLHMNSLKPE- DTAVYYCKANVIQMG--  103  

B1DH10   AN---- SEIDYADSVQGRFTISRDNAKN-- TVYLHMNSLKPE- DTAVYYCKANVIQMG--  103  

B2MB7    GD---- GTTNYADSVKGRFTTSRDNAKN-- TVYLQMNSLKPE- DTAVYYCKADIWGG---  102  

B2DD10   GD---- GTTNYADSVKGRFTTSRDNAKN-- TVYLQMNSLKPE- DTAVYYCKADIWGG---  102  

B2ME1    GD---- GTTNYADSVKGRFTTSRDNAKN-- TVYLQMNSLKPE- DTAVYYCKADIWGG---  102  

B2MF1    GD---- GTTNYADSVKGRFTTSRDNAKN-- TVYLQMNSLKPE- DTAVYYCKADIWGG---  102  

B2MC6    TY---- GSTNYADSVKGRFTISRDNAKN-- TVYLQMNTLKPE- DTAVYYCKAERVSG---  102  

B2ME8    TG---- GSTNYADSVKGRFTISRDNAKN-- TVTLQMNSLKPE- DTAVYYCNAERVSG---  102  

B2DG2    SG---- GSTNYADSVKGRFTISRDNAKN-- TVFLQMNSLKPE- DTAVYYCRADRVATI--  103  

B2DH6    SG---- GSTNYADSVKGRFTISRDNAKN-- TVFLQMNSLKPE- DTAVYYCRADRVATI--  103  

B2MH8    SG---- GSTNYADSVKGRFTISRDNAKN-- TVFLQMNSLKPE- DTAVYYCRADRVATI--  103  

B2MD12   SG---- GSTNYADSVKGRFTISRDNAKN-- TVFLQMNSLKPE- DTAVYYCRADRVATI--  103  

B1DC1    SG---- GSTNYADSVKGRFAVSRDNAKN-- TVYLQMNSLKPE- DTAVYYCNADRVATI--  103  

B1MD5    SG---- GSTNYADSVKGRFTISRDSAKN-- TVSLQMNSLKPE- DTAVYYCNADRVATI--  103  

B1MG9    SG---- GSTNYADSVKGRFTISRDNAKN-- TVYLQMNSLKPD- DTAVYYCNANLDDM---  102  

B1DA4    SG---- GSTNYADSVKGRFTISRDIIKR-- TVYLQMNSLKPE- DTAVYYCNAVLVSY---  102  

B1MH6    KS---- GSTNYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCNADVSHL---  102  

B1MD6    SG---- GSTNYADSVKGRFTISRDNGKN-- TVTLQMNSLKPE- DTAVYYCNADI- LGS--  102  

B1MG4    SG---- GSTNYADSVKGRFTISRDNAKK-- TVYLQMNSLRPE- DTAVYYCNADI- LGT--  102  

B1ME3    SG---- GITNYADSVKGRFSISRDNAKN-- TVYLQMNSLKPE- DTAVYYCNADGVLSM--  103  

B2MF9    IG ---- GSTNYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCNADAAMDP--  103  

B2MG1    IG ---- GSTNYADSVKGRFTISRTRDKN-- TVYLQMNSLKPE- DTAVYYCNADAAMDP--  103  

B2MH1    IG ---- GSTNYADSVKGRFTISRTRDKN-- TVYLQMNSLKPE- DTAVYYCNADAAMDP--  103  

B1MG6    SG---- GITNYADSVKGRFTIFRDNAEN-- TVYLQMNSLKPE- DTAVYYCNANVVSTS--  103  

B2MA6    AD---- G- INYAESVKGRFTIARDNAKN-- TVYLQMNSLKPE- DTAVYYCNAKIVSTS--  102  

B2MD9    AD---- G- INYAESVKGRFTISRDNAKN-- TVYLQMNSLEPE- DTAVYYCNAKIVSTS--  102  

B2ME6    SD---- GTTNYADSVKGRFTISMDNAKN-- TVYLQMNSLKPE- DTAVYYCNGKVVSTS--  103  

B1DG7    AD---- G- INYADSVKGRFTISMDNAKN-- TGFLQMNSLKPE- DTAVYYCNAKIISTS--  102  

B1ME10   TD---- D- STYADSVKGRFTISMDNAKN-- TVYLLMNSLKPE- DTAVYYCNANLVSTS--  102  

B1DB12   SD---- G- INYADSVKGRFTISMDNAKN-- TVSLQMNSLKPE- DTAVYYCNANIVSTS--  102  

B1DD8    SD---- G- INYADSVKGRFTISMDNAKN-- TVDLQMNSLTPE- DTAVYYCNAKLVSTS--  102  

B2DH5    TD---- G- INYADSVKGRFTISMDSARN-- TAYLQMNSLKPE- DTAVYYCNAKVVSTS--  102  

B2MB3    TD---- G- INYADSVKGRFTISMDNAKN-- TVYLQMNSLKPE- DTAVYYCNAKVVSTS--  102  

B2ME4    TD---- G- INYADSVKGRFTISMDNAKN-- TVYLQMNSLKPE- DTAVYYCNAKVVSTS--  102  

B2MF4    TD---- G- INYADSVKGRFTISMDNAKN-- TVYLQMNSLKPE- DTAVYYCNAKVVSTS--  102  

B1MH1    NG---- IEPNYADSVKGRFTISRDNAKN-- TVYLQMNNLKPE- DTAVYYCNADPFYA---  102  

B2MD6    SD---- GSTNYSDSVKGRFTISRDNAKN-- TVYLQMNSLEPG- DTAVYYCNADLIVSS--  103  

B1MG1    SG---- DSTDVADSVKDRFTISRDPAKN-- TVYLQMNSLKPE- DTAVYYCNAQIIPIS--  103  

B2DD11   SG---- DNTHYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCNAQIIPIS--  103  

B2ME12   SG---- DNTHYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCNAQIIPIS--  103  

B1MB4    GG---- DSTIYPESVKGRFTISRDNAKN-- TVYLQMNSLEPE- DTAVYYCNVIR------  99 

B1DB6    SG---- SSTNYADSVKGRFTISRDNAKE-- TVYLQMNSLKPE- DTAVYYCNAEIFGQD--  103  

B2DH1    TA---- GDINYADSVKGRFTISRDNARH-- TVTLQMNSLKPE- DTAVYYCKADGVAGW--  103  

B2DB9    TA---- GDINYADSVKGRFTISRDNARH-- TVTLQMNSLKPE- DTAVYYCKADGVAGW--  103  

B2DF6    TA---- GDINYADSVKGRFTISRDNARH-- TVTLQMNSLKPE- DTAVYYCKADGVAGW--  103  

B2DB6    TG---- GDINYADSVKGRFTISRDNARH-- TVLLQMVSLKPE- DTAVYICKADGVAGW--  103  

B2DC6    TG---- GDINYADSVKGRFTISRDNARH-- TVLLQMNSLKPE- DTAVYYCKADGVAGW--  103  

B2DC8    TG---- GDINYADSVKGRFTISRDNARH-- TVLLQMNSLKPE- DTAVYYCKADGVAGW--  103  
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B2MH6    TG---- GDINYADSVKGRFTISRDNARH-- TVLLQMNSLKPE- DTAVYYCKADGVAGW--  103  

B1DF4    SG---- GTTTYSDSVKGRFTISRDNAQN-- TVYLQMNSLKPD- DTAVYYCNAVVATFQ--  103  

B2MD8    SG---- GITNYADSVKGRFTISRDNAKN-- TVYLQMNSLEPE- DTAVYTCYADLPVGH--  103  

B2DE6    SG---- ISTNYADSVKGRFTISRDNAKN-- IVYLEMNSLKPE- DTAVYYCNAQVAVGN--  103  

B1MG12   SG---- GSLNYADSVKGRFTISRDNAKN-- TVYLQMNSLKSE- DTAVYYCNAQVAVGG--  103  

B1MH12   SG---- GSLNYADSVKGRFTISRDNAKN-- TVYLQMNSLKSE- DTAVYYCNAQVAVGG--  103  

B1ME12   GT---- GNTNYADSVKGRFTVSRDGAKN-- TVHLQMSSLEPE- DTAVYYCYARLI-----  100  

B1MG5    GG---- GQTNYADSVKGRFTFSRDGARN-- TGYLQMNVLKPE- DTAVYYCNARVIVYS--  103  

B1ME1    ND---- GMTDYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYVCNADGVVDY--  103  

B1DC6    SG---- GRTNYGDSVAGRFTISRDNGKN-- TVYLQMNSLKPE- DTAVYYCNADRIWAG--  103  

B2MC11   SD---- DITDYAPSVKGRFTISRDNAKN-- TVYLQMDSLKPE- DTAVYYCNLA-------  98 

B1MD11   AS---- GSTNYGDSVKGRFTISRDNAKN-- TMYLQMNSLKPE- DTAVYYCNADLMVIG--  103  

B1DA2    SG---- GVTNYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCNTA-------  98 

B1MF11   SG---- GVTNYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCNTA-------  98 

B1MH5    SG---- GVTNYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCNTA-------  98 

B2MD11   SG---- GSTNYADSVKGRFTISKDNAKN-- TVYLQMNSLEPE- DTAVYYCNTA-------  98 

B1DE6    SG---- GSTNYADSVKGRFTISRDGAKN-- TVYLQMNNLKPE- DTAVYYCNTA-------  98 

B1ME9    SG---- GSTNYADSVKGRFTISRDGAKN-- TVYLQMNNLKPE- DTAVYYCNTA-------  98 

B1DF6    SG---- GSTNYADSVKGRFTISRDGAKN-- TVYLQMNNLKPE- DTAVYYCNTA-------  98 

B1MA1    SG---- GSTDYADSVKGRFTVSRDNAKN-- TVYLQMNSLKPE- DTAVYYCNTA-------  98 

B1DE10   SG---- GSTDYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCNTA-------  98 

B1DE1    SG---- GSTNYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCNTA-------  98 

B1DF2    SG---- GSTNYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCNTA-------  98 

B1MG7    SG---- GSTEYADSLKGRFTISGDNSKN-- TVYLQMNSLKPE- DTAVYYCNVDVVTFE--  103  

B1DA10   SG---- GSTNYADSVKGRFTISRDNAKN-- TMYLQMNSLKTE- DTAVYYCHSRMSELG--  103  

B1DB1    SG---- GSTNYADSVKGRFTISRDNAKN-- AVYLQMNSLKTE- DTAVYYCNSQMSELG--  103  

B1DB11   SG---- GSTNYADSVKGRFIISRDNAKN-- AVYLQMNSLKTE- DTAVYYCNSQMSELG--  103  

B1DB7    SG---- SSTNYADSVKGRFTISRDNAKN-- TMYLQMNSLKPE- DTAVYYCKCSAISTM--  103  

B1DA12   SG---- SNTNYADSVKGRFTISRDNAKN-- TVYLQMNSLKPE- DTAVYYCQCSAVTTE--  103  

B1DD11   SG---- SSTNYADSVKGRFTISRDSAKN-- TVYLQMNSLKPE- DTAVYYCKCSAITIE- -  103  

               *:        * :  *   *:  : *       

 

B2DA5    ----- TLSSGYEYWGQGTLVTVSSAAAHHHHHH 133  

B1DD3    ----- SLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2DB2    ----- TLASGYEYWGQGTQVTASSAAAHHHHHH 133  

B1MC3    ----- TLSSGYEYWGQGTLVTVSSAAAHHHHHH 133  

B1MA9    ----- TLSSGYEYWGLGTQVTVSSAAAHHHHHH 133  

B1DA8    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B1DD1    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B1DE3    ----- TLSSGYEYWGQGTLVTVSSAAAHHHHHH 133  

B2DC5    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2DC10   ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2DF7    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2DG10   ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2MC7    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 132  

B2DG11   ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2MF6    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2DE2    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2MC10   ----- TLSSGYEYWGQGTLVTVSSAAAHHHHHH 133  

B2DD3    ----- ILSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2DB1    ----- TLSSGYEYWGQGTLVTVSSAAAHHHHHH 133  

B2DC9    ----- TLSSGYEYWGQGTLVTVSSAAAHHHHHH 133  

B2DE1    ----- TLSSGYEYWGQGTLVTVSSAAAHHHHHH 133  

B2DF1    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2DF2    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2MD5    ----- TFSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2DB7    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2DC1    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2DD4    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2DE7    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B2DH11   ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B1DC10   ----- TLSSGYEYWGQGTLVTVSSAAAHHHHHH 133  

B1DD9    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B1DA9    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B1DB10   ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B1DF10   ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B1DF1    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  

B1MC2    ----- TLSSGYEYWGQGTQVTVSSAAAHHHHHH 133  
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B2DA6    - SYWYPDSIESGYWGQGTQVTVSSAAAHHHHHH 137  

B1DH5    - SYWYPDSIDSGYWGQGTQVTVSSAAAHHHHHH 134  

B1MF6    - SYWYPDSIDSGYWGQGTQVTVSSAAAHHHHHH 134  

B2MG4    ---- ATTRTEYDYWGQGTQVTVSSAAAHHHHHH 134  

B2MH4    ---- ATTRTEYDYWGQGTQVTVSSAAAHHHHHH 134  

B2DA8    GTCGLGMGNDYDHWGQGTQVTVSSAAAHHHHHH 138  

B2MA1    GTCGLGMGYEYDHWGQGTQVTVSSAAAHHHHHH 138  

B1DH11   GTMNCLNHYGMDYWGKGTQVTVSSAAAHHHHHH 139  

B1MH3    -- CSYYYPSRLAYRGQGTQVTVSSAAAHHHHHH 137  

B1MH10   -------- YEYDYWGQGTQVTVSSAAAHHHHHH 131  

B1DF11   -------- DDYDYWGQGTQVTVSSAAAHHHHHH 131  

B2DD8    -------- NDYDYWGQGTLVTVSSAAAHHHHHH 131  

B1DC2    -------- YEYDYWGQGTQVTVSSAAAHHHHHH 131  

B1MF12   -------- YEYDYWGQGTLVTVSSAAAHHHHHH 131  

B2DC4    ---- SPVRAFYDYWGQGTLVTVSSAAAHHHHHH 136  

B2DB11   --------- TGRPRGQGTLVTVSSAAAHHHHHH 126  

B1MF9    --------- TGRPRGQGTQVTVSSAAAHHHHHH 126  

B1DB4    --------- TGRPRGQGTQVTVSSAAAHHHHHH 126  

B1MC9    --------- TGRPRGRGTLVTVSSAAAHHHHHH 126  

B1DC4    --------- TGRPRGQGTLVTVSSAAAHHHHHH 126  

B1MB1    --------- TGRPRGQGTLVTVSSAAAHHHHHH 126  

B1DE5    --------- TGRPRGQGTQVTVSSAAAHHHHHH 126  

B1DH2    --------- TGRPRGQGTQVTVSSAAAHHHHHH 126  

B1DE7    --------- TGRPRGQGTQVTVSSAAAHHHHHH 126  

B1MD1    --------- TGRPRGQGTLVTVSSAAAHHHHHH 126  

B1MG10   --- R-- DFLDYDVRGQGTLVTVSSAAAHHHHHH 131  

B2MH5    --- R------- DVRGQGTQVTVSSAAAHHHHHH 126  

B2DB12   --------- GTDLKGQGTQVTVSSAAAHHHHHH 125  

B2MG6    --------- GTDLKGQGTQVTVSSAAAHHHHHH 125  

B2DC3    --------- GTDLKGQGTQVTASSAAAHHHHHH 125  

B1MC4    --------- GTDLKGQGTQVTVSSAAAHHHHHH 125  

B1DD2    --- ISADSADSNLRGQGTQVTVSSAAAHHHHHH 133  

B1DG2    -------- VDSAYLGQGTQVTVSSAAAHHHHHH 126  

B2DG8    -------- IDSDFLGHGTLVTVSSAAAHHHHHH 126  

B2DB8    -------- IDSDFLGHGTQVTVSSAAAHHHHHH 126  

B2MD4    -------- IDSDFLGHGTQVTVSSAAAHHHHHH 126  

B2DE11   -------- IDSDFLGHGTQVTVSSAAAHHHHHH 126  

B2MA5    --- SA--- RDSGFWGQGTQVTVSSAAAHHHHHH 130  

B2MB5    --- SA--- RDSGFWGQGTQVTVSSAAAHHHHHH 130  

B2MC5    --- SA--- RDSGFWGQGTQVTVSSAAAHHHHHH 130  

B2DC2    --- PDK--- QRGYWGQGTLVTVSSAAAHHHHHH 130  

B2MG7    --- DDEGYSGMDYWGKGTQVTVSSAAAHHHHHH 133  

B1MC12   -- WLSSQERDFHYWGQGTQVTVSSAAAHHHHHH 136  

B1MH9    -- WLSSQERDFHYWGQGTLVTVSSAAAHHHHHH 135  

B1DB8    --- RLRFNRMIDYWGQGTQVTVSSAAAHHHHHH 133  

B1DG6    --- RLRFNRMIDYWGQGTLVTVSSAAAHHHHHH 133  

B1DG9    --- RLRFNRMIDYWGQGTQVTVSSAAAHHHHHH 133  

B1MD7    ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2ME11   ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2MD7    ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2DG12   ------------- RGVGTLVTVSSAAAHHHHHH 121  

B2DF4    ------------- RGVGTQVAVSSAAAHHHHHH 121  

B2MD3    ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2ME3    ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2DD2    ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2DD12   ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2DH10   ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2MC1    ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2MD1    ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2DF9    ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2DE12   ------------- RGVGTLVTVSSAAAHHHHHH 121  

B2MG9    ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2MH9    ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2MF2    ------------ - RGVGTLVTVSSAAAHHHHHH 121  

B2MF3    ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2MH3    ------------- RGVGTQVTVSSAAAHHHHHH 121  

B2DD9    -- ALPSRSGSYPYWGQGTLVTVSSAAAHHHHHH 137  

B1MH7    -- AVPSASGSYPNWGQGTLVTVSSAAAHHHHHH 137  
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B1ME8    -- AVPALSGSYPYWGQGTQVTVSSAAAHHHHHH 137  

B1MF7    -- AVPALSGSYPYWGQGTQVTVSSAAAHHHHHH 137  

B1MA10   -- ALPSASGSYPYWGQGTLVTVSSAAAHHHHHH 137  

B1MD9    -- VLPSASGSYPYWGQGTQVTVSSAAAHHHHHH 137  

B2DH3    --- NLWDINEYDSWGQGTQVTVSSAAAHHHHHH 131  

B2DA11   -- IG --- AVWYDYWGQGTQVTVSSAAAHHHHHH 133  

B2DG6    -- IG --- AVWYDYWGQGTQVTVSSAAAHHHHHH 133  

B1MB11   -- IG --- ATWWDYWGQGTLVTVSSAAAHHHHHH 133  

B1ME11   -- IG --- ATWWDYWGQGTLVTVSSAAAHHHHHH 133  

B2DG4    -- IEYTDYKEYDYWGQGTQVTVSSAAAHHHHHH 135  

B1DA1    -- YVPSNGYDVQYWGKGTLVTVSSAAAHHHHHH 133  

B1DH9    -- YVPSNGYDVQYWGKGTQVTVSSAAAHHHHHH 133  

B2MA10   ----- WPVHTALYWGQGTQVTVSSAAAHHHHHH 129  

B2MA12   ----- WPVHTALYWGQGTQVTVSSAAAHHHHHH 132  

B2DD7    ----- WPVHTALYWGQGTQVTVSSAAAHHHHHH 132  

B2DE5    ----- WPVHTALYWGQGTQVTVSSAAAHHHHHH 132  

B2DH8    ----- WPVHTALYWGQGTQVTVSSAAAHHHHHH 132  

B2MA9    ----- WPVHTALYWGQGTLVTVSSAAAHHHHHH 132  

B2DB4    -- YGLGSLYEYDYWGQGTLVTVSSAAAHHHHHH 133  

B2MF11   -- SGWGPLYDYDYWGRGTQVTVSSAAAHHHHHH 137  

B2DH9    -- SGWGPLYEYDYWGQGTQVTVSSAAAHHHHHH 134  

B2MF12   -- SGWGPLYEYDYWGQGTLVTVSSAAAHHHHHH 136  

B2DC11   -- SGWGPLYEYDHWGQGTQVTVSSAAAHHHHHH 135  

B2MB2    -- SGWGPLYEYDHWGQGTQVTVSSAAAHHHHHH 135  

B1MA2    -- AGWGPGYEYDYWGQGTQVTVSSAAAHHHHHH 136  

B1DA7    -- SGWGPLYEYDYWGQGTLVTVSSAAAHHHHHH 136  

B2DF12   -- SGWGPLYEYDYWGQGTQVTVSSAAAHHHHHH 136  

B2DA4    -- SGWGPLYEYDYWGQGTQVTVSSAAAHHHHHH 136  

B2DH2    -- SGWGPLYEYDYWGQGTLVTVSSAAAHHHHHH 136  

B1DB5    -- SGWGPLYEYDYWGQGTQVTVSSAAAHHHHHH 136  

B1DC5    --------- VLDYWGQGTQVTVSSAAAHHHHHH 120  

B1DC8    --------- VLDYWGQGTQVTVSSAAAHHHHHH 120  

B1MA6    --------- VLDYWGQGTQVTVSSAAAHHHHHH 120  

B2MD2    ---- LGIRRPVYYWGQGTQVTVSSAAAHHHHHH 131  

B1MC8    ---- VWGTSTRRYWGQGTQVTVSSAAAHHHHHH 132  

B2DF11   ---- TAGFQASDYWGQGTQVTVSSAAAHHHHHH 131  

B2DF3    ---- AARFQVTSYWGQGTLVTVSSAAAHHHHHH 131  

B1DC3    ---- TARFQVTDYWGQGTQVTVSSAAAHHHHHH 131  

B1MF8    --------- EYDWWGRGTQVTVSSAAAHHHHHH 127  

B2DC12   ---- DRPSWGIDYWGPGTQVTVSSAAAHHHHHH 127  

B2MA7    ---- DRPSWGIDYWGKGTQVTVSSAAAHHHHHH 127  

B1MA3    ---- DRPSWGIDYWGKGTQVTVSSAAAHHHHHH 132  

B2MB12   ---- DRPSWGIDYWGKGTLVTVSSAAAHHHHHH 132  

B1MB5    ----- YSGTWGTYWGQGTQVTVSSAAAHHHHHH 130  

B1MB6    ----- STIWSGDYWGQGTQVTVSSAAAHHHHHH 130  

B2DA2    ----- HDIDRGHYWGQGTLVTVSSAAAHHHHHH 130  

B2MF8    ----- HDIYRGNYWGQGTQVTVSSAAAHHHHHH 130  

B2ME10   ------ SDRRLPYWGQGTLVTVSSAAAHHHHHH 127  

B2MH7    ------ SDRRLPYWGQGTQVTVSSAAAHHHHHH 127  

B1DC12   ------ SDRRLVYWGQGTQVTVSSAAAHHHHHH 127  

B1ME7    ------ SDRRLVYWGQGTQVTVSSAAAHHHHHH 127  

B2MB8    ------ SDRRLVYWGQGTQVTVSSAAAHHHHHH 127  

B2MB6    ---- YDLRRSSGYWGHGTLVTVSSAAAHHHHHH 131  

B1MF5    ---- YSSRREFRYWGQGTQVTVSSAAAHHHHHH 130  

B1MG11   ---- YSSRREFRYWGQGTQVTVSSAAAHHHHHH 130  

B1MF10   ---- YSSRREFRYWGQGTQVTVSSAAAHHHHHH 130  

B1MG2    ---- YSSRREFRYWGQGTQVTVSSAAAHHHHHH 130  

B2DD5    ---- FGTDRLTTYWGQGTQVTVSSAAAHHHHHH 132  

B2MG12   ---- FGTDRLTTYWGQGTLVTLSSAAAHHHHHH 132  

B1MD3    ----- DTRRPFPYWGQGTQVTVSSAAAHHHHHH 130  

B1DF5    ----- DMRRPLPYWGQGTQVTVSSAAAHHHHHH 130  

B2DA3    ----- DMRRPLPYWGQGTQVTVSSAAAHHHHHH 130  

B2DA7    ----- DMRRPLPYWGQGTQVTVSSAAAHHHHHH 130  

B2MB1    ----- DMRRPLPYWGQGTQVTVSSAAAHHHHHH 130  

B2MC8    ----- DMRRPLPYWGQGTQVTVSSAAAHHHHHH 130  

B1ME4    ----- LMRRRLNYWGQGTQVTVSSAAAHHHHHH 130  

B1DE9    ----- VLRRRMDYWGQGTQVTVSSAAAHHHHHH 130  

B1MC7    ----- VLRRGRTYWGQGTQVTVSSAAAHHHHHH 130  
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B1MC6    --------- GHIYWGQGTQVTVSSAAAHHHHHH 124  

