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prepared using oligdT or dN6 primersB) Gel purified primary PCR;Moroducts (dN6 & oligo

dT pmled).C)Secondary PCR amplification of Bleed 1 &2uging Vi+SH Fw and Rv primers
CldLib2Rev1 (B1) and 12 (B2R) Repeated secondary PCR amplification of Bleed,l&ing

VirSH Fw and Rv prim@IdLID2RE0L...........oooe e 89

Figure 17: ANotl single (S) and Not Sfil double (D) restriction digestion of pTAPMID (vector)
and PCR amplified Bleed 1 & 4+\B) Gel purified Notl + Sfil double digested pTAPMID (vector)
and PCR amplified Bleed 1 & @4V, ..ottt 90

Figure 18Sequence alignment probability plots for B1 and B2 laintt . A) The probability of

an amino acid residue (not a gap) for all ebitinS \, is plotted in red, with the probability of

the most commonly occurring amino acid at each position overlaid in By8equence logo

plot for the most commonly occumg amino acid at each position of the aligned ditinS MW

The overlaid red line corresponds to the probability of any amino acid (i.e. not a gap) occurring
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at that position based on each of the B1 and B2 output sequences obta)étistograms of
the CDR lengths for the total afiLinS My population.............ccccveeiiiiee e 4

Figure 19:Variable importance in projection (VIP) against model coeffisidot 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 ¥, binding as determi8 R dz&A A Y3  ( KsSuoo (1HBNI I S

Figure 20Diagnostic plots assessing the fit and quality of the second iteration of the PLS model.
A) Actual by predicted plotB) Residual by predicted plot, C) Residual by row and D)Residual
normal quantile plots for each of the 42 eXperiments...........cccccvviiiiiieeeeiiniiieeee e 129

Figure 21interaction plots for the 2nd iteration of the partial least squares regression migi!.
Figure 22Prediction prdiler plots for functional production of the ankiLinS WyB2D C10..130

Figure 23SDSPAGE image comparison of the soluble cell lysate, including B2D C10 (highlighted
by red bx) with each Nerminal tag in the presence and absence of the CyDisCo chaperones
(+/-0  dza A y 3(A)bn@ SHufflenT7 Expred®)cells. Protein production was induced using 50
mM arabinose, following which the temperature was reduced to the previoiddytified
optimised temperature for that StraiN.........ccccccciiii 132

Figure 24:FarUV circular dichroism (CD) spectra comparison betweetagged B2D C10, His
B2D C10 and HiStag B2D C10 produced using SHuffle T7 EXPress.......ccccoovcvvvveeennnnne 134

Figure 25:ELISA lysate titrations of aftLinS My B1D G9, B2D C10 and B2D D6 against
bSdzi NI GARAY OF LIHdayERressipniwis induced by-tRe addition of 50 mM
arabinose and the temperature subsequently lowered to that of the previously identified
optimum for each strain, such that thdfects of the optimised B2D C10 expression conditions
could be evaluated fOr OtNEIM .....cvun i e 135

Figure 26:Evaluation of purified B1D G9, B2D C10 and B2D D6 produced using the optimised
conditionsA) SDSPAGE image of IMAC purifiegdza Ay 3 b 9. wmMni 9dbxprés® | y |
(SH) with both Hisand Hig STagsB)Yields (mg1) of each purified M, under each production

Figure 27:Heat map comparison for ijpt series' Vy produced using the optimised production
O2yRAGAZ2Y & +E2y3JAARS {1 dzFFtS ¢717 -ermbiMNBgie | yR
/] 85Aa/ 2 OlFGlIfeaataod =+ fegSsaoreszacBid valuesBand (stérlardY S |
deviation can be fomd in Supplementary Table.B...............ooo i 138

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 reactiolowtiod) the loss of pyrophosphate,

the geranyl cation can undergo a series of isomerisation and cyclisation reactions catalysed by
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monoterpene synthase/cyclases (mTS/C), yielding a variety of linear, cyclic and bicyclic
010 o 11 o £ 149

Figure 29:Diagrammatic represdgation of the pJBE®410 bLinS plasmid containing the
heterologous mevalonate (MVA) pathwapbies grandisgeranyl pyrophosphate synthase
(GPPS) an8treptomyces clavuligerdmalool synthase (bLinS) required for the production of
linalool inE. coli.The genes contained within the heterologous MVA pathway are as follows:
acetylCoA  acetyltransferase atpB), hydroxymethylglutaryCoA  synthase HMGS,
hydroxymethylglutarylCoA reductase (HMGR), mevalonate kindd&)( phosphomevalonate
kinase PMK, phosplomevalonate decarboxylasePMD and isopentenyl diphosphate
o]0 T=T = 1= (o 1) PP TP E PRSPPI 158