B2DF5    --------- GKVYWGQGTQVTVSSAAAHHHHHH 128  

B1DB3    --------- GKVYWGQGTLVTVSSAAAHHHHHH 128  

B1MC1    -- WLSSQERDFHYWGQGTQVTVSSAAAHHHHHH 136  

B1DH4    ----------- YSWGQGTQVTVSSAAAHHHHHH 121  

B1DH7    ----------- YSWGQGTQVTVSSAAAHHHHHH 121  

B1DA5    ----------- YSWGQGTLVTVSSAAAHHHHHH 123  

B1MA8    ----------- YYWGQGTQVTVSSAAAHHHHHH 123  

B1DF7    ----------- YYWGQGTLVTVSSAAAHHHHHH 123  

B1MH11   ----------- YVWGQGTLVTVSSAAAHHHHHH 122  

B2MG10   ----------- YRWGQGTQVTVSSAAAHHHHHH 122  

B1MB10   -- W--- EGRRLNYWGQGTLVTVSSAAAHHHHHH 129  

B1MH2    ------- YHSYHYWGQGTQVTVSSAAAHHHHHH 123  

B1MD8    ------- YREQSFWGQGTQVTVSSAAAHHHHHH 131  

B1DD6    ----- SGRYWTNFWGQGTQVTVSSAAAHHHHHH 131  

B1MB9    ----------- MNWGKGTLVTVSSAAAHHHHHH 124  

B1DD7    -- YG- GTRNEYGIWGQGTLVTVSSAAAHHHHHH 135  

B1MD12   -- QD- PTRYEYGYWGQGTLVTVSSAAAHHHHHH 133  

B2MG5    --- G- GERYEYNYWGQGTLVTVSSAAAHHHHHH 131  

B1DG10   ----- G- RAQSTYWGQGTLVTVSSAAAHHHHHH 129  

B1ME2    ----- DPLRAWSYWGQGTLVTVSSAAAHHHHHH 131  

B2DG7    ----- RPYWPIPYWGQGTLVTVSSAAAHHHHHH 131  

B2MB9    ----- RDYFSMPYWGKGTLVTVSSAAAHHHHHH 131  

B2DE4    ----- RDYFSMPYWGKGTLVTVSSAAAHHHHHH 131  

B2MG11   ----- RDYFSMPYWGKGTLVTVSSAAAHHHHHH 131  

B1DH1    ----- LRDYGINYWGEGTLVTVSSAAAHHHHHH 131  

B1MD4    ----- RDYFGMDYWGEGTLVTVSSAAAHHHHHH 128  

B2ME2    ----- RDYFGMDYWGKGTQVTVSSAAAHHHHHH 131  

B2DG1    ----- DPIREWKYWGQGTQVTVSSAAAHHHHHH 130  

B1MC5    ----- DSIREWTYWGQGTQVTVSSAAAHHHHHH 130  

B2DA10   ----- D- GRRLKYWGQGTQVTVSSAAAHHHHHH 130  

B2DF10   ----- DWNRTWNYWGQGTQVTVSSAAAHHHHHH 131  

B1MB3    ----- DWNRAGNYWGQGTQVTVSSAAAHHHHHH 131  

B1MF2    ----- DWNRRGNYWGQGTLVTVSSAAAHHHHHH 131  

B1ME5    -------- NIFDLWGKGTQVTVSSAAAHHHHHH 128  

B1DG3    ------- VRYPEVWGQGTQVTVSSAAAHHHHHH 129  

B1MG8    ------- VRYPEVWGQGTQVTVSSAAAHHHHHH 129  

B1DG11   ------- VRYPEVWGQGTLVTVSSAAAHHHHHH 129  

B1MB2    ------- VRYPEVWGQGTLVTVSSAAAHHHHHH 129  

B2MA3    ----- WPYPVVKYWGQGTQVTVSSAAAHHHHHH 131  

B2DG3    ----- WSWREVNYWGQGTQVTVSSAAAHHHHHH 131  

B1DH3    ----- WSWREVNYWGQGTQVTVSSAAAHHHHHH 131  

B1MA11   ----- DYARNWNHWGQGTQVTVSSAAAHHHHHH 131  

B1DA11   ----- DIIPAWIAWGQGTQVTVSSAAAHHHHHH 130  

B1DF12   ----- MGYRSLHYWGRGTQVTVSSAAAHHHHHH 131  

B2DD6    ----- MGHRYLKLWGQGTLVTVSSAAAHHHHHH 131  

B2DE3    ----- LGYRSIEVWGQGTLVTVSSAAAHHHHHH 131  

B1DD10   ----- YNGHNFNSWGQGTQVTVSSAAAHHHHHH 129  

B2MA8    ----- YDTHNFNSWGQGTQVTVSSAAAHHHHHH 129  

B1MA4    ----- E- YRDLDLWGQGTLVTVSSAAAHHHHHH 130  

B1DC7    ----- YDPRSWNSWGQGTQVTVSSAAAHHHHHH 131  

B1DB2    ----- N- YRYFPFWGQGTLVTVSSAAAHHHHHH 130  

B1DH10   ----- N- YRYFPFWGQGTQVTVSSAAAHHHHHH 130  

B2MB7    --- QFGTDRLTTYWGQGTQVTVSSAAAHHHHHH 132  

B2DD10   --- QFGTDRLTTYWGQGTLVTVSSAAAHHHHHH 132  

B2ME1    --- QFGTDRLTTYWGQGTQVTVSSAAAHHHHHH 132  

B2MF1    --- QFGTDRLTTYWGQGTQVTVSSAAAHHHHHH 132  

B2MC6    ------ RHTWREIWGRGTQVTVSSAAAHHHHHH 129  

B2ME8    ------ DHTWLEVWGRGTLVTVSSAAAHHHHHH 129  

B2DG2    --- QDPTRYEYGYWGQGTQVTVSSAAAHHHHHH 133  

B2DH6    --- QDPTRYEYGYWGQGTQVTVSSAAAHHHHHH 133  

B2MH8    --- QDPTRYEYGYWGQGTQVTVSSAAAHHHHHH 133  

B2MD12   --- QDPTRYEYGYWGQGTQVTVSSAAAHHHHHH 133  

B1DC1    --- QDPTRYWYNFWGQGTQVTVSSAAAHHHHHH 133  

B1MD5    --- QDPTRYWYNYWGQGTQVTVSSAAAHHHHHH 133  

B1MG9    ---- VL- RRRMDYWGQGTQVTVSSAAAHHHHHH 130  

B1DA4    ---- RL- GPRGDYWGQGTQVTVSSAAAHHHHHH 130  

B1MH6    --- SDA- VRYYRHWGQGTQVTVSSAAAHHHHHH 131  
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B1MD6    --- DYG- YRYLPIWGQGTLVTVSSAAAHHHHHH 131  

B1MG4    --- DYG- YRYLRIWGQGTLVTVSSAAAHHHHHH 131  

B1ME3    --- DYG- YRYLGVWGQGTQVTVSSAAAHHHHHH 132  

B2MF9    --- YMG- YRYLPLWGQGTQVTVSSAAAHHHHHH 132  

B2MG1    --- YMG- YRYLPLWGQGTQVTVSSAAAHHHHHH 132  

B2MH1    --- YMG- YRYLPLWGQGTQVTVSSAAAHHHHHH 132  

B1MG6    --- D-- SIREWLYWGQGTQVTVSSAAAHHHHHH 131  

B2MA6    --- D-- SIREWTYWGQGTQVTVSSAAAHHHHHH 130  

B2MD9    --- D-- SIREWTYWGQGTQVTVSSAAAHHHHHH 130  

B2ME6    --- D-- SIREWSYWGQGTQVTVSSAAAHHHHHH 131  

B1DG7    --- D-- SIREWSYWGQGTQVTVSSAAAHHHHHH 130  

B1ME10   --- D-- SIREWTYWGQGTQVTVSSAAAHHHHHH 130  

B1DB12   --- D-- SIREWKYWGQGTLVTVSSAAAHHHHHH 130  

B1DD8    --- D-- SIREWTYWGQGTQVTVSSAAAHHHHHH 130  

B2DH5    --- D-- SIREWTYWGQGTQVTVSSAAAHHHHHH 130  

B2MB3    --- D-- SIREWSYWGQGTQVTVSSAAAHHHHHH 130  

B2ME4    --- D-- SIREWSYWGQGTQVTVSSAAAHHHHHH 130  

B2MF4    --- D-- SIREWSYWGQGTQVTVSSAAAHHHHHH 130  

B1MH1    ------- GRNWNTWGQGTQVTVSSAAAHHHHHH 128  

B2MD6    --- D-- SLREWRYWGQGTQVTVSSAAAHHHHHH 131  

B1MG1    --- D-- PIRSYYYWGQGTQVTVSSAAAHHHHHH 131  

B2DD11   --- D-- PIRSWPYWGQGTQVTVSSAAAHHHHHH 131  

B2ME12   --- D-- PIRSWPYWGQGTQVTVSSAAAHHHHHH 131  

B1MB4    -------- SGQSAWGQGTQVTVSSAAAHHHHHH 124  

B1DB6    --- VWG- TSTRRYWGQGTQVTVSSAAAHHHHHH 132  

B2DH1    --- D- RPSWGIDYWGKGTLVTVSSAAAHHHHHH 132  

B2DB9    --- D- RPSWGIDYWGKGTQVTVSSAAAHHHHHH 132  

B2DF6    --- D- RPSWGIDYWGKGTQVTVSSAAAHHHHHH 132  

B2DB6    --- D- RPSWGIDYWGKGTQVTVSSAAAHHHHHH 132  

B2DC6    --- D- RPSWGIDYWGKGTQVTVSSAAAHHHHHH 132  

B2DC8    --- D- RPSWGIDYWGKGTQVTVSSAAAHHHHHH 132  

B2MH6    --- D- RPSWGIDYWGKGTLVTVSSAAAHHHHHH 132  

B1DF4    --- L-- RDRGMPYWGKGTQVTVSSAAAHHHHHH 131  

B2MD8    --- R-- DYFSMPYWGQGTQVTVSSAAAHHHHHH 131  

B2DE6    --- R-- DYFGMDYWGRGTQVTVSSAAAHHHHHH 131  

B1MG12   --- R-- DYFGMDYWGEGTQVTVSSAAAHHHHHH 131  

B1MH12   --- R-- DYFGMDYWGEGTQVTVSSAAAHHHHHH 131  

B1ME12   --- DYDLRRPLPYWGQGTLVTVSSAAAHHHHHH 130  

B1MG5    --- DYGGPREYDYWGQGTQVTVSSAAAHHHHHH 133  

B1ME1    --- V-- LRRSLNYWGHGTQVTVSSAAAHHHHHH 131  

B1DC6    --- A-- ERYEYNYWGQGTQVTVSSAAAHHHHHH 131  

B2MC11   -------- - GAYRWGQGTLVTVSSAAAHHHHHH 122  

B1MD11   --- D-- SFRSYTYWGQGTLVTVSSAAAHHHHHH 131  

B1DA2    --------- GAYRWGQGTLVTVSSAAAHHHHHH 122  

B1MF11   --------- GAYRWGQGTQVTVSSAAAHHHHHH 122  

B1MH5    --------- GAYRWGQGTQVTVSSAAAHHHHHH 122  

B2MD11   --------- GAYRWGQGTLVTVSSAAAHHHHHH 122  

B1DE6    --------- GAYRWGQGTQVTVSSAAAHHHHHH 122  

B1ME9    --------- GAYRWGQGTQVTVSSAAAHHHHHH 122  

B1DF6    --------- GAYRWGQGTQVTVSSAAAHHHHHH 122  

B1MA1    --------- GAYRWGQGTQVTVSSAAAHHHHHH 122  

B1DE10   --------- GAYRWGQGTQVTVSSAAAHHHHHH 122  

B1DE1    --------- GAYRWGQGTQVTVSSAAAHHHHHH 122  

B1DF2    --------- GAYRWGQGTLVTVSSAAAHHHHHH 122  

B1MG7    --- D-- PLRAWSYWGQGTLVTVSSAAAHHHHHH 131  

B1DA10   --- D-- WNREYDYWGQGTQVTVSSAAAHHHHHH 131  

B1DB1    --- D-- WNREYDYWGQGTQVTVSSAAAHHHHHH 131  

B1DB11   --- D-- WNREYDYWGQGTQVTVSSAAAHHHHHH 131  

B1DB7    --- D-- PVREYYYWGLGTQVTVSSAAAHHHHHH 131  

B1DA12   --- D-- PVREWYYWGQGTLVTVSSAAAHHHHHH 131  

B1DD11   --- D-- PVREWYYWGQGTLVTVSSAAAHHHHHH 131  

             * ** *: ***********  
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4.1. Abstract 

The production of proteins containing disulphide bonds in Escherichia coli is a challenging and 

often time consuming endeavour. Targeting of the protein to the periplasm, or production as 

inclusion bodies and subsequent re-folding in vitro, are commonly used strategies to obtain 

functionally active protein. However both are subject to a number of limitations, such as poor 

yields, that can often make their use challenging. In an effort to overcome these barriers to high 

level production, novel strains and catalyst systems that facilitate the formation of disulphide 

bonds within the cytoplasm have been developed.  

Using a Design of Experiments (DoE) methodology, a Partial Least Squares Regression (PLSR) 

model was constructed so as to identify a series of optimised production conditions for the llama 

heavy chain variable domain (VHH) B2D C10, which had previously been isolated from an immune 

VHH phage display library. The addition of an N-terminal His6 S-tag and co-production of the 

CyDisCo catalysts in SHuffle T7 Express, when induced with 50 mM arabinose and the 

temperature subsequently lowered to 23.7 oC resulted in an 82-fold improvement in B2D C10 

production. The three best performing production conditions were taken forward and used to 

evaluate the functional production of a series of 24 VHH that had previously been identified as 

Streptomyces clavuligerus linalool synthase (bLinS) binders. Again, the addition of an N-terminal 

His6 S-tag and co-production of the CyDisCo catalysts resulted in the greatest level of VHH 

production. These conditions facilitated the production of 12 (50 %) of the anti-bLinS VHH 

selected, a significant improvement over the 5 (20.8 %) that could be produced prior to 

optimisation and co-production of the CyDisCo catalysts. 

The development of a platform for the cytoplasmic production of functional VHH in E. coli 

facilitates further investigations into the potential synthetic biology applications of anti-bLinS 

VHH. More generally, the DoE approach described herein represents a statistically robust 

approach to understanding key factors affecting a complex system such as protein production. 
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4.2. Introduction 

Antibodies have been widely developed for a range of applications, including bio-sensing, 

diagnostics and therapeutics. Full length antibodies typically require production in mammalian 

cell culture systems (Li et al., 2010; Omasa et al., 2010) in order to ensure that the necessary 

post-translational modifications are made, thus ensuring correct functionality. Historically the 

use of mammalian systems has proven to be a time and resource intensive process, particularly 

when compared to prokaryotic production systems (Robinson et al., 2015). The development of 

recombinant antibody fragments including single chain antibody variable domains (scFv), 

antigen binding fragments (Fab) and single domain antibodies (sdAb) provides greater flexibility 

when considering the choice of a production host (Frenzel et al., 2013). The reduced size of 

these fragments eliminates the requirement for N-glycosylation. However antibody fragments 

still require the formation of disulphide bonds, which can be accommodated in some 

heterologous hosts, in order to ensure native folding and retention of function. The production 

of recombinant proteins in prokaryotic host organisms such as Escherichia coli has facilitated the 

development of numerous novel technologies and large scale production of many high value 

molecules (Leferink et al., 2016; Paddon et al., 2013). This is in large part due to the general ease 

of use of E. coli as a chassis and a well-documented understanding of the underlying biology of 

the host, which has in turn led to the development of a wide array of production strategies, 

vectors and strains (Rosano and Ceccarelli, 2014). When considering E. coli as a chassis for the 

production of recombinant antibody fragments a number of strategies have been employed to 

ensure that functional, natively folded protein is produced.  

The native formation of disulphide bonds in eukaryotes occurs in both the endoplasmic 

reticulum and the mitochondria (Riemer et al., 2009). The presence of protein disulphide 

isomerase (PDI) and sulfhydryl oxidase enzymes within these intracellular compartments 

contributes to an oxidising environment and ensures the catalysis and correct formation of 

disulphide bonds (Riemer et al., 2009). In prokaryotes, disulphide bond formation occurs within 

the periplasm under the control of the Dsb protein family (Collet and Bardwell, 2002). As such, 

when attempting to achieve the native production of recombinant antibody fragments, or other 

proteins containing disulphide bonds, the most commonly used production strategy is to export 

the protein to the periplasmic space using signal peptides such as ompA or pelB (Sockolosky and 

Szoka, 2013). However, due to the relatively limited volume of the periplasmic space (Stock et 

al., 1997) and a tendency for the secretion machinery to become overloaded during protein 

overproduction (Schlegel et al., 2013), protein yields tend to be lower than those observed in 

the cytoplasm. In an effort to circumvent these issues, production strains in which the pathways 
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responsible for maintaining the reducing environment within the cytoplasm are partially or 

completely disrupted, such that disulphide bond reduction within the cytoplasm is inhibited, 

have been developed. Typically these strains target one or both of the NADPH-dependent 

gor/trxB reductases, with mutations in aphC necessary to overcome the growth defects 

associated with the double knockouts (Bessette et al., 1999; Derman et al., 1993; Ritz et al., 

2001; Stewart et al., 1998). Commercially available examples of such strains include Origami 

(Novagen) and SHuffle (New England Biolabs), with the SHuffle system also constitutively 

producing the disulphide bond isomerase DsbC (Lobstein et al., 2012; Zarschler et al., 2013). 

However, these strains can still exhibit slower growth rates, due to the knockout of essential 

reducing pathways, as well as variable production levels of the protein of interest due to the lack 

of an active catalyst of disulphide bond formation όDŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ нлмтύ.  

Efforts to further mimic the native eukaryotic mechanisms for disulphide bond formation in 

prokaryotes include the co- and pre-production of a variety of PDI and sulfhydryl oxidases. These 

approaches have been shown to facilitate the successful functional production of a variety of 

proteins containing a number of disulphide bonds όDŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ нлмтΣ нлмсΤ Iŀǘahet et al., 

2010; Nguyen et al., 2011). In an initial investigation, the Saccharomyces cerevisiae sulfhydryl 

oxidase Erv1p and the mature E. coli DsbC were co-produced alongside proteins containing 

multiple disulphide bonds. This approach resulted in significantly greater production of 

functional protein in the BL21 (DE3) pLysSRARE strain that had its reducing pathways intact, 

ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǳǎŜ ƻŦ ǘƘŜ ҟƎƻǊ ҟtrxB double knockout strain rosetta-gami (Hatahet et al., 

2010). Further refinement of this system (termed CyDisCo), in which the mature human PDI was 

used as the disulphide bond isomerase instead of DsbC, has been used to produce a wide array 

of proteins including scFv and Fab antibody fragments in a variety of E. coli strains όDŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ 

2017, 2016; Nguyen et al., 2011). 

When considering the optimisation of a process such as protein production, traditional 

experimental approaches such as the sequential alteration of individual factors do not always 

prove effective (Brown et al., 2018). Indeed, when considering large multifactor systems, key 

interactions between factors may be missed, resulting in sub-optimal conditions being taken 

forward. This is especially true within biology in which complex interactions, such as those 

between environmental and genetic factors, may have significant effects on a chosen response. 

Therefore when looking to optimise such a system, it is important that an appropriate 

experimental design is selected in order to obtain the maximum amount of information in the 

minimum number of experiments. Design of Experiments (DoE) is an example of a systematic 
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method for experimental design that may be used in this manner. The use of DoE to design a 

structured experiment provides statistical insights and modelling to better understand and 

subsequently optimise complex, multifactor systems. Examples of the use of DoE within 

biological systems include its use to explore changes in substrate specificity caused by amino 

acid substitutions (Govindarajan et al., 2015), to understand and optimise metabolic pathways 

for the production of various metabolites (Brown et al., 2018; Xu et al., 2017) and for the 

evaluation and development of improved translational riboswitches (Kent and Dixon, 2019). 

This work describes the optimisation of the cytoplasmic production of the llama anti-bLinS heavy 

chain variable domain (VHH) B2D C10 in E. coli using a Design of Experiments approach. B2D C10 

had previously been identified as the most commonly occurring bLinS binder following the 

construction and subsequent enrichment of an immune VHH phage display library (Chapter 

3.4.8). The input variables selected for inclusion in the design included; the choice of production 

ǎǘǊŀƛƴ όƛƴŎƭǳŘƛƴƎ ǘƘŜ ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ ҟƎƻǊ ҟtrxB double knockout strain SHuffle T7 

Express), the co-production of the CyDisCo catalysts, the presence of short N-terminal tags, the 

amount of inducer added and the incubation temperature following induction. The response 

variable chosen as a metric for the cytoplasmic production of functional anti-LinS VHH was 

antibody - antigen binding as measured by ELISA using NeutrAvidin captured biotinylated bLinS 

and diluted cell lysate. The resultant data were used to construct a series of partial least squares 

regression (PLSR) models which served to highlight important variables affecting B2D C10 

production and to identify optimised production conditions. Following the demonstration that 

these conditions facilitated an 82-fold increase in the yield of functional B2D C10, a subsequent 

investigation was performed to determine if these improved production conditions for the VHH 

B2D C10 also resulted in the enhanced production of other members of the enriched anti-bLinS 

VHH library.  

4.3. Methods 

4.3.1. Design of Experiments & PLS Regression Analysis 

Design of Experiments, statistical analysis and partial least squares regression (PLSR) was 

performed using JMP Pro 12 (SAS Institute). The Custom Design tool was used to create an I-

optimal experimental design that investigated all main effects (single effects of the variables 

themselves), two factor interactions (interactions between two variables) and power terms for 

the continuous variables (an interaction of a continuous variable against itself in order to test for 

curvature). The experimental design consisted of a mixture of categorical and continuous input 

variables (experimental factors). The categorical variables used in the design were N-terminal 
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tag (None, His6, His6 -TEV and His6 S-tag), CyDisCo όbƻΣ ¸Ŝǎύ ŀƴŘ ǎǘǊŀƛƴ όb9.млʲΣ bƛ/ƻнм ό59оύΣ ¢т 

Express and SHuffle T7 Express). The continuous variables were arabinose concentration (0.1 ς 

50 mM) and post induction temperature (16 oC ς 30 oC). The cytoplasmic production of 

functional anti-LinS VHH was determined by ELISA; as such the absorbance at 630 nm minus the 

absorbance at 490 nm όҟ!630-490) was used as the response variable. The resultant design 

consisted of 42 experiments (Supplementary Information Table 4) which were performed in 

parallel in biological triplicate (n = 3). N-terminal tag and CyDisCo sequences can be found in 

Supplementary Tables 5 & 6 respectively.  

Modelling of the experimental data was performed by PLS. Model validation was performed 

using leave-one-out cross validation (LOOCV) and the SIMPLS (Statistically Inspired Modification 

of the PLS method) (de Jong, 1993) algorithm. The Root Mean Predicted Residual Error Sum of 

Squares (RM-PRESS) statistic was used to determine the optimal number of factors (latent 

variables) within the model. The variable importance in projection (VIP) and coefficient values 

for each variable within the model were then used to identify those that had the greatest effect 

(Wold et al., 2001). Variables with a VIP > 0.8 were taken forward to fit a simpler PLS model 

which was validated using the methods described above. 