Figure 30:Strain comparison for the production of linalool using eithe¥ol(v/v) glycerol or
glucose as the primary carbon source in phosphate buffered/foBoterpenoid productionwas
AYRdzOSR 068& UGKS I RRA U k@0.6.dltures were incabatédtattS8O fork Iy
72h following induction. All measurements were obtained in biological triplicate (n.=3).159

Figure 31:Titration ELISA for the determination of abtiinS Wy EG, values. Streptavidin
O2FGSR YAONRGAGSNI LX I GSa ¢SNB dza'§ mhich gereOl LI
incubated with antibLinS Wy B1D G9, B2D C10 and B2D D6. Boupdvels revealed using
MonoRab HRfeonjugated monoclonal antibody (GenScript) at%a00 dilution in PBS.....160

Figure 32:Biotransformation reactions for the conversion of geranyl pyrophosphate (GPP) to
linalool usng purifiedS. clavuligerusLinS in the presence of afitLinS WyB1D G9, B2D C10
and B2D D®&\) Relative activities of bLinS in the presence of purified-alninS \,(0-1000 nM).
Reactions were run for 30 min prior to extraction of monoterpenoiddoais. B) Relative
activities of bLinS in the presence of aitinS Myand the control \{5EH81 for reactions run for

24 h prior to extraction of monoterpenoid ProduCtS.............ccccooiiiiiiereeeiiniiiee e 161

Figure 33:Relative activities of bLinS as determined by biotransformation reactions following
the incubation of bLinS alongside ahtiinS WyB1D G9, B2D C10 and B2D D6 for 24 h &€30
prior t0 the addition OFf GPR............iiiiiiii e e 162

Figure 34invivoY 2 Rdzf | GA 2y 2 F ginf the/ahtbLing WB1®D .G9, B2Di C10dand

B2D D6Following induction of the production pathways, cultures were grown for 72 h prior to
product extraction and G®IS analysisA)\wSt | G A @S t Ayl f22f LINRRdzO0 A
production of bLinS andnti-bLinS M in vivo. B) Comparison of terpenoid products isolated
following coeproduction of bLinS and aAbLinS My in vivo.C) GGMS chromatograms obtained
following ceproduction of bLinS and arAbLinS Myin vivo.Annotated peaks correspond to sec

butyl benzene internal standard (1), linalool (I1), geraniol (ll1), nerolidol (IV) and indale .(\§5
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ThesisAbstract

Synthetic biology is a powerfabllection oftools that facilitates the design and construction of
novel biological systemsvith applications ranging from the development of synthetic life to the
production of high value chemicals. The development ofehdiological parts is a core principle
2F adyiKSGAO oAzfz23ez [Mar (XE LA LYRYASY IdzLd KyES 60 Al
production of novel tools, pathways and compounds. Antibodies demonstrate high antigen
affinity and specificity, makinthem ideal candidates for the development of novel synthetic
biology tools. However full length antibodies require ptistnslatonal modifications that
prevent their use in prokaryotic chasssich asEscherichia cglivhich are commonly used for
syntheic biology applicationsSingle domain antibodies (sdAlguch asheavy chain variable
domains Yy of camelid heavy chain only antibodies (HCAb), demonstrate improved stability
and robustnessvhen compared to conventional recombinaaintibodieswhilst retaining high
antigen affinity and specificityFurthermore, sdAb such as .\ are also capable of binding

W O NEepiibpeOoR the target antigen, such as those that occur within clefts and cavities. As a
result, these recombinardantibody fragmentsre ideally positioned for initial investigations into

their use as tools for synthetic biology applications.