4.3.2. Vector Construction 

For the construction of vectors containing the CyDisCo catalyst system όDŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ нлмтΣ 

2016; Hatahet et al., 2010; Nguyen et al., 2011) codon optimised genes for the S. cerevisiae FAD-

linked sulfhydryl oxidase Erv1p and mature human PDI were synthesised (Integrated DNA 

¢ŜŎƘƴƻƭƻƎƛŜǎύΦ ¢ƘŜ /ȅ5ƛǎ/ƻ Ŏŀǘŀƭȅǎǘ ŎŀǎǎŜǘǘŜ ƛƴŎƭǳŘŜŘ ōŜǎǇƻƪŜ рΩ ¦¢w ŀƴŘ w.{ ǎŜǉǳŜƴŎŜǎ 

designed using the Ribosome Binding Calculator (Espah Borujeni et al., 2014; Salis et al., 2009) 

and the rhaB promoter (Giacalone et al., 2006) (Coding sequences can be found in 

Supplementary Table 6). Initially the synthesised CyDisCo fragment was cloned into the PCR 

linearised pBbE8k vector (pBbE8k CyDisCo Fw & Rv primers, Supplementary Table 7) using an In-

Fusion Cloning kit (Clontech). The resultant plasmid was subsequently referred to as pBbE8k RFP 

Rha-CyDisCo. For use in the DoE vectors the CyDisCo system was instead cloned into the pBbE8k 

vector under the control of the araBAD promoter, such that the RFP/VHH, Erv1p and PDI proteins 

were produced in a tri-cistronic manner. This was achieved by PCR amplification of pBbE8k RFP 

Rha-CyDisCo using pBbE8k Tri-Cistronic CyDisCo Fw and Rv primers (Supplementary Information 

Table 7). The PCR product was analysed and subsequently purified by gel electrophoresis 

followed by gel extraction using a NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel). The 

purified PCR product was then phosphorylated and ligated using KLD Enzyme Mix (New England 
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.ƛƻƭŀōǎύΣ ǇǊƛƻǊ ǘƻ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ƻŦ b9. млʲ ŎƻƳǇŜǘŜƴǘ ŎŜƭƭǎΦ ¢ƘŜ ǊŜǎǳƭǘŀƴǘ ǇƭŀǎƳƛŘ ǿŀǎ 

henceforth referred to as pBbE8k RFP CyDisCo. Following overnight growth and plasmid isolation 

using a QIAprep Spin Miniprep kit (Qiagen) from a number of single colonies, sequencing of the 

plasmids was performed to ensure that no errors had been introduced during cloning. 

For the addition of N-terminal tags to the pBbE8k RFP CyDisCo expression vector, the plasmid 

was digested using the NdeI endonuclease in tandem with Antarctic phosphatase (New England 

Biolabs). N-terminal His6, His6 -TEV and His6 S-tags (Supplementary Information Table 5) with 15 

bp overhangs, designed such that there was complementarity to those of digested backbone 

and that the NdeI ǊŜǎǘǊƛŎǘƛƻƴ ǎƛǘŜ ǿŀǎ ǊŜǎǘƻǊŜŘ ŀǘ ǘƘŜ оΩ ŜƴŘ ƻŦ ǘƘŜ ƛƴǎŜǊǘ ŦƻƭƭƻǿƛƴƎ ŎƭƻƴƛƴƎΣ ǿŜǊŜ 

synthesised (Integrated DNA Technologies). Following gel electrophoresis and purification of the 

linearised vector using a NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel), In-Fusion 

Cloning (Clontech) was used to assemble the final tagged RFP tri-cistronic CyDisCo expression 

cassette. Stellar competent cells (Clontech) were transformed with the InFusion reaction mixture 

and the transformed cells grown on LB kanamycin (50 ˃ Ǝ Ƴ[-1) plates. The following day colonies 

were picked, cultured and the plasmid DNA isolated prior to sequencing to confirm the presence 

of both the desired tag and the NdeI restriction site in-frame with the RFP coding sequence. 

Select VHH coding sequences were PCR amplified using VHH NdeI Fw and VHH XhoI Rv primers 

(Supplementary Table 7) and PCR purified as described previously. The VHH insert and pBbE8k-

RFP CyDisCo vector variant were digested using NdeI and XhoI endonucleases and subsequently 

gel purified using the NucleoSpin kit, prior to ligation using T4 DNA ligase (New England BioLabs). 

NEB млʲ ŎŜƭƭǎ ǿŜǊŜ ǘǊŀƴǎŦƻǊƳŜŘ ǿƛǘƘ ǘƘŜ ƭƛƎŀǘƛƻƴ ƳƛȄǘǳǊŜ ŀƴŘ ǇƭŀǘŜŘ ƻƴ [. ƪŀƴŀƳȅŎƛƴ όрл ˃Ǝ Ƴ[-

1) plates supplemented with 1 mM Arabinose, such that instances of vector background could be 

more easily identified by the presence of red fluorescent protein producing colonies. Colony PCR 

(cPCR) using pBbE8k Seq Fw & Rv primers (Supplementary Table 7) was performed to identify 

colonies containing the correct size of insert. Plasmids isolated from these colonies were 

subsequently sent for sequencing to confirm the presence of the desired VHH. 

4.3.3. VHH Production & Purification 

Following cloning of selected VHH into the pBbE8k variants E. coli was transformed with the 

resultant plasmid. The anti-bLinS VHH amino acid sequences lacking N-terminal tags can be found 

in Supplementary Table 8. Strains used to evaluate VHH production in this work included: 

b9.млʲΣ ¢т 9Ȅpress, SHuffle T7 Express and NiCo21 (DE3) (New England BioLabs). Fresh colonies 

ǿŜǊŜ ǳǎŜŘ ǘƻ ƛƴƻŎǳƭŀǘŜ н Ƴ[ [. ƻǾŜǊƴƛƎƘǘ ŎǳƭǘǳǊŜǎ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ƪŀƴŀƳȅŎƛƴ όрл ˃Ǝ mL-1). 
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These starter cultures were incubated overnight at 30 oC with shaking at 200 rpm. The following 

Řŀȅ ǘƘŜ ǎǘŀǊǘŜǊ ŎǳƭǘǳǊŜǎ ǿŜǊŜ ǳǎŜŘ ǘƻ ƛƴƻŎǳƭŀǘŜ ¢. ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ƪŀƴŀƳȅŎƛƴ όрл ˃Ǝ mL-1) as 

a 1:100 dilution. The cultures were grown at 30 oC with shaking (200 rpm) until an OD600 of 0.6 

was reached. The cultures were then induced by the addition of arabinose (0.1 mM ς 50 mM) 

and the temperature subsequently altered according the experimental design (16 oC ς 30 oC) 

(See Supplementary Table 4). The induced cultures were then incubated for a further 24 h, 

before centrifugation and removal of the supernatant. Cell pellets were then flash frozen in 

liquid nitrogen and stored at - 80oC or immediately taken forward for cell lysis. 

Lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM MgCl2, 5 % (v/v) glycerol, 0.1 mg mL-1 

DNaseI and 0.1 mg mL-1 lysozyme) was added to the frozen pellet at 1/10th of the initial culture 

volume and the cell pellet re-suspended by vortexing. Three additional freeze-thaw cycles were 

performed to ensure thorough lysis of cells. The lysate was then clarified by centrifugation at 

13,000 x g for 10 min at room temperature and the supernatant removed and retained for 

further analysis/purification. 

VHH were purified using immobilised metal affinity chromatography (IMAC). For small scale 

cultures (< 5 mL) micro centrifuge spin columns or 96 well filter plates (BioBasic) in tandem with 

a 96 well plate vacuum manifold (Phenomenex) were loaded with Ni-NTA resin (Qiagen). For 

larger cultures (> 5 mL) a 5 mL HisTrap column (GE Healthcare) was used. In each instance the 

resin was pre-equilibrated in 5 column volumes (CV) of Equilibration Buffer (25 mM Tris-HCl pH 

7.4, 150 mM NaCl, 5 % (v/v) glycerol, 25 mM imidazole) prior to loading of the clarified lysate. 

The resin was then washed sequentially with 5 CV of Wash Buffers A, B and C (25 mM Tris-HCl 

pH 7.4, 150 mM NaCl, 5 % (v/v) glycerol with 50 mM, 75 mM and 100 mM imidazole 

respectively). Bound protein was eluted by the addition of 2 CV of Elution Buffer (25 mM Tris-HCl 

pH 7.4, 150 mM NaCl, 5 % (v/v) glycerol, 500 mM imidazole). Concentration and de-salting of the 

purified protein into Buffer A (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 % (v/v) glycerol, 5 mM 

MgCl2) was performed using Vivaspin 10 kDa MWCO concentrators (GE Healthcare).  

Protein purity was monitored by SDS-PAGE. Protein concentration was determined using both 

the Bradford protein assay and extinction coefficient methodology. Extinction coefficients were 

calculated using the ProtParam tool (https://web.expasy.org/protparam/) (Gasteiger et al., 

2005). 

https://web.expasy.org/protparam/
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4.3.4. Enzyme Linked Immunosorbent Assays (ELISA)  

The cytoplasmic production of functional anti-LinS VHH was determined by ELISA. Nunc MaxiSorp 

ǇƭŀǘŜǎ ǿŜǊŜ ŎƻŀǘŜŘ ǿƛǘƘ bŜǳǘǊ!ǾƛŘƛƴ όн ˃Ǝ mL-1 in PBS) and incubated at 4 oC overnight, followed 

by a blocking step with 1 % BSA in PBS for 1 hour. Between each subsequent step the plates 

were washed 4 times with PBS 0.1 % (v/v) Tween-20. Biotinylated Streptomyces clavuligerus 

linalool synthase (bLinS) (2 µg mL-1 in PBS, 1 % BSA, 5 mM MgCl2) (prepared as described in 

Chapter 3) was added and incubated for an hour, before serial dilutions of clarified cell lysate in 

25 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM MgCl2, 5 % (v/v) glycerol were applied. Bound VHH 

was revealed using MonoRab HRP-conjugated monoclonal antibody (GenScript) at a 1:5,000 

dilution in PBS. Following the addition of 1 Step Ultra TMB ELISA Substrate (ThermoFisher) the 

absorbance at 630 nm and 490 nm was measured using a BioTek Synergy HT microplate reader 

ŀƴŘ ǘƘŜ ҟA630-490 calculated. For the pilot series comparative production screening, all 

measurements were performed in biological duplicate (24 clones with one control well, n = 2), 

with lysate added as a 1:10 dilution in 25 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM MgCl2, 5 % 

(v/v) glycerol and the mean ҟA630-490 reported. For all other ELISAs within this study 

measurements were performed in biological triplicate (n = 3). All figures were made using Prism 

7 (GraphPad). 

4.3.5. Circular Dichroism (CD) 

VHH samples (0.4 mg mL-1) were prepared in 10 mM phosphate buffer pH 7, 150 mM NaF using 

CentriPure P5 columns. Far UV-CD (180 nm ς 280 nm) was performed using an Applied 

Photophysics Chirascan qCD and a 0.1 mm cuvette (Starna Scientific). Spectra were obtained at 

25 oC, 180 nm ς 280 nm at 0.5 nm steps with an acquisition time of 0.5 s per step for a total of 3 

repeats, which were subsequently averaged and the buffer background subtracted. EllƛǇǘƛŎƛǘȅ όʻύ 

values were then converted into mean molar residue elƭƛǇǘƛŎƛǘȅ όώʻϐMRE) using Eq 3. Where c is the 

protein concentration in mg mL-1, l is the pathway length in cm and MRW is the mass of the 

protein in Daltons divided by n -1 amino acids present in the protein (Greenfield, 2006).  

—-2%  
 Ȣ 

 
 

Analysis of CD spectra was performed using BestSel (Micsonai et al., 2018, 2015) 

(http://bestsel.elte.hu/). The Beta Structure Selection method utilised by BestSel reported eight 

Eq. 3 

http://bestsel.elte.hu/
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secondary structure components, namely; Helix 1 (regular), Helix 2 (distorted), Anti 1 (left-

twisted), Anti 2 (relaxed), Anti 3 (right- twisted), Parallel, Turn and Others. These predictions 

were subsequently used by BestSel to predict the protein fold at the topology level of the CATH 

protein structure classification database. 

4.4. Results & Discussion 

4.4.1. Design of Experiments optimisation of B2D C10 Cytoplasmic Production 

Previously, two immune anti-bLinS VHH phage display libraries were constructed and 

subsequently enriched (Chapter 3). In order to utilise the resultant anti-bLinS VHH for synthetic 

biology applications, it was necessary to develop a platform that facilitated reliable, functional 

production of correctly folded antibodies within the cytoplasm of E. coli. Given the large number 

of bLinS binders obtained following library enrichment it was decided to first find a series of 

optimised conditions for a single VHH and subsequently test these on a wider subset of VHH in 

order to determine the efficacy of the production platforms. As the most commonly occurring 

clone within the sequenced population of the enriched libraries, the anti-bLinS VHH B2D C10 was 

chosen for the initial development of the production system. 

In order to optimise the production of B2D C10 a Design of Experiments (DoE) approach was 

employed. Input variables were chosen based on both analysis of the literature and on 

previously conducted experimental pilot studies (data not included). When considering the 

production of difficult to produce proteins in E. coli, typically one of the first factors that is 

investigated is the choice of strain. This is especially true for the cytoplasmic production of 

proteins containing disulphide bonds, for which a number of specialised strains have been 

produced (Lobstein et al., 2012). Therefore, when considering production strains to be used in 

this work the inclusion of the ҟƎƻǊ ҟtrxB double knockout SHuffle T7 Express cells was 

considered necessary. In an effort to understand the effect of the double knockout system on 

disulphide bond formation, the regular T7 Express strain, with reducing pathways intact, was 

also included in the experimental design. Additionally NiCo21 (DE3) (New England Biolabs), a 

BL21 strain commonly used for the production of recombinant proteins with hexa-histidine 

(His6ύ ǘŀƎǎΣ ŀƴŘ b9. млʲ όbŜǿ 9ƴƎƭŀƴŘ .ƛƻƭŀōǎύΣ ŀ Yмн ǎǘǊŀƛƴ ǘȅǇƛŎŀƭƭȅ ǳǎŜŘ ŦƻǊ ǘƘŜ ŎƭƻƴƛƴƎ ƻŦ 

large plasmids, were also included in the experimental design. The next input variable included 

in the design was the co-production of the CyDisCo catalysts yeast sulfhydryl oxidase, Erv1p, and 

mature human PDI όDŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ нлмтΣ нлмсύ, which were developed for use as an alternative 

production strategy to ҟƎƻǊ ҟtrxB double knockout strains. The final categorical input variable 

explored in this work was the addition of N-terminal tags. Solubility tags are widely used when 
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looking to improve the yields of difficult to produce proteins (Esposito and Chatterjee, 2006), 

however these tags are often large, such as the commonly used 45 kDa maltose binding protein 

(MBP) tag (Kapust and Waugh, 1999), and may therefore interfere with the function of the 

protein of interest. When considering the relatively small size of VHH (~ 15 kDa), and that 

crystallographic data shows that the N-terminus of the polypeptide chain is adjacent to the 

interface between the CDR loops (Eliseev et al., 2018; Hinz et al., 2010), the use of large 

solubility tags is likely to interfere with the antibody-antigen interaction. Therefore in this 

experimental design a series of short tags; His6 (15 amino acids), His6 -TEV (28 amino acids) and 

His6 S-tag (46 amino acids), were investigated for their ability to improve production of 

functional B2D C10 (See Supplementary Table 5 for N-terminal tag sequences). Finally, inducer 

concentration and post induction temperature were included in the design as continuous 

variables. Both factors are routinely varied ad hoc when looking to optimise protein production 

in an effort to maximise the rate of protein synthesis whilst avoiding protein aggregation 

(Larentis et al., 2014; Mühlmann et al., 2017). The factor levels for each input variable used in 

the experimental design can be seen in Table 5.  

Table 5: Input variables and associated factor levels chosen for this experimental design. 

 

Using the statistical software package JMP Pro 12 (SAS Institute) an I-optimal custom design was 

constructed such that main order effects, second order interaction effects between all input 

variables and squared power effects of the continuous variables were investigated. The resultant 

experimental design consisted of 42 experiments that were performed in biological triplicate. 

The full experimental design can be seen in Supplementary Table 4. When considering a suitable 

output response for the experimental design it was decided that measuring the total amount of 

VHH produced would not provide an accurate representation of whether the protein had folded 

correctly and demonstrated the expected functionality. In an effort to measure the amount of 

functionally produced VHH, ELISAs using serially diluted cell lysate and NeutrAvidin captured 

biotinylated bLinS were performed, with the resultant binding signal (ҟA630-490) used as a means 

of comparing the amounts of functionally active VHH present.  

Input Variable Role Factor Level 

Strain Categorical b9.млʲΣ bƛ/ƻнм ό59оύΣ ¢т 9ȄǇǊŜǎǎΣ {IǳŦŦƭŜ ¢т 9ȄǇǊŜǎǎ 

CyDisCo Categorical NO, YES 

N-terminal Tag Categorical None, His6 , His6-TEV, His6 S-Tag 

Inducer Concentration (mM) Continuous 0.1 ς 50 

Post Induction Temperature (
o

C) Continuous 16 ς 30 
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4.4.2. PLS Model Building & Interpretation 

Following execution of the experimental design, ǘƘŜ ƳŜŀƴ ҟA630-490 values (n=3) were calculated 

(Supplementary Table 4ύΦ ¢ƘŜ ŀǾŜǊŀƎŜ ҟA630-490 values obtained using lysate at a 1:1000 dilution 

were then used to construct a partial least squares (PLS) regression model using each of the 

effects included in the custom design. Model validation was performed using leave-one-out 

cross validation (LOOCV) and the Statistically Inspired Modification of the PLS method (SIMPLS) 

(de Jong, 1993) algorithm. The optimal number of factors (latent variables) within each model 

was determined by choosing the fit which minimised the RM-PRESS statistic. For the first 

iteration of the PLS model, which included all main effects, all interactions and powered terms 

for continuous variables, it was determined that 2 factors was optimal. This model had an RM-

PRESS of 0.866 and explained 9.76 % of the cumulative variation for the X score and 89.79 % of 

the cumulative variation in Y. Whilst the cumulative R2Y value of 0.899 indicated that the model 

explained a significant amount of variation in the Y variables, the predictive ability of the model, 

as determined by the cumulative Q2 value of 0.437, suggested that the model could be further 

improved. 

Of the 67 terms included in the initial model 34 were identified as influential, as determined by 

the term having a variable importance in projection (VIP) statistic > 0.8. By plotting the VIP 

against the model coefficients for centred and scaled data (Figure 19), it was possible to identify 

influential terms and the effect that they had on the predictive capabilities of the model. The 

term with the greatest effect on the first iteration of the PLS model was the interaction between 

the addition of an N-terminal His6 tag and the presence of the CyDisCo catalysts (scaled model 

coefficient = 0.210, VIP = 2.43). This synergistic interaction is therefore highly likely to be 

significant when looking to optimise B2D C10 production in the future. When these terms were 

examined individually both factors also had a positive effect on the model, with scaled model 

coefficients of 0.106 and 0.072 and VIP scores of 1.55 and 1.27 for N-terminal His6 tag and 

CyDisCo [YES] respectively. The second most influential term in the model (VIP = 2.12) was 

identified as the interaction between inducer concentration and the use of the SHuffle T7 

Express strain (scaled model coefficient = - 0.180), which indicated that predicted B2D C10 

production using the SHuffle T7 strain was significantly affected by the final concentration of 

arabinose, and as such should be monitored in future optimisation experiments. The next most 

influential term in the model was the interaction (scaled model coefficient = 0.204, VIP = 2.08) 

between the use of an N-terminal His6 S-tag and SHuffle T7 Express. Again, the importance of 

this interaction to the model suggested that the use of this combination of factors could 
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facilitate significantly improved VHH production in future optimisation efforts. Other terms with a 

VIP statistic > 0.8 that were of potential interest as predictors of functional cytoplasmic B2D C10 

production included the negative effect of including no N-terminal tag (scaled model coefficient 

= -0.077, VIP = 1.41) and the quadratic effect of the post induction temperature term (scaled 

model coefficient = -0.139, VIP = 1.41). The occurrence of quadratic effects in the model 

indicates that this variable has a non-linear relationship with the response variable i.e. the 

optimal post induction temperature lies at a point on curved line between 16 oC and 30 oC. 

Interestingly, the quadratic effect for the inducer concentration term was not found to be 

significant for the predicative ability of the model (VIP = 0.40), which indicated a lack of 

curvature for the highly significant main effect term inducer concentration (VIP = 1.62). 

Furthermore, the interaction between post induction temperature and inducer concentration 

was also found to not be a significant predictor in the model (VIP = 0.75). These observations 

were perhaps surprising, as typically when looking to improve the yields of difficult to produce 

proteins ǘƘŜǎŜ ŦŀŎǘƻǊǎ ŀǊŜ ŀƭǘŜǊŜŘ ǎƻ ŀǎ ǘƻ ŦƛƴŘ ŀ ΨǎǿŜŜǘ ǎǇƻǘΩ ōŜǘǿŜŜƴ ƳŜǘŀōƻƭƛŎ ōǳǊŘŜƴ ŀƴŘ 

functional production (Larentis et al., 2014; Mühlmann et al., 2017).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 19: Variable importance in projection (VIP) against model coefficients for centred and scaled data plot. 
Standardised coefficients indicate if the term has a positive or negative impact in the model. Terms with a VIP 
score > 0.8 (red dashed line) are deemed as influential in the explanatory model for VHH binding as 
ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘƘŜ ŀǾŜǊŀƎŜ ҟ!630-490 (1:1000). Interaction terms are denoted by an asterisk (*). 
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In order to improve the predictive ability of the PLS model each of the terms with a VIP statistic 

> 0.8 (Figure 19), including any non-significant main effect terms contained within significant 

interaction terms, were taken forward to construct a second PLS model. For the second iteration 

of the model the optimal number of factors was again determined by minimising the RM-PRESS 

statistic. The resultant model contained 3 factors (RM-PRESS = 0.789) and explained 16.84 % 

cumulative variation in X and 92.64 % cumulative variation in Y, both of which represent an 

improvement over the first iteration of the PLS model. Furthermore, the predictive power of the 

model was also improved as exemplified by a cumulative R2Y value of 0.929 and an improved 

cumulative Q2 value of 0.702. To further demonstrate that the model was of sufficient quality a 

series of model diagnostic plots were generated (Figure 20). The actual by predicted plot (Figure 

20A) confirms that the data are largely well predicted by the model. Whilst the residual by 

predicted plot (Figure 20B), residual by row (Figure 20C) and residual normal quantile (Figure 

20D) show a balanced distribution, with the exception of the edge effect seen in the residual by 

predicted plot (Figure 20.ύ ŦƻǊ ŜȄǇŜǊƛƳŜƴǘǎ ǿƘƛŎƘ ƘŀŘ ҟA630-490 values of 0 i.e. no bound VHH was 

detected. 
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Figure 20: Diagnostic plots assessing the fit and quality of the second iteration of the PLS model. A) Actual by 
predicted plot, B) Residual by predicted plot, C) Residual by row and D)Residual normal quantile plots for each 
of the 42 experiments. 
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Figure 21: Interaction plots for the 2nd iteration of the partial least squares regression model. 

Figure 22: Prediction profiler plots for functional production of the anti-bLinS VHH B2D C10. 
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Following confirmation that the second iteration of the model was of sufficient quality, further 

ŀƴŀƭȅǎƛǎ ŎƻǳƭŘ ōŜ ǇŜǊŦƻǊƳŜŘΦ LƴǘŜǊŀŎǘƛƻƴ Ǉƭƻǘǎ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜ ŦŀŎǘƻǊǎ ŀƎŀƛƴǎǘ ŀǾŜǊŀƎŜ ҟA630-490 

(1:1000) (Figure 21) were used to highlight interactions of interest and identify key factors for 

maximising functional production of the anti-bLinS VHH B2D C10. Once again the interaction 

between the co-production of the CyDisCo catalysts and the addition of an N-terminal His6 tag, 

which had previously been identified as an important predictor in the model using the VIP 

statistic, could be seen. Additionally, the plots also highlighted that the co-production of the 

CyDisCo catalysts resulted in increased ŀǾŜǊŀƎŜ ҟA630-490 (1:1000) value for each strain used, with 

ǘƘƛǎ ŜŦŦŜŎǘ ōŜƛƴƎ Ƴƻǎǘ ǎƛƎƴƛŦƛŎŀƴǘ ǿƘŜƴ ǳǎƛƴƎ b9. млʲ ŀǎ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƘƻǎǘΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ 

interaction plots also highlighted strong interactions between the choice of N-terminal tag and 

the production strain used. Most notably this could be observed for interactions between the 

His6 S-tag and the use of SHuffle T7 Express, and the presence of a His6 tag when used in 

ŎƻƳōƛƴŀǘƛƻƴ ǿƛǘƘ b9. млʲ ŎŜƭƭǎΦ ¢ƘŜǎŜ Ǉƭƻǘǎ ŀƭǎƻ ƘƛƎƘƭƛƎƘǘŜŘ ǘƘŀǘ ǘƘŜ ǳǎŜ ƻŦ ŀ high concentration 

of inducer (50 mM) resulted in improved B2D C10 production compared to that of the lower 

concentration (0.1 mM). This observation, alongside the lack of curvature for this main effect 

term, suggests that the production of functional B2D C10 is not significantly burdensome to the 

host metabolism and could be increased by using higher concentrations of arabinose. When 

ƭƻƻƪƛƴƎ ŀǘ ǘƘŜ ŜŦŦŜŎǘ ƻŦ Ǉƻǎǘ ƛƴŘǳŎǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜ ƻƴ ŀǾŜǊŀƎŜ ҟA630-490 (1:1000) there appeared 

to be some interaction between temperature and the choice of production strain, whilst there 

appeared to be no significant interactions between the other factors. As such, when considering 

optimisation of production it would only be necessary to find an optimal temperature for each 

strain rather than each combination of factors. 

In order to identify a combination of the input factors that yielded optimal functional B2D C10 

production, the predictive power of the PLS model was used. The resultant prediction profiler 

plots showed the ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ŦŀŎǘƻǊǎ ǘƘŀǘ ȅƛŜƭŘŜŘ ǘƘŜ Ƴƻǎǘ ŘŜǎƛǊŀōƭŜ ҟA630-490 (1:1000) 

output, which were assigned a desirability score between 0 and 1 (Figure 22). The most desirable 

ŦŀŎǘƻǊ ŎƻƳōƛƴŀǘƛƻƴΣ ƛΦŜΦ ǘƘŜ ŎƻƳōƛƴŀǘƛƻƴ ǿƛǘƘ ǘƘŜ ƘƛƎƘŜǎǘ ǇǊŜŘƛŎǘŜŘ ҟA630-490 (1:1000) value had a 

score of 0.928. This combination utilised an N-terminal His6 tag, the co-production of the 

CyDisCo catalysts and the usage of SHuffle T7 Express cells, with induction using 50 mM 

arabinose and a reduction of the incubation temperature to 23.7 oC following induction (Figure 

22A). Additionally, the prediction profiler was used to identify two other combinations which 

were also shown to have high desirability scores. The use of the His6 S-tag in tandem with the 

optimised conditions described above had a desirability score of 0.889 (Figure 22B). Whilst the 

addition of an N-terminal His6 tag and the co-ǇǊƻŘǳŎǘƛƻƴ ƻŦ ǘƘŜ /ȅ5ƛǎ/ƻ Ŏŀǘŀƭȅǎǘǎ ƛƴ b9. млʲ 
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Figure 23: SDS-PAGE image comparison of the soluble cell lysate, including B2D C10 (highlighted by red box) with each 
N-terminal tag in the presence and absence of the CyDisCo chaperones (+/-ύ ǳǎƛƴƎ b9. млʲ όA) and SHuffle T7 Express 
(B) cells. Protein production was induced using 50 mM arabinose, following which the temperature was reduced to the 
previously identified optimised temperature for that strain.  

following induction with 50 mM arabinose and incubation at 26.6 oC, had a desirability score of 

0.874 (Figure 22C). 

4.4.3. Evaluating Production of B2D C10 Using Optimised Conditions 

In order to evaluate the improvement seen in VHH production, B2D C10 was produced using the 

optimised conditions shown in Figure 22. After 24 hours of growth the OD600 of cultures was 

measured prior to centrifugation and the cell pellets subsequently re-suspended in a suitable 

volume of Lysis Buffer, so as to facilitate the comparison of the soluble protein between 

cultures. SDS-PAGE analysis of the clarified, soluble lysate (Figure 23) clearly highlighted the 

effect of the CyDisCo catalysts on the production of soluble B2D C10, whilst significantly 

improved production of soluble B2D C10 could also be observed when using the His6 and His6 S-

tags. These observations were consistent with the results obtained during the DoE optimisation 

process as well as the subsequent PLS model predictions. Following IMAC purification of select 

tagged B2D C10 variants the purified protein was quantified using the absorbance at 280 nm. 

Under the optimised production conditions shown in Figure 22A 12.64 ± 0.71 mg L-1 of His6 B2D 

C10 was obtained. Interestingly however, the highest yield of B2D C10, 15.98 ± 0.92 mg L-1, was 

obtained when using the conditions shown in Figure 22B. Whilst 8.60 ± 0.82 mg L-1 of His6 B2D 

C10 were obtained for the conditions described in Figure 22C. These titres represent significant 

improvements over those obtained in the absence of any N-terminal tags and CyDisCo catalysts 

which were previously produced at 0.20 mg L-1 and 0.79 mg L-1 when using T7 Express and 

SHuffle T7 Express respectively.  
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4.4.4. Monitoring the Secondary Structure Effects of N-terminal tag Addition 

In addition to the use of ELISAs to ensure the retention of functionality of B2D C10, circular 

dichroism (CD) was used to assess the secondary structure of the purified tagged VHH. BestSel 

(Micsonai et al., 2018, 2015) was chosen to perform secondary structure prediction due to the 

ŘŜǘŀƛƭŜŘ ʲ ς sheet structural analysis that it provides. Unlike alternative predictive tools, BestSel 

utilises reference sets consisting of a greater number and ƎǊŜŀǘŜǊ ŘƛǾŜǊǎƛǘȅ ƻŦ ʲ ς sheet spectra, 

ŀƭƭƻǿƛƴƎ ŦƻǊ ōŜǘǘŜǊ ŦƛǘǘƛƴƎ ƻŦ ƛǘǎ ǇǊŜŘƛŎǘƛǾŜ ƳƻŘŜƭǎ ŀƎŀƛƴǎǘ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ʲ ς sheet proteins such 

as antibodies. Furthermore, the use of BestSel facilitates protein fold prediction down to the 

topology level of the CATH protein fold classification database, which allows comparison of the 

protein of interest with structures in the PDB (Micsonai et al., 2018, 2015). 

Comparison of the far-UV CD spectra obtained for purified un-tagged B2D C10, His6 B2D C10 and 

His6 S-tag B2D C10 (Figure 24) revealed that both the His6 and His6 S-tagged B2D C10 had similar 

spectral properties, that appeared significantly different to that of un-tagged B2D C10. The 

presence of large positive maxima at 202 nm observed for both His6 and His6 S-tagged B2D C10 is 

consistent with the presence of parallel beta-strands, whilst the maximum observed at 195 nm 

for un-ǘŀƎƎŜŘ .н5 /мл ŎƻǳƭŘ ōŜ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ ŀ ƎǊŜŀǘŜǊ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ΨƻǘƘŜǊΩ ǎǘǊǳŎǘǳǊŀƭ 

ŦŜŀǘǳǊŜǎ ƛƴŎƭǳŘƛƴƎΣ ʲ-bridges, bends, loops or irregular regions of the structure (Micsonai et al., 

2015). For the tagged B2D C10 variants, minima were observed at 217 nm and ~ 230 nm, whilst 

a single much broader minimum at around 220 nm was observed for un-tagged B2D C10, 

suggesting differing proportions of anti-parallel beta strand classes. The use of BestSel to predict 

secondary structure content (Table 6) appeared to confirm these observations, with an increase 

ƛƴ ǇŀǊŀƭƭŜƭ ʲ ς strand content observed for both His6 and His6 S-tagged constructs (~ 11 % 

compared to 0 % for un-tagged B2D C10). Additionally, a reduction in the total Anti-2 (relaxed 

anti-ǇŀǊŀƭƭŜƭ ʲ ǎǘǊŀƴŘύ ŎƻƴǘŜƴǘΣ from 19.5 % to 15.5 %, was observed following addition of both 

N-terminal tags. The secondary structure predictions for each B2D C10 variant were then used to 

assess the fold architecture and topology, based on the CATH protein structure classification 

database, for each VHH. In each case the B2D C10 variants were all categorised as having 

ǇǊŜŘƻƳƛƴŀƴǘƭȅ ʲ-sandwich architecture with immunoglobulin-like topology.  

The use of far-UV CD, in tandem with ELISAs to confirm the retention of binding activity, 

suggested that the addition of N-terminal tags to the anti-bLinS VHH B2D C10 does not impair VHH 

ς bLinS binding and facilitates the correct formation of the disulphide bond necessary for native 

folding. As such, the optimised production conditions could then be investigated for use on a 
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series of alternative VHH in order to establish whether the production platform was suitable for 

wider use.  

 

 

 

 

 

 

 

 

Table 6: Estimated secondary structure content of un-tagged B2D C10, His6 B2D C10 and His6 S-tag B2D C10 produced 
using SHuffle T7 Express, as predicted using BestSel. Values are displayed as percentages of the total protein 
secondary structure. 

VHH 
Helix 1 

(regular) 
Helix 2 

(distorted) 

Anti 1 
(left-

twisted) 

Anti 2 
(relaxed) 

Anti 3 
(right-

twisted) 
Parallel Turn Others NRMSD 

B2D C10 0.4 0.0 6.0 19.5 19.3 0.0 13.7 41.1 0.045 

His6 B2D C10 0.0 0.5 4.2 15.5 18.0 11.4 12.4 37.8 0.055 

His6 S-tag B2D C10 0.0 0.4 3.9 15.5 17.8 11.2 12.6 38.5 0.084 

  

4.4.5. Evaluating the Production of Other Selected VHH 

Following the identification of a series of optimised production conditions, the input factor 

combinations were further evaluated in order to determine whether they could be used to 

improve the functional production of other anti-bLinS VHH. Initially an additional two VHH, B1D G9 

and B2D D6, were identified as suitable candidates to further test the production platforms. In 

control experiments, un-tagged B1D G9 could be functionally produced in the absence of 

CyDisCo catalysts using both NEB млʲ ŀƴŘ {IǳŦŦƭŜ ¢т 9ȄǇǊŜǎǎ όCƛƎǳǊŜ 25A). Conversely, no 

functionally active B2D D6 could be detected using either strain in the absence of N-terminal 

tags and the CyDisCo catalysts (Figure 25A). Therefore, the use of these VHH should provide 

Figure 24: Far-UV circular dichroism (CD) spectra comparison between un-tagged B2D C10, His6 B2D C10 and His6 S-
tag B2D C10 produced using SHuffle T7 Express. 
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insights into whether the addition of an N-terminal tag would impair antigen binding in variants 

that could previously be produced without a tag (B1D G9), whilst also assessing whether the 

platforms were sufficiently powerful to facilitate the production of particularly hard to produce 

VHH fragments (B2D D6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Small scale (1 mL) cultures of B1D G9, B2D C10 and B2D D6 were grown using each of the three 

optimised production conditions previously described (Chapter 4.4.2, Figure 22). Cell lysate was 

then used to perform a series of lysate titration ELISAs (Chapter 4.3.4) against NeutrAvidin 

captured bLinS (Figure 25ύΦ .ȅ ƴƻǘƛƴƎ ǘƘŜ ŦƻƭŘ Řƛƭǳǘƛƻƴ ǊŜǉǳƛǊŜŘ ǳƴǘƛƭ ŀ ƭƻǎǎ ƻŦ ǎƛƎƴŀƭ όҟA630-490) is 

observed, preliminary insights into the ability of the optimised production platforms to improve 

functional VHH production could be gained. When evaluating the addition of an N-terminal His6 

tag and the presence of the CyDisCo catalysts on VHH production, increased antibody titres were 

observed for each VHH ǿƘŜƴ ǳǎƛƴƎ ōƻǘƘ b9. млʲ ŀƴŘ {IǳŦŦƭŜ ¢т 9ȄǇǊŜǎǎ όCƛƎǳǊŜ 25B). The use of 

SHuffle T7 Express appeared to be favourable for the production of the His6 B1D G9 and His6 B2D 

/млΣ ǿƘƛƭǎǘ b9. млʲ ŀǇǇŜŀǊŜŘ ǘƻ ōŜ ǘƘŜ ƳƻǊŜ ŜŦŦŜŎǘƛǾŜ ǎǘǊŀƛƴ ŦƻǊ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ Iƛǎ6 B2D D6 

Figure 25: ELISA lysate titrations of anti-bLinS VHH B1D G9, B2D C10 and B2D D6 against NeutrAvidin captured bLinS (2 
˃Ǝ Ƴ[

-1
). VHH expression was induced by the addition of 50 mM arabinose and the temperature subsequently lowered 

to that of the previously identified optimum for each strain, such that the effects of the optimised B2D C10 expression 
conditions could be evaluated for other VHH. 
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only. When using the N-terminal His6 S-tag, increased antibody titres were again seen for each 

VHH, with SHuffle T7 Express appearing to be the most favourable strain for functional antibody 

production in each case (Figure 25C). Each of the production conditions evaluated resulted in 

the production of functionally active B2D D6, which had not been previously observed. 

LƴǘŜǊŜǎǘƛƴƎƭȅΣ ǘƘŜ ƳŀȄƛƳŀƭ ҟA630-490 values observed for un-tagged B1D G9 were greater than 

those seen for the tagged variants. Whilst this could perhaps indicate that the presence of the N-

terminal tag reduces antibody ς antigen affinity, the effect does not appear to be significant.  

Once the functional production of B1D G9, B2D C10 and B2D D6 had been confirmed, larger 

scale production trials (50 mL) were performed so as to quantify the amount of each VHH 

produced using the optimised conditions. In addition to the three previously identified 

optimised B2D C10 production conditions (Chapter 4.4.2, Figure 22), the use of an N-terminal 

His6 S-ǘŀƎ ƛƴ b9. млʲ Ŏƻ-producing the CyDisCo catalysts was also included. Following IMAC 

purification and de-salting of the elution fractions, the purified VHH were analysed by SDS-PAGE 

(Figure 26A) and subsequently quantified (Figure 26B). For each of optimised production 

conditions the elution fractions were of high purity, whilst the usage of an N-terminal His6 S-tag 

ƛƴ b9. млʲ ǊŜǎǳƭǘŜŘ ƛƴ ŀ ƭŀŘŘŜǊƛƴƎ ŜŦŦŜŎǘ ƛƴŘƛŎŀǘƛǾŜ ƻŦ ŦǊŀƎƳŜntation of the protein (Figure 26A). 

When comparing the yields of B1D G9 and B2D D6 against those seen for B2D C10, it was 

interesting to note that the purified yields were lower than those obtained for B2D C10 (Figure 

26B). Importantly however, both B1D G9 and B2D D6 could be produced and purified at > 5 mg 

L-1, which represented significant improvements over previous titres. In order to compare each 

of the production conditions the average yield for each production condition was calculated 

(Figure 26C). Of the three optimised factor combinations, the use of an N-terminal His6 S-tag and 

the co-production of the CyDisCo catalysts in SHuffle T7 Express had the highest average yield 

(11.94 ± 3.84 mg L-1). This was in agreement with the lysate titration ELISAs (Figure 25C) which 

ƘŀŘ ƳŀȄƛƳŀƭ ҟA630-490 values at a 31,250 fold dilution for each VHH. 
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4.4.6. Pilot Series Comparative Production Screen 

In an effort to further assess the suitability of the optimised conditions for the functional 

production of single domain antibodies in the cytoplasm, a panel of 24 anti-bLinS VHH were 

selected for screening under each of the optimised conditions (See Supplementary Table 8 for 

the Clustal Omega sequence alignment of VHH used). Previously, in the absence of an N-terminal 

tag or the CyDisCo catalysts, 5 of the 24 (20.8 %) selected VHH could be functionally produced as 

ŘŜǘŜǊƳƛƴŜŘ ōȅ 9[L{! όҟA630-490 > 0.1) when produced in SHuffle T7 Express (Figure 27). Whilst 6 

of 24 (25 %) could be ǇǊƻŘǳŎŜŘ ǳǎƛƴƎ b9. млʲ όCƛƎǳǊŜ нт). When utilising an N-terminal His6 tag 

alongside the co-production of the CyDisCo catalysts, 9 out of 24 (37.5 %) and 12 out of 24 (50 

%) of VHH ŎƻǳƭŘ ōŜ ǇǊƻŘǳŎŜŘ ǿƘŜƴ ǳǎƛƴƎ {IǳŦŦƭŜ ¢т 9ȄǇǊŜǎǎ ŀƴŘ b9. млʲ ǊŜǎǇectively. When 

using an N-terminal His6 S-tag alongside the CyDisCo catalysts in SHuffle T7 Express, 12 out of 24 

(50 %) of the VHH could also be functionally produced (Figure 27). In each instance the optimised 

conditions represented an improvement over the control experiments, demonstrating that 

whilst the production platforms were unable to universally produce functionally active VHH, they 

are a useful tool in order to maximise the number of clones that may later be screened for 

activity. 

 

Figure 26: Evaluation of purified B1D G9, B2D C10 and B2D D6 produced using the optimised conditions   A) SDS-PAGE 
image of IMAC purified VHH ǳǎƛƴƎ b9. млʲ όмлʲύ ŀƴŘ {IǳŦŦƭŜ ¢т 9ȄǇǊŜǎǎ ό{Iύ ǿƛǘƘ ōƻǘƘ Iƛǎ6 and His6 S-Tags. B) Yields 
(mg L

-1
) of each purified VHH under each production condition. C) Mean VHH yield (mg L

-1
) for each production 

condition. 

A B 

C 
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Comparison of the aligned amino acid sequences (Supplementary Table 8) for each of the anti-

bLinS VHH variants investigated in the pilot series screening did not reveal conserved residues 

within the framework or CDR sequences that may explain why certain variants were 

preferentially produced using the optimised platforms. The use of the optimised conditions to 

screen a significantly larger panel of anti-bLinS VHH, such as the remaining 237 anti-bLinS VHH 

identified in Chapter 3, could reveal key residues linked to protein production levels using the 

optimised platforms. The identification of such residues could be used to further improve 

production levels, to facilitate sequence based predictions of VHH production or for the 

construction of universal framework sequences that may be used to construct novel synthetic 

VHH libraries. 

4.5. Summary & Conclusions 

This work describes the use of a Design of Experiments (DoE) methodology to construct a PLS 

model that could be used to further the understanding of, and to subsequently optimise, the 

production of the anti-bLinS VHH B2D C10. It was subsequently investigated whether such 

conditions could also be used to improve the production of a wider panel of anti bLinS VHH, with 

Figure 27: Heat map comparison for 'pilot series' VHH produced using the optimised production conditions 
ŀƭƻƴƎǎƛŘŜ {IǳŦŦƭŜ ¢т 9ȄǇǊŜǎǎ ŀƴŘ b9. млʲ ŎƻƴǘǊƻƭǎ ƭŀŎƪƛƴƎ ŀƴ b-terminal tag or CyDisCo catalysts. Values used 
ŀǊŜ ǘƘŜ ƳŜŀƴ ҟ!630-490 scores, actual values and standard deviation can be found in Supplementary Table 9. 
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a view to determining whether these single domain antibodies could be utilised as synthetic 

biology tools. 

The addition of N-terminal tags, co-production of CyDisCo catalysts όDŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ нлмтΣ нлмсύ, 

the choice of production strain, the amount of inducer added and post-induction temperature 

were investigated to assess their importance when looking to produce functional B2D C10. 

Following the execution of the experimental design, functional production of B2D C10 was 

determined by ELISA using serially diluted cell lysate. The resultant data was used to construct a 

first iteration of a PLS model using each of the main effect terms, two-level interactions and the 

square power terms for the continuous variables. The use of two factors (latent variables) was 

identified as optimal for the initial model, which had cumulative R2Y and Q2 scores of 0.899 and 

0.437 respectively, indicating that whilst the model explained a significant amount of variation in 

the Y variables, its predictive ability could be further improved. As such the VIP statistic was used 

to identify terms within the model that were highly influential and to subsequently utilise these 

terms to construct a simplified second PLS model, whilst discarding those with minimal influence 

on the model. When using 3 factors (latent variables) the second iteration of the model had a 

cumulative R2Y score of 0.929 and a significantly improved cumulative Q2 value of 0.702, 

indicating that the model was of sufficient quality to be used a predictive tool. As such a series of 

three optimised production conditions were identified and evaluated for B2D C10, resulting in 

up to an 82 fold improvement in purified protein yield when using an N-terminal His6 S-tag 

alongside the co-production of the CyDisCo catalysts in SHuffle T7 Express, when induced with 

50 mM arabinose and the temperature subsequently lowered to 23.7 oC.  

Further investigations into whether these conditions also facilitated the improved production of 

other VHH were performed using a panel of 24 anti-bLinS VHH. Previous attempts to produce 

these VHH in the absence of the CyDisCo catalysts and an N-terminal tag resulted in 5 out of 24 ( 

20.8 %), and 6 out of 24 (25 %) functionally produced VHH when using SHuffle T7 Express and 

b9. млʲ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ²Ƙƛƭǎǘ ǘƘŜ ǳǎŜ ƻŦ ǘƘŜ Iƛǎ6 S-tag alongside CyDisCo catalyst co-production 

in SHuffle T7 Express saw this improve to 12 out of 24 (50 %), representing a significant 

improvement. As such, this work demonstrates that a DoE approach can be used to develop a 

platform for the production of VHH within the cytoplasm of E. coli. Such a platform can facilitate 

the development of VHH as tools for potential synthetic biology applications, in which the ability 

to functionally express the VHH of interest in the cytoplasm is critical. 
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4.7. Supplementary Information 

 

Supplementary Table 4: 9ȄǇŜǊƛƳŜƴǘŀƭ 5ŜǎƛƎƴ ƛƴŎƭǳŘƛƴƎ ƳŜŀƴ ŀǾŜǊŀƎŜ !ҟ ǾŀƭǳŜǎ όƴҐоύ ƻōǘŀƛƴŜŘ ŦƻƭƭƻǿƛƴƎ Řƛƭǳǘƛƻƴ ƻŦ 
the lysate prior usage in the ELISA. 

Run 
N-term 

Tag 
CyDisCo 

Inducer 
Conc 
(mM) 

Strain 
Post 

Induction 
Temp (

o
C) 

Mean 
!ҟ 

(1:10) 

Mean 
!ҟ 

(1:100) 

Mean 
!ҟ 

(1:1000) 

1 His6 TEV No 25.05 NEB10B 30 0.42 0.006 0.000 

2 His6 Yes 0.1 NiCo21(DE3) 30 0.2 0.002 0.001 

3 His6 TEV No 50 NiCo21(DE3) 16 1.076 0.234 0.001 

4 None Yes 25.05 NiCo21(DE3) 16 0.962 0.674 0.012 
5 None No 50 NiCo21(DE3) 30 0.156 0.001 0.001 

6 His6 S-Tag Yes 0.1 NiCo21(DE3) 16 1.148 0.744 0.035 

7 His6 TEV Yes 50 SHuffle T7 30 0.737 0.769 0.403 

8 His6 TEV Yes 25.05 NiCo21(DE3) 23 1.041 0.036 0.000 

9 His6 TEV No 25.05 T7 Express 23 0.774 0.006 0.001 

10 His6 TEV Yes 25.05 NEB10B 23 0.966 0.851 0.070 

11 None No 0.1 NEB10B 16 0.011 0.000 0.001 

12 His6 TEV No 0.1 SHuffle T7 23 1.061 0.190 0.002 

13 His6 Yes 50 NiCo21(DE3) 16 0.768 0.784 0.684 

14 None Yes 50 SHuffle T7 16 0.812 0.260 0.003 

15 His6 Yes 0.1 T7 Express 16 0.913 0.422 0.003 

16 His6 S-Tag Yes 25.05 SHuffle T7 30 0.939 0.797 0.579 

17 His6 S-Tag No 0.1 NEB10B 23 1.164 0.221 0.002 

18 His6 TEV Yes 25.05 SHuffle T7 16 0.986 0.791 0.292 

19 None Yes 0.1 NEB10B 30 0.8 0.679 0.214 

20 His6 S-Tag Yes 0.1 T7 Express 16 1.136 0.598 0.008 

21 None No 50 NEB10B 23 1.009 0.059 0.001 

22 His6 No 25.05 NiCo21(DE3) 16 1.029 0.960 0.265 

23 None Yes 0.1 SHuffle T7 16 0.345 0.001 0.001 
24 None No 0.1 T7 Express 16 0.782 0.002 0.001 

25 His6 S-Tag No 50 T7 Express 30 0.556 0.022 0.001 

26 His6 S-Tag No 0.1 SHuffle T7 16 1.007 0.792 0.049 

27 His6 S-Tag Yes 50 NEB10B 16 0.878 0.792 0.175 

28 His6 Yes 50 SHuffle T7 23 0.607 0.892 0.763 

29 None No 0.1 NiCo21(DE3) 23 0.049 0.001 0.001 

30 His6 No 50 T7 Express 30 0.505 0.013 0.001 

31 None Yes 50 T7 Express 16 0.777 0.485 0.004 

32 His6 S-Tag No 25.05 NiCo21(DE3) 30 0.905 0.017 0.001 

33 None Yes 25.05 SHuffle T7 30 0.803 0.812 0.034 

34 His6 S-Tag No 50 SHuffle T7 23 0.924 0.889 0.759 

35 His6 TEV Yes 0.1 T7 Express 16 1.009 0.007 0.001 

36 None No 25.05 SHuffle T7 16 0.809 0.415 0.004 

37 His6 No 50 NEB10B 16 0.669 0.567 0.007 

38 His6 TEV Yes 0.1 SHuffle T7 30 0.99 0.038 0.001 

39 His6 No 0.1 SHuffle T7 30 0.639 0.601 0.008 

40 None Yes 0.1 T7 Express 30 0.054 0.002 0.001 

41 His6 Yes 25.05 NEB10B 23 0.873 0.900 0.854 

42 His6 S-Tag Yes 50 NiCo21(DE3) 23 1.101 0.705 0.298 
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Supplementary Table 5: Amino acid sequences of the N-terminal tags included in the experimental design. 