This thesis describes thgeneration of, and subsequent investigations intd/yy with
functionalities relating to the production of monoterpenoidskncoli. First a \{;; phage display
library was constructed andubsequently enriched again&treptomyces clavuligerdmalool
synthase (bLinS). Next, Design of Experiments (DoE) was used to construct and optimise a
platform that facilitated the productiorof Vi in the cytoplasm ofE. colj such thatthese
recombinant antibody fragments may be utilised for synthetic biology applications. Finally, the
ability of three antibLinS Wy to modulate the production of monoterpenoids i&. coli
containing a hetertmgous linalool production pathway was investigatedvealing that these
anti-bLinS \Mywere capable of altering the flux within the pathway, thereby altering the profile
of the terpenoid products obtained. As such, the platforms developed in this pr@gecd the
insights gained following their implementation, represent a foundation upon which further
investigations and developments may build, so as to realise the full potentigh@ahtibodies as

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

1.1. Synthetic Biology An Overview

Synthetic biologyis an interdisciplinary fieldhat incorporates aspects obiotechnology,
biochemistry, molec@dr engineering, systems biology andmputational biology(Zebec et al.,
2016) As such, synthetic biologfacilitates the design and construction of novel, artificial
biologicd systems withpotentially widereaching applicationdn perhaps the most high profile
exampe of synthetic biologya minimal bacterial genome, in which all nessential genes were
removed was synthesised and used to creatsyatheticmodelorganism capable of continuous
selfreplication(Gibson et al., 2010; Hutchison et al., 208)nthetic biology has also been used
to construct rovel biological pathways withirBaccharomyces cerevisjagesulting in the
biological prodution of artemisinic acid, a poairsor to the potent antmalarial artemisinin
(Paddon et al., 2013These examples of pioneering research, alongside the falling cost of DNA
synthesigHughes and Ellington, 201 8uggest thain the near futuresynthetic biology could be
routinely used to facilitatethe construction of novel specialised synthetic organismsabégp of

performing a variety of functionsith significant medical and biotechnologicaiterest

As a biological engineering discipline, synthetic biology is reliant on the development and
availability of high qualitybiological parts and componentssut as promoters ribosome
binding sites (RBS) and terminators, whichy ke used in order to create new afut improved

parts, pathways or products. As such, a key tenet of synthetic biology is the development and
validation of standardised, robust partsdor protocolsthat, where possibleare submitted to
publicly availableepositories, such a&ddgeneor SynBioHul{McLaughlin et al., 2018n order

to allowtheir useby other researchers around the glob&/hen considering the development of
novel partsfor synthetic biology applications, a high quality part should be robust and highly
specific so as to ensure that thgart in question performsnly the function for which it has
been selectedcausing minimal disturbance to the tesf the system Antibodes demonstrate

the high target specificity that could be exploited for synthetic biology applicatibogeverto

date they have largely been the focus of investigations into their therapeutic potertiieiein
antibodies, and fragments thereof, are rewied with a focus orstrategies for their production

and subsequentlevelopment as potential tools for synthetic biology applications.
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1.2. An Introduction toAntibodies

Antibodies(Ab), or immunoglobulinglg), are glycgoroteins producedy B-lymphocytes |flasna

celly as part of the humoral immune response. These proteins are used to recognise and
subsequently neutralise pathogens such as bacteria and virubgscally, antibodies are
heterodimeric homodimers, consisting of two identical pairs of heavy gid ¢hains, that form

a Y shaped structure (Figure($chroeder et al., 2010yhe heavy and light chairsssociatedy
series of norcovalentbonds form the antigen binding fragment (Fab). Within the Fab region
both chairs possess aonstant (G1/G) and variable(Vy/V\) domain. Three omplemertarity
determining regions (CDRhypervariable sequences with@ach ofthe variable domainsform

the antigen binding site of the antibody afatilitate the incredible specificity and high affinity
with which antibodiexan bindto their targetantigen.The remainder of the antibody structure,
often referred to as the constant amrystallisable fragmen(Fc) formsthe C¢ terminal Wi bfA £ Q
the antibody and is dependent on the antibody isotypéere are five major antibody isotypes:
IgG, IgA, IgM, IgE and I¢Bchroeder et al., 2010With each classified according to the type of
KSI@ge OKIFIAYy GKIG GKSe O2yidlAyT 3 hy >3 &
subclass largely determines antibody function, with the degree of glhatisyland receptor

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

Heavy Chain

Light Chain
D

Disulphide
bond

A

-

CDRs

Fab

Figurel: Monomeric immunoglobulin G (IgG) schematic. The heavy chain consists of 3 constant rgfjjoR2
and @3, a hingeregion and a variable region ,Vcontaining 3 complementaritgetermining regions (CD!
Similarly the light chain consists of one constant regiona@d a variable domain(\V) containing .
complementaritydetermining regions. The heavy chains and lightichaf the immunoglobulin are linked
disulphide bonds-8 9) in a Y shape conformation.