Tag Amino Acid Sequence Length (aa) 
His6 MGSSHHHHHHSSGHM 15 

His6 - TEV MKHHHHHHPMSDYDIPTTENLYFQGAHM 28 
His6 S-tag MHHHHHHSSGLVPRGSGMKETAAAKFERQHMDSPDLGTDDDDKAHM 46 

 

Supplementary Table 6: 5b! ǎŜǉǳŜƴŎŜǎΣ ƛƴŎƭǳŘƛƴƎ ōŜǎǇƻƪŜ рΩ ¦¢w ŀƴŘ w.{Σ ŦƻǊ Saccharomyces cerevisiae sulfhydryl 
oxidase Erv1p and mature human protein disulphide isomerase (PDI). Start codons for the coding sequences are in 
bold and are underlined. 

Saccharomyces cerevisiae Erv1p 
>CTCGAGTAAGGATCTCCAGGCATGAAAGAACTTATAAGGAGGTAATTAATGAAAGCTATCGACAAAATGACAGATAATC

CACCTCAAGAGGGCCTGAGCGGACGTAAGATTATCTACGACGAGGACGGAAAGCCTTGCCGTTCCTGCAACACGCTGTTA

GATTTCCAGTATGTAACGGGCAAAATTTCTAACGGTCTTAAAAATCTGTCGTCGAATGGGAAACTGGCGGGTACTGGTGC

TCTTACTGGCGAGGCAAGCGAGTTGATGCCAGGATCGCGCACGTATCGTAAGGTTGACCCACCGGACGTAGAACAATTAG

GCCGCTCATCTTGGACTTTGTTGCATAGTGTAGCCGCAAGCTACCCAGCGCAACCAACCGACCAGCAAAAAGGCGAAATG

AAGCAATTTCTTAACATCTTTTCCCACATTTATCCCTGTAATTGGTGCGCAAAGGACTTCGAAAAGTATATCCGCGAAAA

TGCACCCCAGGTAGAAAGTCGTGAGGAGCTTGGACGTTGGATGTGCGAAGCCCACAATAAGGTTAATAAAAAATTGCGTA

AACCAAAATTTGACTGTAATTTCTGGGAAAAGCGCTGGAAAGATGGGTGGGATGAGTGA 

 

Mature Human PDI 
>GCCACTGCAGCAAAGAGATTACATATAAGGAGGTATTTATGGACGCGCCGGAGGAGGAGGACCACGTTCTGGTCTTGCG

CAAAAGTAATTTTGCAGAGGCATTAGCAGCCCATAAGTATTTGTTGGTGGAGTTTTATGCTCCGTGGTGCGGCCATTGTA

AAGCACTGGCGCCCGAGTATGCCAAGGCAGCAGGGAAGTTGAAAGCTGAAGGGAGCGAGATTCGCCTGGCAAAGGTCGAT

GCAACCGAGGAATCCGACCTTGCCCAGCAGTATGGAGTGCGTGGCTACCCGACGATTAAGTTCTTCCGCAACGGTGATAC

TGCGAGCCCAAAAGAGTATACTGCCGGTCGTGAAGCAGATGACATTGTAAATTGGTTAAAGAAGCGCACCGGCCCGGCAG

CTACTACTTTGCCAGATGGGGCCGCTGCGGAGTCTTTGGTTGAGTCATCTGAAGTCGCTGTGATTGGCTTTTTCAAAGAT

GTTGAGTCTGATTCAGCCAAACAGTTCTTGCAAGCGGCGGAGGCAATCGATGATATCCCCTTCGGCATTACTAGCAACTC

GGATGTATTTTCTAAGTATCAGTTGGACAAAGATGGCGTTGTCTTATTCAAGAAATTCGACGAAGGTCGCAACAATTTCG

AAGGCGAAGTGACCAAGGAAAACTTGCTGGATTTTATCAAGCATAACCAGCTTCCGCTGGTTATTGAATTTACTGAGCAG

ACTGCGCCGAAGATTTTCGGCGGGGAGATTAAAACCCATATCTTACTTTTTTTACCCAAATCCGTTTCTGATTATGACGG

GAAGCTGTCTAACTTTAAGACTGCCGCTGAATCATTCAAAGGAAAAATTCTGTTCATCTTCATTGACAGTGATCACACAG

ATAACCAGCGTATTTTAGAGTTCTTTGGGCTGAAAAAGGAAGAGTGCCCAGCCGTCCGTTTGATCACACTGGAGGAGGAA

ATGACAAAGTATAAACCGGAGTCAGAAGAATTAACGGCTGAACGCATTACGGAATTCTGTCATCGCTTCTTAGAAGGAAA

AATTAAACCACATCTTATGAGCCAGGAACTTCCTGAGGATTGGGATAAACAGCCTGTGAAGGTGTTAGTCGGTAAAAATT

TCGAAGACGTTGCCTTTGACGAGAAAAAAAATGTGTTTGTAGAGTTCTATGCCCCCTGGTGTGGTCATTGTAAACAACTT

GCTCCGATCTGGGATAAGCTTGGAGAGACTTACAAAGACCACGAAAACATTGTAATTGCTAAAATGGATTCGACCGCCAA

TGAAGTCGAGGCTGTGAAAGTCCACTCTTTTCCGACGTTAAAATTTTTCCCGGCCAGCGCGGATCGTACCGTGATTGATT

ATAATGGCGAGCGTACATTGGATGGGTTTAAAAAGTTCCTTGAATCGGGTGGGCAAGATGGAGCCGGTGACGACGACGAC

TTAGAAGACTTAGAGGAGGCTGAAGAACCAGACATGGAAGAGGATGACGACCAAAAAGCAGTGAAGGATGAATTATAG 

 

Supplementary Table 7: PCR primers used in Chapter 4. 

Primer Sequence (5' - 3') 

pBbE8k CyDisCo Open Fw CCAGGAACCGTAAAAAGG 

pBbE8k CyDisCo Open Rv CTTTGAGTGAGCTGATACCG 

pBbE8k CyDisCo Tri-Cistronic Fw GGAGGTAATTAATGAAAGCTATCGACAAAATGAC 

pBbE8k CyDisCo Tri-Cistronic Rv TTATAAGTTCTTTCATGCCTGGAGATCCTTACTCG 

VHH NdeI Fw TATACATATGGAGGTGCAGCTGGTG 

VHH XhoI Rv GATCCTCGAGTTAGTGATGGTGATGGTGATG 

pBbE8k Seq Fw GCGGATTCTACCTGACGCTT 

pBbE8k Seq Rv TGCCTGGAGATCCTTACTCGA 
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Supplementary Table 8: Clustal Omega Sequence alignments for the 24 anti-bLinS VHH selected for use in Chapter 4 in 
order to assess the broader effectiveness of the improved production conditions. 

B2DD8    EVQLVESGGDLVQAGGSLRLSCAASGFNL--- AYYAIGWFRQAPGKEREGVSCISNSEGT 57 

B2DC10   EVQLVESGGGLVQAGGSLRVSCAASGRTF--- SSLAMGWFRQAPGKEREFVTYITWSGDS 57 

B1MC12   EVQLVESGGGLVLPGGSLRLSCAASGRTI--- SALGMGWFRRAPGNEREYVAAVSP- SGI 56 

B1DC8    QVQLVESGGGLVQAGGSLRLSCVASGVTI--- SDKTVNWYRQGPGKRRELVAWVYD- MGY 56 

B2DA7    QVQLVESGGGLVQAGGSLTLSCVASGGIL--- SLDTMGWYRQAPGKQRELVAQILK- DGK 56 

B2MB8    EVQLVESGGGLVQAGGSLRLSCVASGRIF--- YINSMAWYRQTPGKDRELVAIVDK- DGS 56 

B2DF6    QVQLVESGGGLVQAGGSLTLSCAASGSIF--- SINGWGWYRQAPGKQRELVAQLTT- AGD 56 

B2MB9    QVQLVESGGDLVQAGGSLRLSCLVSGSIA--- SIGNMGWYRRPPGKQRELVAGIDG- GGT 56 

B2DD10   QVQLVESGGGLVQAGGSLRLSCTASGRIL--- GIRTMGWYRQAPGNQRDLVATSTG- DGT 56 

B2MB3    QVQLVESGGGLVQAGGSLRLSCAASGSIF--- VINAMGWYRQAPGKQRELVARTST-- DG 55 

B1MF5    EVQLVESGGGLVQAGGSLRLSCAASGPIF--- YIRRMAWYRQAPGQQRELVAEVGS--- G 54 

B2DE6    QVQLVESGGGSVQAGGSLRLSCVASGSTF--- GINSMGWYRQAPGKQRELVAVIGS- GIS 56 

B1MG8    QVQLVESGGGLVQAGKSLRLSCAASGSIS--- SIIVMGWYRQAPGKEREFVAAIPS- SGS 56 

B2DH6    QVQLVESGGGLVQAGGSLRLTCAAHGSIF--- VINTMAWYRQAPGEQRELVADITS- GGS 56 

B1DE6    QVQLVESGGGLVQAGGSLRLSCAASGSIS--- SIIHV GWYRQAPGQQREFIAGITS- GGS 56 

B2MF9    EVQLVESGGGLVQPGGSLRLSCAASGSIF--- SIGAMGWYRQAPGEQRELVASITI- GGS 56 

B2DB11   EVQLVESGGGLVQPGGSLTLSCTASGFSV--- SRSAMTWVRQAPGKGLEWVAAITIGGDY 57 

B1DG9    EVQLVESGGGLVQAGGSLRLSCSASGHTL--- TNYAMGWFRRAPGKEREFVAAITVTPTE 57 

B2DB8    QVQLVESGGGLVQPGGSLRLSCVASGFAF--- STFAMSWVRQAPGKGRERVAYISSLGGT 57 

B2MA5    QVQLVESGGGLVQPGGSLRLSCEASGFTF--- SSYRMYWARQGPGKGLEWVSSISPLGES 57 

B2DD7    QVQLVESGGGSVQAGDSLRLSCAASGLTFSSFSDYAMAWFRQAPGKERESVAAISWNFGT 60 

B2DD12   QVQLVESGGGSVQAGDSLRLSCASSGHTF--- AGYGVSWSRQAPGKRREFVATIDSSGGW 57 

B2MH9    QVQLVESGGGSVQAGDSLRLSCVASGHTF--- TGYGVSWSRQAPGKRREFVATISSSGDW 57 

B2MF2    EVQLVESGGGSVQAGDSLRLACVASGHTF--- TGYGVSWSRQAPGKRREFVATISSRGDW 57 

      :********. *  * ** ::*   *       * *: **:  :  ::      

 

B2DD8    TDYAESVKGRFTISSDNA- KNTVYLQMNSLKPEDTAVYYCAAVGLGE------ CRDNDYD 110  

B2DC10   THYADSVKGRFTISRDNAAVNTVYLQMNSLKVDDTAVYYCAGTTGWG----- STLSSGYE 112  

B1MC12   RIYADSVKDRFTISRDTA- KNTMYLQMNSLKPEDTAVYYCAADYVPFGTMWLSSQERDFH 115  

B1DC8    TNYNFKVKGRFTISRDSA- ENMVYLQMDNLRPEDTAVYYCNV---------------- LD 99 

B2DA7    TNYADSVKGRFTISRDNA- KNMVHLQMRGLEQEDAAVYYCHAVLTDF--- D--- MRRPLP 109  

B2MB8    TNYADSVKGRFTVSMDNA- KNTMSLQMNTLKPEDAGVYYCKADVDSD--- R------ RLV 106  

B2DF6    INYADSVKGRFTISRDNA- RHTVTLQMNSLKPEDTAVYYCKADGVAG--- WDR- PSWGID 111  

B2MB9    TNYADAVKGRFTVSRDNA- KNTVTLQMDSLKPEDTAVYYCYADLPVG--- HR-- DYFSMP 110  

B2DD10   TNYADSVKGRFTTSRDNA- KNTVYLQMNSLKPEDTAVYYCKADIWGG--- QFGTD- RLTT 111  

B2MB3    INYADSVKGRFTISMDNA- KNTVYLQMNSLKPEDTAVYYCNAKVVST--- SD-- SIREWS 109  

B1MF5    TNYADSVKGRFTIFRDNA- KNTMYLQMNSLKPEDTAVYLCNADVESM--- EYS- SRREFR 109  

B2DE6    TNYADSVKGRFTISRDNA- KNIVYLEMNSLKPEDTAVYYCNAQVAVG--- NR-- DYFGMD 110  

B1MG8    AHYAVSVKDRFTISRDNA- KNTVYLQMSSLKSEDTAVYYCNAGLRSY------ SVRY- PE 108  

B2DH6    TNYADSVKGRFTISRDNA- KNTVFLQMNSLKPEDTAVYYCRADRVAT--- IQDPTRYEYG 112  

B1DE6    TNYADSVKGRFTISRDGA- KNTVYLQMNNLKPEDTAVYYCNTAGAY--------------  101  

B2MF9    TNYADSVKGRFTISRDNA- KNTVYLQMNSLKPEDTAVYYCNADAAMD--- PYMGYRY- LP 111  

B2DB11   INYADSVKGRFTISRDEG- KDTLYLQMNSLKPEDTAIYSCARGYRN----------- TGR 105  

B1DG9    TYYGDSVKGRFAISRDDA- KNMVSLQMYSLEPVDTAIYYCAAAQSTVRL---- RFNRMID 112  

B2DB8    TIYADSVKGRFNISRNNA- NNTLYLQMSSLTPEDTAVYYCSKGLS----------- IDSD 105  

B2MA5    TLYADSVKGRFTISRDNA- KNTVFLQMTLLKPEDTAVYYCGRGQFSLS------- ARDSG 109  

B2DD7    THFSDSVKGRFTISRDNA- KNTVYLQMNSLKPEDTAVYFCAASRMWP-------- VHTAL 111  

B2DD12   TSYSDSVKGRFTISRDNS- KNVVYLQMSSLKPEDTALYYCVSGEFRG-------- V----  104  

B2MH9    TSYSDSVKGRFTISRDNA- KNVVYLQMSSLKPEDTALYYCVAGEFRG-------- V----  104  

B2MF2    TSYSDSVKGRFTISRDNA- KNVVYLQMNSLKPEDTALYYCVAGDFRG-------- V----  104  

       :   **.**   : .  . : *:*  *   *:.:* *            

 

B2DD8    YWGQGTLVTVSSAAAHHHHHH 131  

B2DC10   YWGQGTQVTVSSAAAHHHHHH 133  

B1MC12   YWGQGTQVTVSSAAAHHHHHH 136  

B1DC8    YWGQGTQVTVSSAAAHHHHHH 120  

B2DA7    YWGQGTQVTVSSAAAHHHHHH 130  

B2MB8    YWGQGTQVTVSSAAAHHHHHH 127  

B2DF6    YWGKGTQVTVSSAAAHHHHHH 132  

B2MB9    YWGKGTLVTVSSAAAHHHHHH 131  

B2DD10   YWGQGTLVTVSSAAAHHHHHH 132  

B2MB3    YWGQGTQVTVSSAAAHHHHHH 130  

B1MF5    YWGQGTQVTVSSAAAHHHHHH 130  

B2DE6    YWGRGTQVTVSSAAAHHHHHH 131  

B1MG8    VWGQGTQVTVSSAAAHHHHHH 129  
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B2DH6    YWGQGTQVTVSSAAAHHHHHH 133  

B1DE6    RWGQGTQVTVSSAAAHHHHHH 122  

B2MF9    LWGQGTQVTVSSAAAHHHHHH 132  

B2DB11   PRGQGTLVTVSSAAAHHHHHH 126  

B1DG9    YWGQGTQVTVSSAAAHHHHHH 133  

B2DB8    FLGHGTQVTVSSAAAHHHHHH 126  

B2MA5    FWGQGTQVTVSSAAAHHHHHH 130  

B2DD7    YWGQGTQVTVSSAAAHHHHHH 132  

B2DD12   ---- GTQVTVSSAAAHHHHHH 121  

B2MH9    ---- GTQVTVSSAAAHHHHHH 121  

B2MF2    ---- GTLVTVSSAAAHHHHHH 121  

        ** **************  

 

 

Supplementary Table 9: Pilot series mean ELISA values for 'pilot series' VHH produced using the optimised B2D C10 
ǇǊƻŘǳŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ŀƭƻƴƎǎƛŘŜ {IǳŦŦƭŜ ¢т 9ȄǇǊŜǎǎ ŀƴŘ b9. млʲ ŎƻƴǘǊƻƭǎ ƭŀŎƪƛƴƎ ŀƴ b-terminal tag or CyDisCo 
catalysts. 

 
His6 b9. млʲ 

His6 SHuffle T7 
Express 

His6 S-tag SHuffle 
T7 Express 

SHuffle T7 
Express 

b9. млʲ 

VHH 
Mean 
ҟA630-490 

Std 
Dev 

Mean 
ҟA630-490 

Std 
Dev 

Mean 
ҟA630-490 

Std 
Dev 

Mean 
ҟA630-490 

Std 
Dev 

Mean 
ҟA630-490 

Std 
Dev 

B2D C10 1.043 0.103 0.988 0.147 0.960 0.212 0.263 0.027 0.380 0.008 

B1D E6 0.029 0.002 0.022 0.003 0.037 0.001 0.000 0.001 0.001 0.001 

B2D D12 0.007 0.002 0.007 0.001 0.008 0.002 0.033 0.015 -0.004 0.005 

B2D F6 0.314 0.157 0.024 0.000 0.120 0.118 0.000 0.002 0.013 0.001 

B2D B11 0.009 0.002 0.006 0.001 0.008 0.001 0.000 0.000 0.000 0.000 

B2D D10 0.007 0.002 0.007 0.002 0.009 0.001 0.204 0.045 -0.001 0.001 

B2D D7 0.107 0.028 0.071 0.007 0.263 0.016 0.029 0.023 0.047 0.003 

B2D A7 0.104 0.034 0.085 0.009 0.130 0.021 0.005 0.001 0.126 0.009 

B2D H6 1.032 0.006 1.245 0.009 0.749 0.360 0.000 0.001 0.001 0.001 

B1M F5 0.030 0.004 0.049 0.001 0.009 0.000 0.000 0.001 -0.001 0.000 

B2D B8 0.008 0.001 0.009 0.001 0.260 0.005 0.000 0.000 -0.001 0.002 

B2M A5 0.009 0.001 0.009 0.001 0.008 0.001 0.000 0.000 0.000 0.000 

B2M F2 0.126 0.001 0.186 0.000 0.050 0.000 0.000 0.000 0.003 0.002 

B1D C8 0.976 0.022 0.971 0.012 1.030 0.111 0.088 0.023 0.036 0.001 

B1D G9 1.061 0.022 0.751 0.037 0.621 0.043 0.882 0.044 1.015 0.028 

B1M C12 0.994 0.024 0.870 0.083 0.024 0.021 0.060 0.054 0.303 0.010 

B1M G8 0.429 0.062 0.141 0.063 1.030 0.011 0.743 0.139 0.845 0.029 

B2D D8 0.136 0.010 0.154 0.026 0.773 0.006 0.780 0.130 0.959 0.019 

B2D E6 0.010 0.013 0.008 0.010 0.008 0.002 0.000 0.002 0.011 0.001 

B2M B3 0.010 0.001 0.008 0.001 0.010 0.000 0.000 0.000 0.000 0.000 

B2M B9 0.009 0.000 0.008 0.001 0.010 0.000 0.000 0.002 0.010 0.000 

B2M F9 0.072 0.000 0.049 0.001 0.981 0.000 0.000 0.000 0.001 0.002 

B2M H9 0.010 0.047 0.008 0.013 0.008 0.023 0.010 0.001 0.003 0.002 

B2MB8 0.242 0.004 0.346 0.007 0.160 0.112 0.000 0.000 0.000 0.000 
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5. Investigating Synthetic Biology Applications of anti-bLinS VHH 

Authors: Jonathan Wilkes, Anthony Scott-Tucker, Tom Crabbe and Nigel S. Scrutton 

Contributions: JW wrote the manuscript and performed experimental work with guidance from 
AST, TC and NSS. 

5.1. Abstract 

Synthetic biology and metabolic engineering represent a green and commercially attractive 

route to the production of high value compounds such as monoterpenoids. In order to 

implement synthetic biology as a means of chemical biosynthesis, high quality parts and 

pathways are required. When considering the development and use of novel synthetic biology 

parts and tools, single domain antibodies (sdAb) such as camelid heavy chain variable fragments 

(VHH) represent an intriguing avenue for investigation. In this work three VHH antibodies, raised 

by immune response against Streptomyces clavuligerus linalool synthase (bLinS), were 

investigated for their ability to modulate linalool production in Escherichia coli. In vitro 

characterisation revealed that the anti-bLinS VHH B2D C10 functioned as an inhibitor of bLinS, 

whilst B1D G9 and B2D D6 facilitated increased linalool production, likely as a result of the 

stabilising effect of the VHH ς bLinS interaction. E. coli containing a heterologous mevalonate 

(MVA) pathway, Abies grandis geranyl pyrophosphate synthase (GPPS), S. clavuligerus bLinS and 

the previously optimised pBbE8k His6-VHH CyDisCo system, revealed that the modulation of bLinS 

activity was also observed in vivo. Further GC-MS analysis of the product profiles obtained also 

revealed variation in the titres of geraniol, nerolidol and indole, occurring as a result of anti-

bLinS VHH production. These results suggest that the VHH investigated herein are capable of 

modulating the activity of bLinS in vivo which in turn alters the flux of the biosynthetic pathway. 

This work serves as a proof of principle indicating that VHH antibodies may be used to regulate 

enzyme activity in engineered pathways, and therefore represent a valuable new tool in the 

synthetic biology toolkit. 

5.2. Introduction 

The terpenoids, also known as isoprenoids, are the one of the largest and most diverse classes of 

natural products, with over 80,000 structures reported. These organic compounds are 

predominantly, although not exclusively, found in plant species where they have major roles in 

signalling, communication and stress response (Tholl, 2015). Additionally, many terpenoids 

possess significant commercial and therapeutic value. The sesquiterpenoid artemisinin, for 
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Figure 28: An overview of the monoterpenoid production pathways. The universal terpenoid pre-cursors IPP 
and DMAPP produced via the MEP and/or MVA pathways are converted to geranyl pyrophosphate (GPP) via a 
condensation reaction. Following the loss of pyrophosphate, the geranyl cation can undergo a series of 
isomerisation and cyclisation reactions catalysed by monoterpene synthase/cyclases (mTS/C), yielding a variety 
of linear, cyclic and bicyclic products. 

example, has been shown to exhibit anti-malarial properties (Miller and Su, 2011), whilst other 

applications of terpenoids include flavourings, fragrances, antimicrobials, pesticides and biofuels 

(Leferink et al., 2019). All terpenoids are synthesised from the C5 isoprenoid precursors 

isopentenyl diphosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). These precursors 

undergo a prenyltransferase catalysed condensation reaction to form linear C10, C15, C20 and C25 

prenyl diphosphates, which can in turn be converted to terpenoids by terpene cyclase/synthases 

(TC/S) (Figure 28) (Christianson, 2006).  
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Typically, terpenoids that are to be sold commercially are extracted from their natural source or 

are manufactured by chemical synthesis (Duetz et al., 2003). Extracting these compounds from 

natural sources can often prove to be low yielding, costly and highly dependent on the 

availability of raw material (Duetz et al., 2003), whilst chemical synthesis methods can require 

the use of heavy metal catalysts or reaction conditions prohibitive to large scale production. 