20



1.2.1. Antibody Isotypes

Immunoglobulin G (IgG) is the most abundant antibody isotypenumans, representing
approximately 75 % of antibodies in the blood ser(fainter, 1998)The heavy chain of IgG
consists of three constant domairg€,1, G2 and G3) in addition tothe variable domain (Y,

with the G2 and G3 domains forning the Fc regionwhich is linked to the & and V, domains

by a flexible hinge region (Figusel & 2). Following the assembly dthe heterodimeric
homodimer structure, IgG has a molecular weight of roughly 150, 000 kDa. When considering
the structureof the domains across the Ig family, both constant and variaolmains typically
adopt a characteristic immunoglobulin fold in which ami@rallel beta sheets, linked by a

disulphide bond, surround a hydrophobic cqBerg et al., 2002; Bork et al., 1994)

IgA represents up to 15 % of the total Ig produced by hun@antscan be produced ihoth a
monomeric or dimeric fornfWoof and Russell, 2011Ylonomeric IgApossessesthe classical Ig
structure, and is predominantly found in the serum. Whereas dimeric IgA is largely found in
secretions, and as such is ofterfared to as secretory IgA. Dimerization occassa result of
disulphide bondinkage betweer-c regiongontairingan additional 18 amino acid secretory tail
pieceto the joining chain (J chain), a 15 kDa cysteine rich polype(fidere 2YJohansen et al.,
2000; Woof and Russell, 2011)

Similarly IgM adopts a multimeric (typically pentameic) structure when secreted(Figure 2)
(Hiramoto et al., 2018)HoweverlgM can also be produced innmonomericmembrane bound
form (Schroeder et al., 2010This antibody subclass, which the first antibody to appear in
response to the initialexposure to an antigenlacks a hinge region.h& presence ofan

additional constant domairprovides a degree of flexibilitthat would otherwise be lost,
however IgM are typically more rigid than isotypes that retain the hifdgaeway et al., 2001a)
Oligomerisationof IgM occurs in the same manner as thatgh by linkage of a secretory taih

the Fc regiorio aJ chainHiramoto et al., 2018)
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IgE is the least abundant antibody isotyipenormal individualsHowever as a result of its role in
type | hypersensitivity and allergy respongkis monomeric antibody subclass is capable of
triggering a powerful inflammatory respong&ould et al., 2003)Like IgM, Iglacks a hinge
region for which the presence of an additional constant domain compengbigsre 2)Finally,
IgDis a monomeric antibody subclaghat can be producei both a membranebound and
secreted formgFigure 2) Membrane bound IgD is eexpressed alongside IgM as part of the
primary immune response, whilst the function of secreted IgD remains un¢@aen and

Cerutti, 2011)

4 9
V¢ ’ZL"::T'"
IgG

Secretor\r 'ﬁ %
Component
Q ;g

IgE

Figure 2. Immunoglobulin (Ig) isotypes in their most comanly occurring structural confirmations. Disulph
bonds are indicated by an orange line, whilst the CDR are displayed as dark green lines.

1.2.2. Post Translational Modifications of Ig

Each of the Ig subclasses are glycosylated in at least one of the constant domains, wittd IgD a
IgAl (an IgA isotype) also being glycosylated in the hinge r@diaverakis et al., 2015)gG has

a single conserved-flycosylation site in the 2 domain, whilst the other Igsotypes are more
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heavily glgosylated. Disulphide bonds are required to stabilisthe characteristic
immunoglobulin foldwithin each of the constant and variable domaigdditionally, be light
chainand heavy chairare linked by a disulphide bond between thgl@nd ¢ domains, whilst
disulphide bonds in the cteine rich hinge regions of Ig@D and IgA or the constant domains
of IgE (G2) (Plomp et al., 2014and IgM (G2 and G3) (Wiersma and Shulman, 199&)nnect

the heavy domains, facilitatiritpe formation of the heterodimeric homodinmestructure.

1.2.3. Diversification of the Antigen Binding Site

The ability of the immune system to identify and subsequently eliminate foreign antigens
dependent onthe rapid generation ofdiversity within the antigen binding site to specifically
target an amtigenic determinant site (epitope)n order to achieve thigliversity a number of
processes are utilisedrirst, V(D)J recombinatioprovides combinatorial diversity by shuffling
variable (V), diversity (D) and joining (J) gene segments fromhiftenosomeduring the initial
development of Bcells (Market and Papavasiliou, 2003This recombination process also
introduces junctional diversitynost notably in the COHRRregion,as a result of the addition or
subtraction of bases at thgene segmenjunction during repair by nofhomologous end joining
(NHEJ)(Janeway et al.,, 2001b)rurther combinatorial diversity is then achieved by the
randomised pairing of heavy and light chaiosreate the Fab fragment of the IgM/IgD that will
ultimately be displayed on the-&ell surface Finally, somtc hypemutation introduces point
mutations into the rearranged -Yegion genes othe rapidly proliferating activated Bcells
adzil GA2ya 200dzNNAy3I |G 5b! WK2GaLrRagaqQ 201
the negative and positive selectiocof antibodies based on their affinity to the target antigen.
This process,by which antibodies with higher antigen affinities are iteratively producisd

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

1.3. Antibody Fragments

The potency of immunoglobulingas resulted in their widespread use as therapeugi€aplon
and Reichert, 2019; Redman et al., 2015; Zlocowski et al., 201&)ditionto a variety of
medical, diagnostic and biotechnologiagplicationgFernandes et al., 2017; Wang et al., 2018)
The modular nature of immunoglobulins alongsitlee development of recombinant DNA
technologieshas also promoted the use of antibody fragments. This fragmentatibas the
potential to alter the physiochemical properties of the molecudsmd may be exploited to
further improve aml develop antibody techwlogies (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 antincer theraputics(Li et al., 2016)However, he
removal of the Faomain can alsoresult in the loss of receptor functionality and eeduced
serum haltlife. Dependingon the applicatiorof the antibodyin question the consequences of

Fc domain removal have the potential to be both desirable anedesirable (Holliger awl
Hudson, 2005) Antibody fragments canalso be linked in order to generate multivalent
antibodies, such abi-specific antibodies (BsAbthat may be used to target multiplepitopes
(Brinkmann and Kontermann, 2017; Coloma and Morrison, 1997; Wu et al., Z&&bgxamples

of BsAbsthat have been approved for use as therapeutics in the US and Europe are
Blinatumomab (AmgerKantarjian et al., 2017and Catumaxomab (Bm Pharmalinke et al.,
2010) Importantly, the use of antibody fragments cafacilitate their production within
alternative production hosts/chassis, due to the elimination of domains requiring post
translational modifications(Andersen and Reilly, 2004 his canin turn facilitate faster
cultivation, higher yields and lower production costs, when compared to the traditionally used

mammalian cell culturapproache (Bates andPower, 2019)

3
o Q

L

(4

Fab scFv
~50 kDa ~30 kDa

4

V-NAR
~12 kDa

Ig-NAR
Vin ~180 kDa

HCAb
~100 kDa

Figure 3: Diagrammatic representation of commonly occurriagtibody fragments: Antigen binding fragm:
(Fab), short chain variable fragment (scFv), camelid heavy chain only antibodies (HCAb), heavy chain or
domain (Y, immunoglobulin new antigen receptor {MAR) and variable domain new antigen netoe (\-
NAR). Disulphide bonds are indicated by an orange line, whilst the CDRs are displayed as dark green lin
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1.3.1. Antigen Binding Fragments (Fab)

Initial efforts to generate and subsequently utilise antiboftggments relied on the usefo
papain(Knight et al., 19953nd pepsin(Jones and Landon, 200) cleave the antigen binding
fragment (Fab) from the Fregion (Strohl and Strohl, 2012)rhe Fab, oIC 6 I, Q @0 Fab
domains linked by a disulphide bondthih the remaining hinge regiofrigure3), could then be
purified and subsequently utilised as a therapeufitie glycoprotein lib/lla receptor agonist
Abciximab (ReoPro, Janssen Biologics BVani example of an FDA approvéterapeutic
produced in this mannefKnight et al., 1995)The advent of recombinant DNA technology,
however,allowed greater control over antibody fragment production as the procgesid no
longer rely m enzymatic cleavage. €hemergence of tis technologyhas facilitated the
recombinant production of the therapeutic FaRanibizumab(Lucentis, Genenteghand
Certolizumab pegol (Cimzia, UCB) Escherichiecoli (Andersen and Reilly, 2004; Strohl and
Strohl, 2012)