{ȅƴǘƘŜǘƛŎ ōƛƻƭƻƎȅ ƻŦŦŜǊǎ ŀ ΨƎǊŜŜƴΩ ŀƭǘŜǊƴŀtive for the production of these high value compounds. 

The construction and development of precursor pathways in tandem with a TS/C in a microbial 

chassis, such as Escherichia coli, have been used to produce a wide variety of terpenoids 

including artemisinin, farnesene and limonene (George et al., 2015). The production of C10 

terpenoids (monoterpenoids) using synthetic biology approaches has proven particularly 

successful, with a diverse selection of linear, monocyclic and bicyclic compounds produced to 

date (Leferink et al., 2016; Zebec et al., 2016). This diversity is due to the wide variety of 

monoterpene cyclase/synthases (mTS/C), which are capable of stabilising a variety of 

carbocation intermediates such that cyclisation and/or isomerisation may occur before 

termination of the reaction by deprotonation or water capture (Figure 28) (Leferink et al., 2016).  

Alongside efforts to further improve the production of monoterpenoids by the engineering of 

precursor pathways, or chassis engineering to confer increased terpenoid tolerance, synthetic 

biology can also be used to create and explore further product diversity (Zebec et al., 2016). The 

modularity of class I and class II diterpene synthases (diTPS) has been exploited, resulting in a 

ǎŜǊƛŜǎ ƻŦ ΨƴŜǿ ǘƻ ƴŀǘǳǊŜΩ ŜƴȊȅƳŜ ŎƻƳōƛƴŀǘƛƻƴǎ ǿƘƛŎƘ ǊŜǎǳƭǘŜŘ ƛƴ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƳǇǊƻǾŜŘ ǇǊƻŘǳŎǘ 

diversity (Andersen-Ranberg et al., 2016). Diversification of monoterpenoid products can be 

achieved through oxyfunctionalisation using cytochrome P450 monooxygenases, such as the 

conversion of limonene to perillyl alcohol described by Alonso-Gutierrez et al. (2013). The power 

of this approach was recently demonstrated by Hernandez-Ortega et al. (2018), who described a 

scalable synthetic biology pipeline for expanding chemical diversity in biosynthetic terpene 

production through controlled oxyfunctionalisation via natural and engineered P450s. This work 

highlights the importance of synthetic biology toolboxes; containing well defined re-usable 

ΨǇŀǊǘǎΩ ǿƛǘƘ ǾŀǊƛŜŘ ŀǇǇƭƛŎŀǘƛƻƴǎΦ  

When considering the development of novel parts/tools for synthetic biology applications, the 

use of antibodies represents an interesting opportunity for expansion of the synthetic biology 

toolkit. The inherent specificity and antigen affinity that antibodies possess make them ideal 

tools for the targeting of a protein, molecule or other structure of interest. This binding activity 

could result in the modulation of enzyme activity through, for example, binding at active or 
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allosteric sites, stabilising active conformations, promoting protein-protein interactions or by 

functioning as biocatalysts in their own right (Harmansa and Affolter, 2018; Li et al., 2012) 

Antibodies therefore represent a valuable, untapped resource for use in synthetic biology 

applications. The development of recombinant antibody technologies such as short chain 

variable fragments (scFv), antigen binding fragments (Fab) and single domain antibodies (sdAb) 

facilitates the production of large libraries of antibodies (Hoogenboom, 2005). These 

recombinant antibody libraries can subsequently be enriched using techniques such as phage 

display bio-panning in order to identify high affinity antibodies to a chosen target (Hoogenboom, 

2005), which may then be screened for activity/functionality. As demonstrated herein, the 

availability of well established, tractable techniques to generate high quality, functional 

antibodies highlights the potential of VHH antibodies and their incorporation into the synthetic 

biology toolkit.  

When developing recombinant antibodies for synthetic biology applications, the inability of 

commonly used microbial chassis to perform the post-translational modifications necessary to 

ensure functional production of the antibody remains the greatest challenge. The use of 

antibody fragments such as scFv, Fab and sdAb eliminates the need for N ς glycosylation; 

however the correct formation of disulphide bonds remains necessary to ensure proper folding 

of the antibody, and thus the retention of desired functionality όDŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ нлмсύ. By using a 

eukaryotic chassis such as Saccharomyces cerevisiae or Pichia pastoris, the formation of 

disulphide bonds can be accommodated due to the presence of protein disulphide isomerase 

(PDI) and sulfhydryl oxidase enzymes in the endoplasmic reticulum (ER) and mitochondrial 

intermembrane space (IMS) (Riemer et al., 2009). These enzymes facilitate the oxidation of the 

cysteine residues and subsequent disulphide shuffling in order to ensure the correct formation 

of disulphide bonds (Riemer et al., 2009). However, E. coli remains the most commonly used 

host for synthetic biology applications (Adams, 2016). The fast growth and general ease of 

handling, in addition to the wide availability of computational design tools, large libraries and 

toolkits of genetic parts, regulatory elements, DNA vectors and DNA delivery protocols (Adams, 

2016) makes E. coli an attractive choice when engineering pathways and functionalities for 

which novel antibody parts could be employed. The native mechanism for disulphide bond 

formation in E. coli, however, requires export of the protein of interest into the oxidising 

environment of the periplasmic space, where the Dsb protein family facilitates the catalysis of 

disulphide bond formation (Collet and Bardwell, 2002). As most synthetic biology applications 

are likely to require activity within the cytoplasm, alternative production strategies to 
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periplasmic export must be explored in order to ensure that native folding, and thus 

functionality, is retained for antibodies produced in the cytoplasm. 

To highlight the potential of antibodies for synthetic biology applications, the current work 

describes how camelid heavy chain variable domains (VHH) can be employed as modulators of 

Streptomyces clavuligerus linalool synthase (bLinS) activity in E. coli. The cytoplasmic production 

of a selection of anti-bLinS VHH was previously optimised using a Design of Experiments (DoE) 

methodology and the subsequent construction of a partial least squares regression (PLSR) model 

(Chapter 4). The addition of an N-terminal His6/S-tag alongside the co-production of the CyDisCo 

catalysts, S. cerevisiae sulfhydryl oxidase Erv1p and the mature human protein disulphide 

isomerase (PDI) όDŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ нлмтΣ нлмсύ, was shown to facilitate significantly improved 

functional production of a panel anti-bLinS VHH (Chapter 4). Herein, three of these VHH antibodies 

have been characterised in a series of in vitro and in vivo assays to evaluate their modulatory 

capabilities, and potential as synthetic biology tools. 

5.3. Methods 

5.3.1. General Molecular Biology 

For the production of bLinS used in in vitro assays the vector pETM11 bLinS was used. This 

construct contained the codon optimised Streptomyces clavuligerus linalool synthase (bLinS) 

gene cloned between the NcoI and XhoI restriction sites (Supplementary Table 10) (Karuppiah et 

al., 2017). 

For the production of linalool in vivo, bLinS was cloned into the pJBEI-6410 vector (Alonso-

Gutierrez et al., 2013). pJBEI-6410, a gift from Taek Soon Lee (Addgene plasmid # 47049; 

http://n2t.net/addgene:47049), was PCR linearised using primers pJBEI-спмлψ{ȅƴψƻǇŜƴψоΩ ŀƴŘ 

pJBEI-спмлψ{ȅƴψƻǇŜƴψрΩ ό{ǳǇǇƭŜƳŜƴǘŀǊȅ ¢ŀōƭŜ 11). Codon optimised bLinS was PCR amplified 

from pETM11 bLinS, using primers LinS+6410_Fw and LinS+6410_Rv (Supplementary Table 11). 

Following agarose gel electrophoresis, the PCR products were excised from the gel and purified 

using a NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel). The purified PCR products were 

then cloned using an InFusion Cloning Kit (Clontech). Following transformation of Stellar 

Competent cells (Clontech), cPCR using Syn_Seq_Fw and Syn_Seq_Rv primers (Supplementary 

Table 11) was performed to confirm the presence of the insert, with positive colonies 

subsequently sent for sequencing using these primers (Eurofins Genomics). The resultant 

plasmid was subsequently referred to as pJBEI-6410 bLinS. 

http://n2t.net/addgene:47049
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Anti-bLinS VHH B1D G9, B2D C10 and B2D D6 were cloned into pBbE8k His6 RFP CyDisCo as 

described previously (Chapter 4.3.2). Amino acid sequences of His6-VHH fusions can be found in 

Supplementary Table 12. Briefly, VHH were amplified from the phage display pTAPMID vector 

using VHH NdeI Fw and VHH XhoI Rv primers (Supplementary Table 11). Following PCR purification 

using a NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel), the VHH insert and pBbE8k His6 

RFP CyDisCo vector were digested using the NdeI and XhoI restriction endonucleases (New 

England BioLabs). The digested products were purified following excision from a 1 % agarose gel 

before ligation of the purified fragments using T4 DNA ligase (New England BioLabs). Following 

ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ƻŦ b9. млʲ ǿƛǘƘ ǘƘŜ ƭƛƎŀǘƛƻƴ ƳƛȄǘǳǊŜΣ ŎƻƭƻƴƛŜǎ ǿŜǊŜ ǎŎǊŜŜƴŜŘ ŦƻǊ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ 

the VHH insert by colony PCR using pBbE8k Seq Fw and pBbE8k Seq Rv primers (Supplementary 

Table 11) and subsequently sent for sequencing to confirm the expected coding sequence. 

5.3.2. Protein Production  

bLinS was produced and purified as described in Chapter 3. Arctic Express (DE3) Escherichia coli 

cells (Agilent Technologies) were transformed with pETM11 bLinS, as described by Karuppiah et 

al. (2017). A single colony was then used to establish a starter culture which was subsequently 

used to inoculate 6 x 1 L of 2X YT medium όCƻǊaŜŘƛǳƳύ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ƪŀƴŀƳȅŎƛƴ όрл ˃Ǝ 

mL-1) as a 1:100 dilution. The culture was incubated with shaking (190 rpm) at 37 oC, until an 

OD600 of 0.5 was reached, at which point the temperature was reduced to 16 o/ ŀƴŘ ƛǎƻǇǊƻǇȅƭ ʲ-

D-1-thiogalactopyranoside (IPTG) added to a final concentration of 0.1 mM. The cultures were 

incubated for a further 16 h before cells were harvested by centrifugation at 6000 x g for 10 

minutes. The cells were re-suspended in Buffer A (25 mM Tris pH 8.0, 150 mM NaCl, 1 mM DTT, 

5 % (v/v) glycerol and 5 mM MgCl2) supplemented with DNaseI (0.1 mg mL-1), lysozyme (0.1 mg 

mL-1) and 2x EDTA free protease inhibitor tablets. The resultant slurry was lysed by sonication 

(Bandelin Sonoplus) on ice with pulses of 20 s on, 40 s off, for a total of 20 min. Lysed cells were 

centrifuged at 30,000 x g for 1 h at 4 oC, and the supernatant twice ŦƛƭǘŜǊŜŘ όлΦпр ˃Ƴ ŀƴŘ лΦнн 

µm) prior to being loaded on a 5 mL HisTrap column (GE Healthcare) pre-equilibrated with 

Buffer A supplemented with 10 mM imidazole (Binding Buffer A). The column was then washed 

with 10 column volumes (CV) of Buffer A supplemented with 40 mM imidazole (Wash Buffer A), 

before elution of the His-tagged protein using 5 CV of Buffer A supplemented with 250 mM 

imidazole (Elution Buffer A). The eluted protein was then de-salted using a Centripure P100 

column (EMP Biotech GmbH) equilibrated with Buffer A. Concentration of the purified protein 

was performed using Vivaspin 20, 30 kDa MWCO concentrators (GE Healthcare). All protein 

purification steps were performed at 4 oC unless otherwise stated.  
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In order to remove the N-terminal His-tag from bLinS, His-tagged TEV protease was added at a 

ratio of 1:1000 (w/w) to the purified protein and the mixture incubated at 4 oC overnight. The 

TEV protease was removed from solution by an additional run through a 5 mL HisTrap column 

that had been pre-equilibrated with Buffer A, followed by an additional wash with 10 CV of 

Buffer A. Cleaved bLinS was collected in both the flow through and wash fractions and was 

subsequently concentrated using a Vivaspin 20 centrifugal concentrator (Sartorius). Remaining 

un-cleaved bLinS and His-tagged TEV protease was removed from the column using 5 CV of 

Elution Buffer A.  

Construction of a plasmid for the in vivo production of biotinylated bLinS was achieved using 

[ǳŎƛƎŜƴΩǎ 9ȄǇǊŜǎǎƻ .ƛƻǘƛƴ /ƭƻƴƛƴƎ ŀƴŘ 9ȄǇǊŜǎǎƛƻƴ {ȅǎǘŜƳΣ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ /ƘŀǇǘŜǊ о.3.2. Biotin 

·/Ŝƭƭ CΩ ŎƘŜƳƛŎŀƭƭȅ ŎƻƳǇŜǘŜƴǘ ŎŜƭƭǎ ό[ǳŎƛƎŜƴύ ǿŜǊŜ ǘǊŀƴǎŦƻǊƳŜŘ ǿƛǘƘ the resultant pAviTag C-His 

bLinS vector. A single colony was subsequently used to inoculate small scale cultures of LB broth 

(ForMedium) supplemented with kanamycin (30 µg mL-1), which were incubated at 37 oC 

overnight. These were used to inoculate (1:100) 6 x 1 L cultures which were grown in LB broth 

(ForMedium) containing kanamycin (30 µg mL-1) and incubated at 37 oC with 190 rpm shaking, 

until an OD600 of 0.3 was reached. Recombinant protein production was induced by the addition 

of 20 % (w/v) rhamnose, 10 % (w/v) arabinose and 5 mM biotin solutions, to obtain final 

ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ лΦн ҈ όǿκǾύΣ лΦлм ҈ όǿκǾύ ŀƴŘ рл ˃aΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ !ŦǘŜǊ нп Ƙ ǘƘŜ ŎŜƭƭǎ ǿŜǊŜ 

harvested by centrifugation at 6000 x g, 4 oC for 10 minutes, and the pellet re-suspended in 

Buffer A supplemented with DNase (0.1 mg mL-1), lysozyme (0.1 mg mL-1) and an EDTA free 

protease inhibitor tablet. The harvested cells were then lysed and purified as described above 

for the non-biotinylated LinS. 

For the production of anti-bLinS VHH, b9. млʲ cells were transformed with the pBbE8k His6-VHH 

CyDisCo variants. Single colonies were used to inoculate 2 mL LB overnight cultures 

ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ƪŀƴŀƳȅŎƛƴ όрл ˃Ǝ Ƴ[-1). These starter cultures were incubated overnight at 

30 oC with shaking at 200 rpm. The following day the starter cultures were used to inoculate TB 

ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ƪŀƴŀƳȅŎƛƴ όрл ˃Ǝ Ƴ[-1) as a 1:100 dilution. The cultures were grown at 30 oC 

with shaking (200 rpm) until an OD600 0.6 was reached. The cultures were then induced by the 

addition of arabinose to a final concentration of 50 mM and the temperature subsequently 

altered to 26.6 oC. The induced cultures were then incubated for a further 24 h, before 

centrifugation and removal of the supernatant. Cell pellets were then flash frozen in liquid 

nitrogen and stored at -80 oC or immediately taken forward for cell lysis. 
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Lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 % (v/v) glycerol, 0.1 mg mL-1 DNaseI and 0.1 

mg mL-1 lysozyme) was added to the frozen pellet at 1/10th of the initial culture volume and the 

cell pellet re-suspended by vortexing. Three additional freeze-thaw cycles were performed to 

ensure thorough lysis of cells. The lysate was then clarified by centrifugation at 13,000 x g for 10 

min and the supernatant removed and retained for further analysis/purification. 

Anti-bLinS VHH were purified using immobilised metal affinity chromatography (IMAC). A 5 mL 

HisTrap column (GE Healthcare) pre-equilibrated in 5 CV of equilibration buffer (25 mM Tris-HCl 

pH 7.4, 150 mM NaCl, 5 % (v/v) glycerol, 25 mM imidazole) prior to loading of the clarified 

lysate. The resin was then washed sequentially with 5 CV of Wash Buffers B, C and D (25 mM 

Tris-HCl pH 7.4, 150 mM NaCl, 5 % (v/v) glycerol with 50 mM, 75 mM and 100 mM imidazole 

respectively). Bound protein was eluted by the addition of 2 CV of Elution Buffer B (25 mM Tris-

HCl pH 7.4, 150 mM NaCl, 5 % (v/v) glycerol, 500 mM imidazole). Concentration and de-salting of 

the purified protein into Buffer B (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 % (v/v) glycerol) was 

performed using Vivaspin 10 kDa MWCO concentrators (GE Healthcare).  

Protein purity was monitored by SDS-PAGE. Protein concentration was determined using both 

the Bradford protein assay (Bio-Rad) and extinction coefficient methodology. 

5.3.3. Titration ELISA 

Determination of EC50 values was performed using titration ELISA. Wash steps utilised PBS 0.1 % 

(v/v) Tween-20, whilst the incubation of the plates between steps was performed at room 

temperature for 1 h with shaking. Nunc Maxisorp 96 well plates were coated with 50 µL 

NeutrAvidin (1 µg mL-1 PBS) and incubated at 4 oC overnight. The following day all plates were 

washed and blocked for 1 h at room temperature using 1 % BSA in PBS. The blocked NeutrAvidin 

coated plates were again washed and 50 µL biotinylated bLinS (1 µg mL-1 in PBS, 5 % (v/v) 

glycerol and 5 mM MgCl2) added prior to an additional incubation period. After a further 

washing step, purified His6-tagged VHH (B1D G9, B2D C10 and B2D D6) were added in triplicate (n 

= 3) as a series of 0 ς 1000 nM dilutions in Buffer A to the blocked plates. The titration plates 

were incubated for 1 h before being washed. Bound VHH was revealed using MonoRab HRP-

conjugated monoclonal antibody (GenScript) at a 1:5,000 dilution in PBS. Following the addition 

of 1 Step Ultra TMB ELISA Substrate (ThermoFisher) the absorbance at 630 nm and 490 nm was 

measured using a BioTek Synergy HT microplate reader. Antibody binding to the immobilised 

antigen was calculated by subtracting the absorbance at 490 nm from the absorbance at 630 nm 
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όҟA630-490). EC50 ǾŀƭǳŜǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ōȅ ǇƭƻǘǘƛƴƎ ҟA630-490 against VHH concentration and 

subsequently fitting an asymmetric 5 point logistic equation (5PL) (GraphPad Prism 7). 

5.3.4. In vitro Biotransformation Reactions 

In vitro biotransformation reactions were set up in 2 mL glass GC-MS sample vials and were 

ǇŜǊŦƻǊƳŜŘ ƛƴ ŀ нрл ˃[ ŀǉǳŜƻǳǎ ǊŜŀŎtion volume. All biotransformation reactions were 

established in biological triplicate (n =3). Purified bLinS (250 nM - 1000 nM) was pre-equilibrated 

with purified VHH (0 nM - 1000 nM) at 30 oC for 30 min or 24 h in Buffer A. The reaction was 

initiated by the addition of 1 mM geranyl pyrophosphate (GPP) and a 20 % (v/v) n-nonane 

overlay. The reactions were incubated with shaking (170 rpm) at 30 oC for 30 min or 24 h. After 

incubation the organic layer was collected and dried using anhydrous MgSO4, before being 

mixed at a 1:1 ratio with ethyl acetate containing 0.01 % sec-butyl benzene as an internal 

standard. The samples were then analysed by GC-MS. 

5.3.5. Production of Monoterpenoids in vivo 

For the production of monoterpenoids in vivo b9. млʲΣ b9. рʰΣ .[нм ό59оύΣ ¢т 9ȄǇǊŜǎǎ ŀƴŘ 

SHuffle T7 Express were transformed with pJBEI-6410 bLinS. Freshly transformed colonies were 

then used to inoculate LB (ForMedium) supplemented with 100 mg mL-1 carbenicillin, which 

were grown overnight at 30 oC. The following day the overnight cultures were used to inoculate 

(1:100 dilution) TB (ForMedium) supplemented with 1 % (v/v) glucose or glycerol and 100 mg 

mL-1 carbenicillin in glass screw capped vials (2 mL reaction volume) which were incubated at 30 

oC with shaking at 200 rpm. Once an optical density (OD600) of 0.6 was reached linalool 

production was induced with 100 µM IPTG. Following induction a 20 % (v/v) n-nonane overlay 

was also added so as to capture the volatile monoterpenoids produced. The cultures were 

incubated for a further 72 h, before the organic layer was collected and dried using anhydrous 

MgSO4. The dried organic phase was then mixed at a 1:1 ratio with ethyl acetate containing 0.01 

% sec-butyl benzene as an internal standard. The samples were then analysed by GC-MS. 

When looking to assess the modulatory effect of VHH in vivo, competent cells were co-

transformed with pJBEI-6410 bLinS and pBbE8k His6-VHH CyDisCo. Single colonies were used to 

establish overnight cultures, which were in turn used to establish production cultures as 

described above, with both the overnight and production media additionally supplemented with 

50 mg mL-1 kanamycin. Once an OD600 of ~ 0.6 was reached monoterpenoid production was 

induced by the addition of 100 µM IPTG whilst VHH production was induced using 2 mM 

arabinose. The remaining steps were performed as described above.  
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5.3.6. GC-MS Analysis 

Samples were injected onto an Agilent Technologies 7890AB GC coupled to an Agilent 5975A 

MSD. The products were separated using a DB-²!· ŎƻƭǳƳƴ όол ƳΤ лΦон ƳƳΤ лΦнр ˃Ƴ ŦƛƭƳ 

thickness, JW Scientific). ¢ƘŜ ƛƴƧŜŎǘƻǊ ǘŜƳǇŜǊŀǘǳǊŜ ǿŀǎ ннл ϲ/ ǿƛǘƘ ŀ ǎǇƭƛǘ Ǌŀǘƛƻ ƻŦ рлΥм όм ˃[ 

injection). The carrier gas was helium with a flow rate of 3 mL minҍ1 and a pressure of 8.3 psi. 

The oven program began at 40 °C with a hold for 2 min followed by an increase of temperature 

to 70 °C at a rate of 6 °C/min, after this point the temperature was increased to 210 °C at a rate 

of 50 °C/min with a final hold at 210 °C for 2 min. The ion source temperature of the mass 

spectrometer was set to 210 °C, and spectra recorded form m/z 50 to m/z 250. The mass spectra 

fragmentation patterns that were obtained were entered into the NIST mass spectral library for 

identification, product identity was also confirmed by the use of commercially bought standards. 

Quantification of the products was calculated using the ratios between the internal standard and 

the standard prepared at a known concentration. 

5.4. Results & Discussion 

5.4.1. Production & Purification of bLinS and Anti-bLinS VHH  

The production and purification of bLinS and biotinylated bLinS used in in vitro experiments 

described henceforth was conducted during the construction of the anti-bLinS VHH phage display 

library described in Chapters 3.4.1 and 3.4.2. Similarly the production and purification of the His6 

tagged anti-bLinS VHH B1D G9, B2D C10 and B2D D6 was performed during the optimisation of 

cytoplasmic production of these VHH described in Chapter 4.4.5. 