1.3.2. Short Chain Variable Fragmen(scFv)

Attemptsto further reduce the sizefaantibody fragments whilst ensuring retention of binding
functionality resulted in the development of short chairariable fragmentgscFv).In order to
create scFthe \jjand \{ domains argoined by shoripeptide linkergypically ranging from 1Q

25 amino acids, resulting in~830 kDafragment(Figure3) (Kennedy et al., 2018Farly attempts

to produce scFv highlighted the importance of selecting the correct short peptide linker, so as to
ensurefunctionalassembly of the variable fragent (Fv) domaingBird et al., 1988; Huston et

al., 1988) The use of the highly flexiblgs,S), linker, as described biduston et al(1988) has
become the favoured and most widely used strategy for scFv produ¢8tiohl and Strohl,
2012) The orientation of the \{and \f domains i.e. Viilinker-V_ or \{-linker-Vj,, hasalsobeen
shown tohave an effect orthe expression, secretion and muriterisation properties of scFv
when producedn E. coli(Dolezal et al., 2000; Kim et al., 2008hilst the lack of an Fc region
reduces the overall size of the fragment, thereby improving tissue penetrétiogt al., 2016)as

well as preventing activation of the host immune systdhe absence of the Fc region also has
its disadvantages. scFv tend to display lower thestabiliies compaed to the parental
monoclonal antibodyrAb), whilst also showing a greater propensity to aggregate, which also
increases the risk of immunogenicifBates and Power, 2019dditionally scFv have shorter
half-lives than antibodies that retain the Fc domain. This lemd to the need for higher and
more frequent dosing, or the use of strategies such as scFv fusion to human serum albumin

(Mller et al., 2007pr scFv PEGylatigdain and Jain, 2008) circumvent this issueAs of April
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2019, the humanised scFv Brolucizumab (Novartiavigiting FDA review followinguccessful

Phase Il clinical tria{®ugel et al., 2019)

1.3.3. Single Domain Antibodies (sdAb)

The next logical step wineconsidering approaches teeduce the overall size of antibody
fragmentswas the production of single domain antibodies (sdAb). This was first achieved by
Ward et al.(1989)who produced murine Ydomainsthat were capable of targeting lysozyme
usingE. coliTypically the Yydomain retains the antigen specificity associated with the full length
mAD, as the heavy chain CBRegion is the major contributor in antigen bindiflduyldermans,

2001) However the lack of the,domain can, in some cases, result in lower anigffinities in
comparison to the parental mA{Borrebaeck et al 1992) Additionally, the absence of the V
R2YIFAY SELR&aSa fINBHS KeRNRLK20AO | NBFa 27F
sdAbs that are difficult to produce in a soluble fofluyldermans, 2001)As such, early efforts

to develop sdAlas alternatives to full length mAb were largely uresessful.

However, the discovery of naturally occurriagtibodies that are devoid of Eght chain in the
serum of camelids ¢amels, dromedaries and llanjaprovided an alternative avenue for
investigation(HamersCasterman et al., 1993)n addition to the lack of a light chain, camelid
heavy chain only antibodies (HCAb) mimt possess afT domain, and as such are signifittgn
smaller than conventional antibodie@igure 3). The variable domains of HCAbommonly
referred to asVyy domairs, contain a series of substitutions in the conserved framework region
betweenCDRL and 2(Beghein and Gettemans, 2017; Muyldermans, 20IBgsubstitution of
hydrophobic residuepresent at the WV, interface of conventionadntibodies with smaller or
hydrophilicamino acids, facilitateBnproved solubility whemproducedas an antibody fragment
(Beghein and Gettemans, 2017; Muyldermans, 20D@spite the lack of the Mlomain, iy
fragments typically possess comparable antigen binding diversity and affinity to conventional
antibodies(Nguyen et al., 2000)his is thought to be as a result of greater structural diversity in
each of the CDR loops, with th€DR of \{;;alsotending to demonstrate greater sequence
diversityin addition tobeing longeron averagethan those found in Y domains(Mitchell and
Colwell, 2018)This combination of reduced size, greater structudiaersity and a protruding
CDR enables \ to bind a variety of pitopes, including those within cavities clefts that
larger antibody fragments are unable to acc€Beghein and Gettemans, 2017; Mitchell and
Colwell, 2018)Interestingly, heavy chaianly antibodies have also been found in cartilaginous
fish such as sharkend are often referred to asnmunoglobulin new antigen receptors(NAR