5.4.2. Pathway Construction 

The production of monoterpenoids in E. coli has been widely reported (Alonso-Gutierrez et al., 

2013; Leferink et al., 2016; Mendez-Perez et al., 2017). In each instance, the endogenous 

methylerythritol 4-phosphate (MEP) pathway of E. coli was supplemented by the heterologous 

expression of the mevalonate (MVA) pathway in order to increase the availability of the C5 

terpenoid precursors isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate 

(DMAPP) thereby resulting in increased monoterpene titres. In the current study the codon 

optimised bLinS gene (S. clavuligerus) (Supplementary Table 10) (Karuppiah et al., 2017) was 

inserted into pJBEI-6410, replacing the limonene synthase gene (Mentha spicata) utilised by 

Alonso-Gutierrez et al. (2013). The resultant one plasmid production system consisted of nine 

genes related to monoterpene production which were organised into three separate operons 

(Figure 29). The first operon, under the control of a LacUV5 promoter, consisted of the E. coli 
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Figure 29: Diagrammatic representation of the pJBEI-6410 bLinS plasmid containing the heterologous mevalonate 
(MVA) pathway, Abies grandis geranyl pyrophosphate synthase (GPPS) and Streptomyces clavuligerus linalool 
synthase (bLinS) required for the production of linalool in E. coli. The genes contained within the heterologous MVA 
pathway are as follows: acetyl-CoA acetyltransferase (atoB), hydroxymethylglutaryl-CoA synthase (HMGS), 
hydroxymethylglutaryl-CoA reductase (HMGR), mevalonate kinase (MK), phosphomevalonate kinase (PMK), 
phosphomevalonate decarboxylase (PMD) and isopentenyl diphosphate isomerase (idi) 

acetyl-CoA acetyltransferase (atoB), Staphylococcus aureus hydroxymethylglutaryl-CoA synthase 

(HMGS) and S. aureus hydroxymethylglutaryl-CoA reductase (HMGR) genes. The second operon 

contained the S. cerevisiae mevalonate kinase (MK), phosphomevalonate kinase (PMK), 

phosphomevalonate decarboxylase (PMD) and E. coli isopentenyl diphosphate isomerase (idi) 

placed under the control of a trc promoter. The third operon, also under the control of a trc 

promoter, included the Abies grandis geranyl pyrophosphate synthase (GPPS) and S. clavuligerus 

bLinS. 

 

 

 

 

 

5.4.3. Strain Comparison of In vivo Linalool Production 

As demonstrated by Willrodt et al. (2014), the production strain and choice of carbon source 

have a significant effect on the limonene titres obtained when using E. coli as a production host. 

They showed that the use of glycerol as a sole carbon source resulted in prolonged growth, 

increased biomass and a fourfold increase in limonene production when compared to the use of 

glucose as the carbon source. They concluded that whilst total biomass played a role in the 

amount of limonene that was produced, limonene titres were also affected by ATP and redox 

equivalent regeneration rates associated with the choice of production strain and carbon source 

(Willrodt et al., 2014).  
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During the optimisation of anti-bLinS VHH production in E. coli using the Design of Experiments 

(DoE) methodology described previously (Chapter 4), the most suitable strains were found to be 

{IǳŦŦƭŜ ¢т 9ȄǇǊŜǎǎ ŀƴŘ b9. млʲΦ DƛǾŜƴ ǘƘŀǘ ǘƘŜ ŎƘƻƛŎŜ ƻŦ ǎǘǊŀƛƴΣ ŎŀǊōƻƴ ǎƻǳǊŎŜ ŀƴŘ ǊŜŘƻȄ 

balance within the cell have been shown to affect limonene production, the ability of SHuffle T7 

9ȄǇǊŜǎǎ ŀƴŘ b9. млʲ ŎŜƭƭǎ ǘƻ ǇǊƻŘǳŎŜ ƭƛƴŀƭƻƻƭ ǳǎƛƴƎ ǘƘŜ ǇW.9L-6410 bLinS plasmid (Figure 29) was 

first investigated in order to establish which strain was most suited for linalool production in the 

absence of anti-bLinS VHHΦ ¢ƘŜ ŎƻƳƳƻƴ ǇǊƻŘǳŎǘƛƻƴ ǎǘǊŀƛƴǎ b9.рʰΣ .[нм ό59оύ ŀƴŘ ¢т 9ȄǇǊŜǎǎ 

were also included for comparison.  

Following transformation of the cells with pJBEI-6410 bLinS, individual colonies were picked and 

used to establish overnight cultures which were subsequently used to inoculate TB medium 

supplemented with either 1 % (v/v) glucose or glycerol. Of the production strains evaluated, NEB 

млʲ ǇǊƻŘǳŎŜŘ ǘƘŜ ƎǊŜŀǘŜǎǘ ǉǳŀƴǘƛǘȅ ƻŦ ƭƛƴŀƭƻƻƭ όCƛƎǳǊŜ 30). The use of 1 % (v/v) glycerol as the 

primary carbon source facilitated the production of 87.1 ± 6.1 mg Lorg
-1

 of linalool, whilst 1 % 

(v/v) glucose resulted in 82.8 ± 35.4 mg Lorg
-1. SHuffle T7 Express produced the least linalool of 

the production strains evaluated, achieving linalool titres of 0.2 ± 0.1 mg Lorg
-1

 and 0.2 ± 0.3 mg 

Lorg
-1

 when utilising glucose and glycerol (1 % v/v) as the carbon source respectively. The 

relatively poor linalool titres produced by SHuffle T7 Express may be due to the altered redox 

pathways present in this strain (Lobstein et al., 2012), which facilitated improved antibody 

production in Chapter 4.  

Figure 30: Strain comparison for the production of linalool using either 1 % (v/v) glycerol or glucose as the 
primary carbon source in phosphate buffered TB.  Monoterpenoid production was induced by the addition of 
млл ˃a Lt¢D ŀǘ ŀƴ h5600 ~0.6. Cultures were incubated at 30 

o
C for 72h following induction. All measurements 

were obtained in biological triplicate (n =3). 
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As b9. млʲ ǿŀǎ ŀ ǎǳƛǘŀōƭŜ ǇǊƻŘǳŎǘƛƻƴ Ƙƻǎǘ ŦƻǊ ŀƴǘƛ-bLinS VHH and also the best at producing 

linalool under the conditions tested, this strain was the obvious choice to carry forward for 

future experiments, with glycerol as the primary carbon source. To evaluate the modulatory 

effects of anti-bLinS VHH on the production of linalool, conditions that were developed to favour 

the production of anti-bLinS VHH (Chapter 4.4.2, His6 ǘŀƎΣ /ȅ5ƛǎ/ƻ ŎŀǘŀƭȅǎǘǎΣ b9. млʲΣ рл Ƴa 

arabinose and 26.6 oC post induction temperature) were used for all further in vivo experiments, 

whilst in vitro assays were performed using His6 tagged VHH produced using those conditions. 

5.4.4. Determining EC50 values of anti-bLinS VHH B1D G9, B2D C10 & B2D D6 

Following the identification of experimental conditions that suited both the production of 

linalool and anti-bLinS VHH, characterisation of the binding interaction between bLinS and B1D 

G9, B2D C10 and B2D D6 could begin. The relative affinities of B1D G9, B2D C10 and B2D D6 

were calculated using the EC50 value, the antibody concentration at half maximal binding, 

ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƛǘǊŀǘƛƻƴ 9[L{! ǳǎƛƴƎ bŜǳǘǊ!ǾƛŘƛƴ ƛƳƳƻōƛƭƛǎŜŘ ōƛƻǘƛƴȅƭŀǘŜŘ ō[ƛƴ{ όм ˃Ǝ Ƴ[-1) and 

IMAC purified His6-VHH (0 ς 1000 nM). Of the three VHH tested here, His6-B1D G9 demonstrated 

the greatest potency with an EC50 of 3.3 nM, whilst His6-B2D C10 and His6-B2D D6 were shown to 

have potencies of 18.0 nM and 163.8 nM, respectively (Figure 31). The nanomolar values 

obtained were consistent with commonly reported values for llama VHH obtained as a result of 

donor immunisation (Saerens et al., 2005; Shinozaki et al., 2017; van der Linden et al., 1999).  

 

 

 

 

 

 

 

 

 

 

Figure 31: Titration ELISA for the determination of anti-bLinS VHH EC50 values. Streptavidin coated microtiter plates 
ǿŜǊŜ ǳǎŜŘ ǘƻ ŎŀǇǘǳǊŜ ōƛƻǘƛƴȅƭŀǘŜŘ ō[ƛƴ{ όм ˃Ǝ Ƴ[

-1
) which were incubated with anti-bLinS VHH B1D G9, B2D C10 

and B2D D6. Bound VHH was revealed using MonoRab HRP-conjugated monoclonal antibody (GenScript) at a 
1:5,000 dilution in PBS. 
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5.4.5. In vitro modulation of bLinS using anti-bLinS VHH 

The modulatory capabilities of His6 tagged B1D G9, B2D C10 and B2D D6 were subsequently 

investigated by performing in vitro biotransformation reactions in which purified bLinS (250 nM) 

was pre-equilibrated with varying concentrations of the purified His6-tagged VHH prior to the 

addition of GPP and a 20 % (v/v) n-nonane organic overlay. Following incubation of the 

biotransformation reaction mixture, the organic overlay was extracted, dried and an equal 

volume of EtOAc containing an internal standard added. Monoterpene production was 

measured by GC-MS analysis and the products quantified by calculating the ratios between the 

internal standard and an authentic standard of known concentration. Relative activity (%), 

comparing linalool titres in the presence and absence of VHH, was reported. Titration of purified 

VHH (0 ς 1000 nM) against bLinS (Figure 32A) revealed that B2D C10 has an inhibitory effect on 

bLinS, with an IC50 value of 453 nM. Conversely, both B1D G9 and B2D D6 appeared to 

demonstrate a stabilising effect on bLinS, with increased relative activities observed in both 

instances. Biotransformation reactions performed over 24 h revealed similar trends (Figure 32B), 

with B2D C10 demonstrating 46.4 ± 34.3 % relative activity in comparison to the bLinS only 

control. B1D G9 and B2D D6 again facilitated increased relative activities, 145.0 ± 15.8 % and 

141.2 ± 10.9 % respectively, whilst the control VHH EH81 displayed 89.6 ± 13.0 % relative activity 

when compared to the bLinS only control. In each case linalool was the only monoterpene 

product identified by GC-MS, indicating that the binding of B1D G9, B2D C10 and B2D D6 does 

not alter the product profile of bLinS in vitro. 

 

 

 

 

 

 

 

 

 

 

Figure 32: Biotransformation reactions for the conversion of geranyl pyrophosphate (GPP) to linalool using purified S. 
clavuligerus bLinS in the presence of anti-bLinS VHH B1D G9, B2D C10 and B2D D6. A) Relative activities of bLinS in the 
presence of purified anti-bLinS VHH (0 -1000 nM). Reactions were run for 30 min prior to extraction of monoterpenoid 
products. B) Relative activities of bLinS in the presence of anti-bLinS VHH and the control VHH EH81 for reactions run for 
24 h prior to extraction of monoterpenoid products. 

A B 
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In order to further investigate the potential stabilising effects of anti-bLinS VHH on bLinS, an 

additional in vitro biotransformation reaction was performed in which bLinS was incubated with 

an equimolar amount of purified His6 tagged VHH for 24 h at 30 oC prior to the addition of GPP 

(Figure 33). When compared to the 0 h control incubation, bLinS that had been incubated for 24 

h retained only 4.7 ± 0.4 % activity. However in each instance, co-incubation with an anti-bLinS 

VHH resulted in an increased relative activity of bLinS in comparison to the bLinS only control. In 

the presence of the previously identified inhibitory VHH B2D C10 7.1 ± 1.5 % activity was 

retained, whilst 12.7 ± 2.9 % relative bLinS activity was observed in the presence of B1D G9. 

Most strikingly, co-incubation of bLinS alongside B2D D6 resulted in the retention of 37.7 ± 2.7 % 

relative activity. These results suggest that the binding interaction between VHH and bLinS 

provides a stabilising effect on the enzyme that reduces the rate at which enzymatic activity is 

lost, even in the case of the inhibitory anti-bLinS VHH B2D C10. It is not clear, however, to what 

extent the increased relative activities observed for B1D G9 and B2D D6 (Figures 32 & 33) are as 

a result of bLinS stabilisation or due to allosteric activation of bLinS due to VHH binding. 

 

 

 

 

 

 

 

 

 

 

5.4.6. In vivo modulation of bLinS using anti-bLinS VHH 

Following the characterisation of bLinS - VHH interactions in vitro, the modulatory effects of anti-

bLinS VHH in vivo were investigated. Based on the strain comparisons described previously 

(Chapter 5.4.3ύΣ b9. млʲ ŎŜƭƭǎ ǿŜǊŜ Ŏƻ-transformed with both pJBEI-6410 bLinS and pBbE8k His6-

VHH CyDisCo. Individual colonies were picked and used to establish overnight cultures which 

were subsequently used to inoculate TB supplemented with 1 % (v/v) glycerol. Following 

Figure 33: Relative activities of bLinS as determined by biotransformation reactions following the incubation 
of bLinS alongside anti-bLinS VHH B1D G9, B2D C10 and B2D D6 for 24 h at 30 

o
C, prior to the addition of GPP. 
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induction and subsequent addition of an organic overlay, cultures were grown for 72 h prior to 

product extraction. Co-production of B1D G9 and B2D D6 resulted in increased linalool titres 

relative to the pJBEI-6410 bLinS only control, 247.4 ± 19.0 mg L-1
org (132.1 ± 10.2 %) and 218.2 ± 

14.3 mg L-1org (116.5 ± 7.7 %) respectively (Table 7, Figure 34A), which was consistent with 

observations from in vitro experiments. Co-production of B2D C10 resulted in a titre of 171.9 ± 

22.2 mg L-1org (91.8 ± 11.8 %) linalool compared to 187.3 ± 19.4 mg L-1
org (100 ± 10.35 %) that was 

obtained for the pJBEI-6410 bLinS only control. This indicates that in vivo over the course of a 72 

h incubation the inhibitory capacity of B2D C10 is largely overcome, suggesting that B2D C10 

functions as a competitive inhibitor of bLinS.  

In addition to the production of linalool a series of other compounds, geraniol, nerolidol and 

indole, were also detected by GC-MS (Figures 34B & C, Table 7). The S. clavuligerus bLinS utilised 

in this study also demonstrates nerolidol synthase activity in the presence of the C15 

sesquiterpenoid precursor farnesyl pyrophosphate (FPP) (Karuppiah et al., 2017). It has 

previously been reported that strains of E. coli are capable of producing FPP using native 

enzymes (Fujisaki et al., 1986), explaining the nerolidol production observed here. Interestingly, 

however, nerolidol titres were reduced in the presence of each of the anti-bLinS VHH investigated 

in this study (Table 7, Figures 34B & C). This could suggest that B1D G9, B2D C10 and B2D D6 

interact with bLinS around the active site, impairing the access of the longer C15 substrate. The 

reduction of nerolidol titres was most significant in the presence of B2D C10 yielding 20.5 ± 6.9 

mg L-1org compared to the 58.5 ± 6.6 mg L-1
org produced by the pJBEI-6410 bLinS only control.  

The production of geraniol by E. coli containing a heterologous MVA pathway and GPPS gene has 

also previously been reported and identified to be as a result of promiscuous activity of native 

enzymes including alkaline phosphatase (PhoA) (Leferink et al., 2016; Liu et al., 2015). However 

in this study, geraniol production in vivo was significantly increased in the presence of anti-bLinS 

VHH (Table 7, Figure 34B & C). Following co-production of B2D C10 and B2D D6 geraniol titres of 

32.9 ± 1.1 mg L-1org and 30.2 ± 6.3 mg L-1
org were obtained, representing a ~ 12 fold increase in 

geraniol titre compared to that of the pJBEI-6410 bLinS only control (2.6 ± 0.6 mg L-1
org). In 

isolation this result could suggest that the binding of these VHH to bLinS results in a minor 

conformational change of bLinS that promotes carbocation isomerisation and water capture at 

the C1 position as opposed to C3 position of the geranyl cation. However given that no geraniol 

production was observed during in vitro biotransformation reactions, VHH binding does not 

appear to be directly responsible for altering the reaction chemistry of bLinS. Instead, increased 

geraniol production in vivo is likely a result of the changing flux within the biosynthetic pathway 



164 
 

occurring in response to VHH ς bLinS binding. When considering the B2D C10 ς bLinS interaction, 

for example, the inhibitory effect of the anti-bLinS VHH is likely to create a bottleneck within the 

pathway. As a result the accumulation of GPP and its precursors, which have been shown to 

result in cytotoxicity in E. coli, occurs within the cells (Anthony et al., 2009; Martin et al., 2003; 

Pitera et al., 2007). As a result of increased GPP availability and the impaired ability of the bLinS 

to utilise its substrate due to B2D C10 binding, it is proposed that GPP is instead converted to 

geraniol by PhoA and other unidentified endogenous pathways (Leferink et al., 2016), thereby 

alleviating the toxic effects of the isoprenoid precursor accumulation. 

Indole is produced by a variety of Gram-positive and Gram-negative bacteria as an intracellular 

signalling compound (Han et al., 2011). The production of indole in E. coli has been linked to a 

variety of processes including biofilm formation, motility, virulence, plasmid stability, 

antimicrobial resistance and as a cell survival mechanism during stress response (Han et al., 

2011; Kim and Park, 2015). When considering the production of terpenoids in E .coli, indole has 

been identified as a potential inhibitor of isoprenoid pathway activity via an as yet unidentified 

mechanism (Ajikumar et al., 2010). Here, indole production was significantly decreased following 

the production of anti-bLinS VHH alongside the biosynthetic pathway with a low of 185.8 ± 17.9 

mg L-1org measured in the presence of B2D D6 compared to 455.9 ± 1.8 mg L-1
org observed for the 

pJBEI-6410 bLinS control (Table 7, Figure 34C). This would again suggest that the co-production 

of anti-bLinS VHH helps to alleviate potential toxicity issues that may arise due to the 

accumulation of toxic isoprenoid precursors and monoterpenoids within the cell. Again, the 

likely explanation for this observation is the changing flux of the biosynthetic pathway occurring 

as a result of VHH - bLinS binding; however a mechanism for the process remains unclear. 

 

Table 7: Products isolated following co-ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ƻŦ b9. млʲ ǿƛǘƘ ǇW.9L-6410 bLinS and pBbE8k His6-VHH 
CyDisCo. Following induction of the production pathways, cultures were grown for 72 h prior to product extraction 
and GC-MS analysis. Products quantified by calculating the ratios between the internal standard and an authentic of 
known concentration 

 

 

 

Experiment 
Linalool Titre   

(mg L-1org) 
Geraniol Titre      

(mg L-1org) 
Nerolidol Titre  

(mg L-1org) 
Indole Titre      
(mg L-1org) 

B1D G9 + bLinS 247.4 ± 19.0 12.0 ± 3.0 42.4 ± 2.8 206.7 ± 16.6 
B2D C10 + bLinS 171.9 ± 22.2 32.9 ± 1.1 20.5 ± 6.9 192.2 ± 1.8 
B2D D6 + bLinS 218.2 ± 14.3 30.2 ± 6.3 28.8 ± 3.1 185.8 ± 17.9 
bLinS Control 187.3 ± 19.4 2.6 ± 0.6 58.5 ± 6.6 455.9 ± 1.8 
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5.5. Conclusions 

In summary, this chapter describes in vitro and in vivo investigations into the potential 

modulatory capabilities of three anti-bLinS VHH antibodies; B1D G9, B2D C10 and B2D D6 on 

bLinS. Of the VHH investigated, B1D G9 demonstrated the greatest potency against biotinylated 

bLinS in vitro with an EC50 of 3.3 nM, whilst B2D C10 and B2D D6 were shown to have potencies 

of 18.0 nM and 163.8 nM respectively. In vitro biotransformation reactions, in which purified 

His6-VHH was co-incubated alongside bLinS and its substrate GPP, revealed that B2D C10 acts as 

an inhibitor of bLinS. Conversely, B1D G9 and B2D D6 facilitated increased linalool yields over 

both short term (30 min) and long term (24 h) reactions when compared to bLinS only controls. 

It is proposed that the improved activity of bLinS occurs as a result of increased enzyme stability 

upon VHH - bLinS binding, as evidenced by the retention of catalytic activity following a 24 h 

equilibration period in the presence of a VHH prior to addition of GPP when compared to the 

retained activity in the absence of an anti-bLinS VHH. Heterologous expression of an MVA 

A 

B C 

Figure 34: In vivo ƳƻŘǳƭŀǘƛƻƴ ƻŦ ō[ƛƴ{ ƛƴ b9. млʲ ǳǎƛƴƎ ǘƘŜ ŀƴǘƛ-bLinS VHH B1D G9, B2D C10 and B2D D6.  Following 
induction of the production pathways, cultures were grown for 72 h prior to product extraction and GC-MS analysis. A) 
wŜƭŀǘƛǾŜ ƭƛƴŀƭƻƻƭ ǇǊƻŘǳŎǘƛƻƴ ƛƴ b9. млʲ ŦƻƭƭƻǿƛƴƎ Ŏƻ-production of bLinS and anti-bLinS VHH in vivo. B) Comparison of 
terpenoid products isolated following co-production of bLinS and anti-bLinS VHH in vivo. C) GC-MS chromatograms 
obtained following co-production of bLinS and anti-bLinS VHH in vivo. Annotated peaks correspond to sec-butyl benzene 
internal standard (I), linalool (II), geraniol (III), nerolidol (IV) and indole (V). 
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pathway, A. grandis GPPS and the S. clavuligerus bLinS alongside the previously optimised 

pBbE8k His6-VHH CyDisCo system (Chapter 4) revealed that the production of these VHH resulted 

in changes to the product profiles obtained. In each instance the production of anti-bLinS VHH 

alongside the biosynthetic pathway yielded increased titres of geraniol and indole, indicating 

changes in pathway flux resulting from VHH-bLinS binding. Additionally, the amount of nerolidol 

produced was reduced, potentially indicating a reduced ability of bLinS to accommodate the C15 

substrate FPP following VHH ς bLinS binding. 

This work demonstrates that sdAb, specifically llama VHH, can be utilised within E. coli as tools for 

modulating biosynthetic pathways. The ability to control and/or disturb the flux of biosynthetic 

pathways could be exploited to obtain alternative product profiles or as a means to reduce the 

accumulation of signalling compounds, such as indole, that take part in native feedback loops 

and thereby limit product titres. Moving forward, further characterisation and investigation into 

the bLinS ς VHH binding interaction may necessitate the elucidation of crystal structures in order 

to determine mechanisms by which inhibition or stabilisation occur. The insights gained from 

such structures could also facilitate the design and/or engineering of novel VHH with altered 

functionalities. 

Additionally, the VHH characterised in this chapter could be taken forward in order to develop 

alternative tools with synthetic biology applications. Previously, inhibitory VHH have been used as 

a means to generate novel antibody catalysts (abzymes) via anti-idiotypic mimicry of a target 

enzyme (Li et al., 2012). Using the inhibitory anti-bLinS VHH B2D C10 described in this work, it 

could be possible to isolate abzymes capable of the production of monoterpenoids such as 

linalool, and subsequently investigate their suitability for inclusion in alternative biosynthetic 

pathways. Alternatively, high affinity binders such as the anti-bLinS VHH B1D G9 could be used as 

a scaffold or tag to facilitate co-localisation of GPPS and the mTS/C, both of which have 

previously been identified as the rate limiting enzymes in the monoterpenoid production 

pathways (Alonso-Gutierrez et al., 2014; Zhou et al., 2015). A previous effort to co-localise GPPS 

with pinene synthase (PS) resulted in a 6 ς fold improvement in pinene titre obtained using E. 

coli (Sarria et al., 2014). However, the use of N- and C- terminal fusions reported by Sarria et al. 

(2014) was constrained to two potential enzyme conformations. The use of sdAb as co-

localisation tags facilitates numerous potential conformations that are limited only by the 

number of epitopes targeted during the affinity maturation and library enrichment process. 

In conclusion, the work described herein demonstrated that the co-production of anti-bLinS VHH 

alongside a biosynthetic pathway containing bLinS resulted in the modulation of the terpenoid 
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product profiles that were obtained, which was likely as a result of enzyme stabilisation or 

enzyme inhibition that subsequently altered the flux of the pathway. As a proof of principle 

study, these results demonstrate that the use of VHH as tools for potential synthetic biology 

applications in E. coli is feasible. With continued development, the generation of sdAb tools with 

a variety of functionalities is a possibility. 
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5.7. Supplementary Information 

Supplementary Table 10: Codon optimised DNA sequence for the Streptomyces clavuligerus linalool synthase used in 
Chapter 5. 

 

Supplementary Table 11: Primers used in Chapter 5. 

Primer Sequence (5' - 3') 

pJBEI-6410 
_Syn_open_5' 

CTTAAAAGATCCTTAATTCTGACGA 

pJBEI-6410 
_Syn_open_3' 

GGATCCAAACTCGAGTAAGGA 

LinS+6410_Fw 
TCAGAATTAAGGATCTTTTAAGAAGGAGATATACATGCAGGAATTTGAATT
TGCG 

LinS+6410_Rv TCCTTACTCGAGTTTGGATCCTTAACCGCTGCTACGTGCCA 

Syn_Seq_Fw GAACTGTCCTGCTTCGACC 

Syn_Seq_Rv GCGAGGAAGCGGAATATATC 

VHH NdeI Fw TATACATATGGAGGTGCAGCTGGTG 

VHH XhoI Rv GATCCTCGAGTTAGTGATGGTGATGGTGATG 

 
Supplementary Table 12: Amino acid sequences of His6-tagged VHH investigated in Chapter 5. 

His6-B1D G9 
MGSSHHHHHHSSGHMEVQLVESGGGLVQAGGSLRLSCSASGHTLTNYAMGWFRRAPGKEREFVAAITVTP
TETYYGDSVKGRFAISRDDAKNMVSLQMYSLEPVDTAIYYCAAAQSTVRLRFNRMIDYWGQGTQVTVSSAA
AHHHHHH* 
His6-B2D C10 
MGSSHHHHHHSSGHMEVQLVESGGGLVQAGGSLRVSCAASGRTFSSLAMGWFRQAPGKEREFVTYITWS
GDSTHYADSVKGRFTISRDNAAVNTVYLQMNSLKVDDTAVYYCAGTTGWGSTLSSGYEYWGQGTQVTVSSA
AAHHHHHH* 
His6-B2D D6 
MGSSHHHHHHSSGHMEVQLVESGGGLAQPGGSLRLTCAASGSIISINDMAWYRQAPGKQRESVAAITSGGS
TSYTDSVKNRFTISRDNAKNTVYLQMNSLKPEDTAVYYCNAEVFDLQMGHRYLKLWGQGTLVTVSSAAAHH
HHHH* 

Streptomyces clavuligerus bLinS (Codon Optimised) 

ATGCAAGAATTTGAATTTGCAGTTCCGGCACCGAGCCGTGTTAGTCCGGATCTGGCACGTGCGCG

TGCACGTCATCTGGATTGGGTTCATGCAATGGATCTGGTTCGTGGTGAAGAGGCACGTCGTCGTT

ATGAATTTAGCTGTGTTGCAGATATTGGTGCCTATGGTTATCCGCATGCAACCGGTGCAGATCTG

GATCTGTGTGTTGATGTTCTGGGTTGGACCTTTCTGTTTGATGATCAGTTTGATGCCGGTGATGG

TCGTGAACGTGATGCACTGGCAGTTTGTGCAGAACTGACCGATCTGCTGTGGAAAGGTACAGCAG

CAACCGCAGCAAGCCCTCCGATTGTTGTTGCATTTAGCGATTGTTGGGAACGTATGCGTGCAGGT

ATGAGTGATGCATGGCGTCGTCGTACCGTTCATGAATGGGTTGATTATCTGGCAGGTTGGCCGAC

CAAACTGGCAGATCGTGCACATGGTGCCGTTCTGGATCCGGCAGCACATCTGCGTGCTCGCCATC

GTACCATTTGTTGTCGTCCGCTGTTTGCACTGGCCGAACGTGTTGGTGGTTATGAAGTTCCGCGT

CGTGCATGGCATAGCAGCCGTCTGGATGGTATGCGTTTTACCACCAGTGATGCAGTTATTGGTAT

GAATGAACTGCACAGCTTTGAAAAAGATCGTGCCCAGGGTCATGCAAATCTGGTTCTGAGCCTGG

TTCATCATGGTGGTCTGACCGGTCCGGAAGCAGTTACCCGTGTTTGTGATCTGGTGCAGGGTAGC

ATTGAAAGTTTTCTGCGTCTGCGTAGCGGTCTGCCTGAACTGGGTCGTGCACTGGGTGTTGAAGG

TGCAGTGCTGGATCGTTATGCAGATGCACTGAGCGCATTTTGTCGTGGTTATCATGATTGGGGTC

GTGGTGCAAGCCGTTATACCACACGTGATCATCCGGGTGATCTGGGTCTGGAAAATCTGGTGGCA

CGTAGCAGCGGTTAA 
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6. Discussion 

The aim of this project was to investigate whether the intrinsic specificity and affinity that 

antibodies demonstrate toward their target could be exploited in order to create tools with 

relevance to synthetic biology. More specifically, antibodies with functionalities relating to the 

production of monoterpenoids in Escherichia coli were desired. When considering strategies to 

achieve this outcome, the most significant challenge is the functional production of antibodies in 

microbial hosts that are commonly used for the production of monoterpenoids. The production 

of full size antibodies in E. coli, the most widely used chassis for synthetic biology applications 

(Adams, 2016), is prohibited due to the inability of the host to accommodate glycosylation and 

the native formation of disulphide bonds within the cytoplasm όDŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ нлмсύ. Efforts to 

circumvent these issues include the use of recombinant antibody fragments, such as scFv and 

Fab, which provide greater flexibility in the choice of production strain (Frenzel et al., 2013). This 

is due to the absence of an Fc domain in these recombinant antibody fragments, which ensures 

that glycosylation is no longer a requirement, whilst the removal of additional constant domains 

reduces the number of disulphide bonds that must be accommodated. The discovery of 

naturally occurring camelid heavy chain only antibodies (HCAb) (Hamers-Casterman et al., 1993) 

and immunoglobulin new antigen receptors (Ig-NAR) in cartilaginous fish (Dooley and Flajnik, 

2006), which were reviewed in Chapter 1.3.1, resulted in the development of novel single 

domain antibodies (sdAb). These minimal antigen binding domains require, in most instances, 

the formation of a single disulphide bond and display improved stability in comparison to other 

antibody formats. Furthermore, whilst lacking conformational variation in the antigen binding 

site due to the loss of the light chain variable domain, sdAb possess elongated CDR3 loops 

(Henry and MacKenzie, 2018)Φ ¢ƘŜǎŜ ŜȄǘŜƴŘŜŘ ƭƻƻǇǎ ŦŀŎƛƭƛǘŀǘŜ ōƛƴŘƛƴƎ ǘƻ ΨŎǊȅǇǘƛŎΩ ŜǇƛǘƻǇŜǎ ƛƴ 

clefts or cavities on the antigen surface, further broadening the scope for potential applications 

of these novel recombinant antibody fragments, whilst also contributing to the increased 

stability of the antibody fragment (Helma et al., 2015). It was therefore decided that the use of 

sdAb domain antibodies such a camelid heavy chain variable domains (VHH) in parallel with 

specialised production strategies for proteins containing disulphide bonds, reviewed in Chapter 

1.8, represented a feasible route for investigations into, and further development of, the use of 

antibody fragments in synthetic biology. 

In order to achieve this goal it was envisaged that the project would be split into three main 

objectives. The first of these focused upon the generation of the VHH that would later be 

investigated. The second phase of the project focused on developing a robust platform for the 
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production of these VHH within the cytoplasm of E. coli, which would in turn facilitate the final 

phase of the project in which the capabilities and functionalities of select VHH would be tested. 

These objectives align with the experimental chapters discussed in this thesis (Chapters 3, 4 and 

5). 

When considering the development of antibodies as tools with non-therapeutic applications, 

two main strategies are typically adopted (Harmansa and Affolter, 2018). The first approach 

aims to produce antibodies with affinity to a commonly used tag, such as a fluorescent protein, 

that can subsequently be fused to a variety of proteins of interest, whilst the second approach 

involves creating antibodies that specifically target a protein of interest. The use of tag binders 

typically provides greater flexibility, as following validation of the antibody-tag interaction a 

relatively small panel of antibodies can be used to create a large suite of tools, such as those 

described by Prole and Taylor (2019). For the development of antibodies targeting a biological 

pathway, it may be more beneficial to target a member of the pathway directly. Such an 

approach has the potential to yield antibody binders that demonstrate modulatory activities 

such as inhibition and activation, which may result in significant alterations to the pathway of 

interest, in addition to the labelling and targeting applications typically associated with anti-tag 

antibodies. Therefore, for this project it was decided that the direct targeting of an enzyme 

within the monoterpenoid production pathway would maximise the potential functionalities of 

the VHH obtained and thus represented the correct strategy to pursue. Given the critical 

importance of the monoterpene synthase/cyclase (mTS/C) in monoterpenoid production, the 

mTS/C enzyme in the pathway was the logical choice to target. When considering which mTS/C 

to utilise in this study, Streptomyces clavuligerus linalool synthase (bLinS) and Mentha spicata 

limonene synthase (LimS) were identified as suitable candidates. LimS represented an 

ƛƴǘŜǊŜǎǘƛƴƎ ǘŀǊƎŜǘ ŘǳŜ ǘƻ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ǇǊƻŘǳŎǘ ŘƛǾŜǊǎƛǘȅ ǘƘŀǘ ŎƻǳƭŘ ōŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ ʰ-

terpinyl cation that is stabilised within the active site (Chapter 2, Figure 1). Furthermore, the 

production of limonene using this system is well characterised and understood, with high titres 

of limonene produced in E. coli (~ 605 mg L-1) (Alonso-Gutierrez et al., 2015, 2013). Similarly, the 

use of bLinS to produce linalool in E. coli is established, with relatively high levels of linalool 

production (363.3 ± 57.9 mg Lorg
-1) achieved to date (Karuppiah et al., 2017). Comparison of the 

crystallographic data for these enzymes (Hyatt et al., 2007; Karuppiah et al., 2017), revealed that 

LimS undergoes more significant structural changes upon substrate binding, potentially 

increasing the scope for identification of VHH binders that alter the monoterpenoid product 

profile. However, the presence of a non-functional N-terminal domain, and ŀƴ ŀŎǘƛǾŜ ǎƛǘŜ ΨŎŀǇΩ 

thought to protect the active site from solvent, could reduce the likelihood of identifying 
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functional VHH that interact with the target enzyme around the active site (Hyatt et al., 2007). 

Conversely, the single domain bLinS undergoes relatively little conformational change upon 

substrate binding, whilst also possessing a more easily accessed active site (Karuppiah et al., 

2017). It was therefore reasoned that raising sdAb against bLinS would result in the generation 

of antibody binders that could induce a more significant conformational change in the enzyme 

and thus alter the product profile, or result in the identification of binders around the active site 

that may result in enzyme inhibition. In preliminary experiments, the production and purification 

of bLinS proved to be more efficient, with the removal of endotoxin from LimS proving 

particularly difficult. As such, bLinS was chosen as the focus of this investigation. 

Chapter 3 describes the construction and subsequent enrichment of two anti-bLinS VHH phage 

display libraries. When considering the approach with which to construct the library, reviewed in 

Chapter 1.5, it was decided that the construction of an immune library would maximise the 

likelihood of identifying functional anti-bLinS VHH by virtue of affinity maturation during the 

immune response. Phage display was chosen as the library enrichment method due to the 

robustness of the approach, which would facilitate the use of more stringent wash conditions 

and thus, it was hoped, reveal higher affinity binders. Following five immunisations of a llama 

with purified bLinS, two libraries were constructed. The Bleed 1 library, constructed using B-cells 

obtained following the 3rd immunisation, and the Bleed 2 library, which was constructed using B-

cells isolated following the 5th and final immunisation, contained 1 x 107 and 5 x 107 clones 

respectively. Both libraries were enriched by phage display bio-panning utilising two different 

ǿŀǎƘ ŎƻƴŘƛǘƛƻƴǎΣ ΨǎǘŀƴŘŀǊŘΩ ŀƴŘ ΨǎǘǊƛƴƎŜƴǘΩΣ ƛƴ an effort to capture a wider spectrum of bLinS 

binding affinities. Following the first round of bio-panning for each library and wash condition, 

95 colonies from each were picked for monoclonal phage rescue and subsequent screening to 

determine the efficacy of enrichment. Of the 380 total colonies screened, 93 % were identified 

as bLinS binders by ELISA. Sequencing of these clones yielded 261 unique VHH sequences and 158 

unique CDR3 sequences within the enriched populations. Further analysis of the resultant 

sequences indicated the emergence of a number of clusters displaying sequence similarity 

indicating successful enrichment of the libraries. In an effort to maximise the sequence diversity 

of the anti-bLinS VHH and thus potential functionality, it was decided that no further rounds of 

enrichment should be performed. The diversity obtained within the immune anti-bLinS libraries 

constructed in this work indicates that the quality of both the immune response and resultant 

libraries was high. As such, these libraries represent high quality platforms from which VHH with 

novel functionality relevant to the production of monoterpenoids can be isolated. 
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Following the construction and subsequent enrichment of the anti-bLinS VHH libraries, the next 

stage of the project required the development of a robust platform for the cytoplasmic 

expression of VHH in E. coli. Chapter 4 describes the use of Design of Experiments (DoE) to 

identify a series of optimised production conditions for the most commonly occurring VHH in the 

enriched populations obtained in Chapter 3, the anti-bLinS VHH B2D C10. The structured nature 

of DoE provides statistical insights into, and facilitates the modelling and subsequent 

optimisation of, complex multifactor systems. Traditional experimental approaches, in which 

factors are sequentially altered ad hoc, can overlook key interactions between factors 

potentially resulting in sub-optimal factor combinations being taken forward (Brown et al., 

2018). The factors investigated in Chapter 4 included the choice of production strain, the co-

production of the CyDisCo catalysts όDŊŎƛŀǊȊ Ŝǘ ŀƭΦΣ нлмтΣ нлмсύ, the choice of N-terminal tag, the 

concentration of inducer added and the post induction temperature. Following execution of the 

experimental design, three sets of conditions were identified, the best of which facilitated an 82-

fold improvement in the functional B2D C10 yield. These three factor combinations were 

subsequently investigated for their ability to improve the functional production levels, as 

determined by ELISA against immobilised bLinS, of a panel of 24 anti-bLinS VHH identified in 

Chapter 3. Of the 24 VHH screened, the optimised conditions facilitated the production of 50 % of 

the clones, an improvement over the 20.8 % that could be produced prior to optimisation. The 

identification of these improved cytoplasmic production conditions, achieved using DoE, 

provides a platform from which to investigate anti-bLinS VHH as tools in the production of 

monoterpenoids.  

Chapter 5 describes the initial investigations into the functionalities of three anti-bLinS VHH, B1D 

G9, B2D C10 and B2D D6. Initial in vitro assays were used to determine EC50 values and to 

investigate the effects of VHH-bLinS binding on linalool production. Both B1D G9 and B2D D6 

appeared to demonstrate a stabilising effect on the enzyme, resulting in increased retention of 

catalytic activity over time and improved linalool titres. Conversely, B2D C10 was identified as an 

inhibitor of bLinS. Co-expression of a heterologous MVA pathway, geranyl pyrophosphate 

synthase (GPPS) and bLinS genes alongside the anti-bLinS revealed that these effects, although 

reduced, could also be observed in vivo. Furthermore the co-production of the anti-bLinS VHH not 

only resulted in altered linalool titres, but also varying ratios of the terpenoid side products 

geraniol and nerolidol, as well as significantly reduced amounts of indole, a molecule with a 

number of roles in stress response in E. coli (Han et al., 2011; Kim and Park, 2015). These results 

indicate that the anti-bLinS VHH evaluated in this chapter are capable of modulating the activity 

of bLinS in vivo and subsequently altering the flux within the biosynthetic pathway. The effects 
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of the B1D G9, B2D C10 and B2D D6 ς bLinS interactions observed in vivo serve as a proof of 

principle that sdAb can be used as tools to modulate monoterpenoid production in E. coli. 

Therefore, with continued investigation it is possible that the wide variety of anti-bLinS VHH 

identified in Chapter 3, in tandem with the robust cytoplasmic production platform developed in 

Chapter 4, could facilitate the development of powerful VHH tools.  

6.1. Future Perspectives 

Regarding avenues for further investigation in relation to this project, the remaining 258 unique 

anti-bLinS VHH variants that as yet have not been characterised remain a priority. In order to 

effectively screen this number of variants, alternative strategies to evaluate the effect of the 

bLinS ς VHH interaction on monoterpenoid production are required. Both the in vitro and in vivo 

analysis performed in Chapter 5 utilised GC-MS to identify compounds present in the organic 

solvent overlay of a two-phase system, as first described by Brennan et al. (2012). Whilst this 

strategy facilitates the identification and subsequent quantification of the products relevant to 

the monoterpenoid biosynthesis pathway, the extraction process as performed in Chapter 5 can 

prove time consuming and is not sufficiently high-throughput to efficiently screen each of the 

VHH variants. In order to improve throughput of the GC-MS based approach, the use of robotics 

platforms during the sample preparation, extraction and GC-MS steps, such as those as 

described by Leferink et al. (2019), could be explored. This automation could be further 

extended to the preparation of purified protein/cell lysate in in vitro experiments, and the 

growth and subsequent induction of cultures in in vivo experiments. When considering 

alternative strategies to characterise the bLinS - VHH interaction in vitro, the use of the malachite 

green assay as a means of measuring pyrophosphate release following conversion of GPP to 

terpenoid products, as described by Vardakou et al. (2014), represents a viable option. Initial 

efforts to utilise the malachite green assay as a means to identify modulatory anti-bLinS VHH in 

the 24 pilot series variants introduced in Chapter 4 proved unsuccessful, likely as a result of free 

phosphate contaminants within the GPP stock (data not included in thesis), however further 

development of a suitable protocol remains a possibility.  

In order to further investigate the mechanisms by which the anti-bLinS VHH B1D G9, B2D C10 and 

B2D D6 confer their inhibitory and stabilising activities to bLinS, it would be useful to elucidate 

crystal structures of these interactions. The insights gained from these structures may identify 

sequence and/or structure activity relationships (SAR) that could be used to prioritise members 

of the remaining 258 uncharacterised VHH variants for further evaluation. Alternatively, this 
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knowledge could inform the design of novel variant VHH libraries with improved or altered 

functionalities. 

Alternative applications of the anti-bLinS VHH obtained during this project include the use of high 

affinity binders, such as B1D G9, as tools to co-localise GPPS and bLinS. As discussed in Chapter 

5.5, fusion of both GPPS and pinene synthase (PS) resulted in a 6-fold improvement in the 

pinene titres obtained using E. coli (Sarria et al., 2014). Placing the GPPS at the N-terminus of the 

fusion resulted in the active sites of the GPPS and PS facing each other, whilst placing the PS at 

the N-terminus resulted in both active sites facing the same direction. When both active sites 

faced each other, GPP inhibition of GPPS was overcome, however inhibition of PS by GPP was 

exacerbated (Sarria et al., 2014). The use of antibodies fragments such as VHH to achieve this co-

localisation is likely to facilitate a greater number of potential active site 

conformations/orientations of both the GPPS and the mTS/C. Theoretically the number of 

potential conformations should only be limited by the number of unique antigen epitopes 

targeted and the flexibility of the linker chosen. As such, the development of GPPS-VHH fusions, 

such that the GPPS and bLinS active sites are optimally positioned, could significantly increase 

monoterpene production levels in microbial production systems.  

An additional alternative application of the anti-bLinS VHH isolated in this work is the generation 

of catalytic antibodies. The development of catalytic antibodies typically involves one of two 

approaches (Padiolleau-Lefèvre et al., 2014). Chemical approaches utilise specifically designed 

haptens that typically mimic a transition state and/or a reactive intermediate. Antibodies 

capable of binding to these small molecules are isolated from recombinant antibody libraries, as 

described in Chapter 1.5 and 1.6, following immobilisation of the hapten. The enriched, hapten 

binding population is then screened for variants that possess the appropriate electronic and 

steric complementarity to confer catalytic activity (Cesaro-Tadic et al., 2003; Takahashi et al., 

2001). A biological strategy for the development of catalytic antibodies is anti-idiotypic mimicry. 

This is achieved by creating and subsequently enriching an antibody library against a target 

enzyme, such that a population of antibodies (Ab1) that bind to the active site of the enzyme are 

obtained. Following the identification of an Ab1 active site binder, the Ab1 antibody is used as 

the antigen in an additional library enrichment step. This results in the isolation of a second 

population of antibodies (Ab2), which are subsequently screened to identify variants with 

catalytic activity. The anti-idiotypic approach has been successfully implemented by Li et al. 

(2012) to obtain a selection of camelid VHH that possessed the activity of alliinase, an enzyme 

found in garlic which catalyses the conversion of alliin to allicin. Using the inhibitory anti-bLinS 
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VHH B2D C10 described in Chapter 5, it may be possible to isolate a catalytic antibody (abzyme) 

capable of catalysing the production of linear monoterpenes such as linalool, and subsequently 

investigate their suitability for inclusion in novel biosynthetic pathways. 

6.2. Alternative Strategies for the Development of Monoterpenoid Binders 

Whilst the immune anti-bLinS VHH libraries constructed in this project have proven to be of high 

quality and yielded a significant diversity of bLinS binders, the use of synthetic libraries would 

arguably have represented a more fitting, synthetic biology driven approach to achieving the 

aims of this thesis. The construction of a synthetic library would not only eliminate the need to 

immunise a llama, thereby avoiding potential ethical issues, but would also eliminate the lengthy 

immunisation process, facilitate the production of a larger VHH library and also provide greater 

control over the content of the library (Hoogenboom, 2005; Suzuki et al., 2018). Synthetic and 

semi-synthetic VHH libraries typically utilise optimised or universal framework regions (FR) that 

demonstrate sufficient stability to accommodate synthetic complementarity determining 

regions (CDR) (Saerens et al., 2005; Suzuki et al., 2018; Wagner et al., 2018). When considering 

the aims of this project, the construction of a synthetic VHH library utilising stable frameworks 

that have previously demonstrated stability and functionality when produced in the cytoplasm 

of E. coli (such as the cAbBCII10 framework described by Saerens et al. (2005)) could have 

bypassed many of the early challenges faced when producing and subsequently screening VHH for 

functionality. It was initially decided, however, that the use of an immune library was more likely 

to yield a panel of anti-bLinS VHH that would facilitate initial investigations into their use as tools 

for synthetic biology, prior to the development of alternative libraries following proof of this 

principle. Given the relative success of this project, the construction of novel synthetic VHH 

libraries utilising frameworks from clones that demonstrated compatibility with the optimised 

production platform developed in Chapter 4 (such as B1D G9 or B2D C10) could represent a 

significantly improved strategy for the development of VHH antibodies with synthetic biology 

applications in E. coli in the future. 

In addition to the use of alternative stable frameworks within which to graft or mutate antigen 

binding domains, arguments can be made for abandoning the antibody framework altogether 

and instead utilising alternative designed protein scaffolds (Harmansa and Affolter, 2018). 

Examples of non-immunoglobulin frameworks include designed ankyrin repeat proteins 

(DARPins) (Plückthun, 2015), Monobodies (Koide et al., 2012), Affibodies (Ståhl et al., 2017), 

Anticalins (Gebauer and Skerra, 2012) and Affimers (Tiede et al., 2017). In each instance, these 

recombinant binders have been engineered to exhibit improved stabilities, higher affinities and 
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easier handling (Harmansa and Affolter, 2018). None of these recombinant binders require the 

formation of disulphide bonds, whilst large libraries of each can be constructed and 

subsequently enriched in the same manner as synthetic antibody libraries (Harmansa and 

Affolter, 2018; Helma et al., 2015). As a result, these protein scaffolds are ideally suited for the 

development of synthetic biology tools within microbial strains such as E. coli. Notable examples 

of these recombinant binders reported to date include the generation of DARPins that bind 

monomeric teal fluorescent protein (mTFP1) with low nanomolar affinities and have 

subsequently been used to delocalise Rab proteins to the nuclear compartment of HeLa cells, 

thus interfering with regular function (Vigano et al., 2018). In addition, Affimers that recognise a 

range of molecular targets were used to demonstrate the suitability of these recombinant 

binders for use as tools with applications including modulation of protein function, labelling of 

antigens and affinity fluorescence (Tiede et al., 2017). This further indicates that these 

alternative binding scaffolds display the characteristics required for the development of tools 

with applications in synthetic biology.  

6.3. Concluding Remarks 

To conclude, the work described in this thesis aimed to investigate whether single domain 

antibodies (sdAb) could be used as tools with synthetic biology applications, with a particular 

focus on the production of monoterpenoids. To this end, an anti-bLinS VHH phage display library 

was constructed and subsequently enriched, resulting in the identification of 261 unique bLinS 

binding variants. Following the development of a robust platform for the production of VHH in 

the cytoplasm of E. coli, three anti-bLinS VHH were selected for characterisation in vitro and in 

vivo. The investigations described herein showed that the co-production of anti-bLinS VHH 

alongside a heterologous linalool production pathway resulted in the modulation of linalool 

production in E. coli, demonstrating the potential of VHH as tools for altering flux within 

biosynthetic pathways as well as alternative tools such as abzymes and co-localisation tags. As 

such, the platforms developed in this project, and the insights gained following their 

implementation, represent a strong foundation upon which further investigations and 

developments may build, so as to realise the full potential of VHH antibodies as powerful tools in 

the field of synthetic biology.  
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