(Figure 3)YDooley and-lajnik, 2006)Whilst the variable domains of-NMAR antibodies (NAR)
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displaya number of structural differences when compareddamelid Y,y both demonstrate
improved stability and solubility in comparison to conventionalddmainsand as such hee
drawn interest for a variety of potential applicatio(Bates and Power, 2019; de Marco, 2011;
Holliger and Hudson, 20Q3Ylost notably, the bivalent ¥, therapeutic Caplacizumal§Ablynx)
becamethe first sdAb drug to gain FDA approval as of February @dd§gan, 2018; Scully et al.,
2019)

1.4. Antibody Production Metlodologies

When consideringtrategies forthe production of antibodiesor fragments thereoffo facilitate
the identification oftarget binders, three main approachase commonly employed. These are
i) directisolationof polyclonal antibodiefrom blood plasma iixhe use ofhybridoma technology

and iii)isolation fromrecombinant antibody libraries.

The isolation of polyclonal antibodies from the blood plasma is typidadlyetsiest and fastest
method. After immunisation with an antigen, the blood gf@a contains a mixture of the
antibodies produced by the immursystem(Wentworth and Janda, 2001No 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 singlell-defined antibody
(monoclonal). e use of thisapproach therefore prevents the recovery of the antibody
sequence following the screening of activiAs such, this approach is typically avoideithough

it can instead baised as an early indicator for the presenceanfibodies of interesprior to the

use of approaches ii and iii.

The most commonly usednethod when evaluatingfull length antibodies is hybridoma
technology (Kearney, 198). This method, initially described Wgbhler and Milstein 975)
allows for the isolation of hmogenous monoclonal antibodiedybridomas are producelly the
fusion of antibody producing-cells from the spleen, obtained following immunisatiaith an
antigen with a modifiedmousemyelomacell line(Kearney, 1998)The resulting hybrids retain
the ability of theB-cellto produce a specific antibody, and when grown in a selective medium,
facilitate the solation of individuatells The resulting hybridomeell linesmay then be used to

producemonoclonal antibodiesvhichcansubsequently be screened for the desired activity.

The final approachutilises recombinant antibodylibraries coupled with one of &ariety of
display techniquesThis strategyequires the creation of, or access to, antigen binding fragment
(Fab),single chain variable fragment (scker) single domain antibody (sdAb) librarieRhese

recombinant antiledy librariesmay then be enriched for target specific binders usimgitro
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display technologies that may be used instead of, or as a complement tan thigoimmune
selection processes described@mapterl.2.3 (Kennedy et al., 2018pingle clones may then be
isolated and individually screenedrfany binding or functional activity prior to characterisation
and scaleup of recombinant antibody neduction. When planning a recombinaaintibody
library enrichment campaign a number of factors must be considered in order to maximise the
affinity and dversity of the antibodies generated, as well as to ensure the suitability of the
resulting recombinant antibody for its intended function. The choice of antibody fragtypat
(Chapter 1.3), library type Chapter 1.5) and library enrichment methodChapte 1.6) are

discussed herein.

1.5. Recombinant Antibody Libraries

The use ofecombinant DNA technologgdlitates the generation of botmatural and synthetic
antibody libraries(Ponsel et al., 2011)in each instance a diverse collection of andipo
fragments are cloned into @ector thatpromotesthe enrichment of the resulting library against
a target of interestNatural antibodylibrariesutilise sequence diversitigolated from Bcells of a
donor, whilst synthetic antibody librarieake advantage of a variety of molecular biology

techniques in order to create diversity & rationally designed manner.

Natural antibodylibrariescan be described as naiee immune dependenton if the donor(s)
was immunised with an antige naive librarys constructed using mRNA isolated from the B
cells of a donor, or a number of donors, that have not been immunised with an ar{fdgure
4A). As such, these libraries are antigen independeifien referred to as universal librariesnd
may be screened against any antigen of interédbogenboom, 208). The use of multiple
donors when creating library allovs the construction of large libraries of up to*imembers
with affinities in the micromolar to nanomolar range typically obtair@bnsel et al., 2011)
Examples of the construction of large nalNearies include thoseleveloped bywaughan et al.
(1996)andLloyd et al(2008) Initially, Vaughan et al(1996)utilised variable {) gene segments
from 43 human donors in order creagenaive human scFv phage display library containing 1.4 x
10" members. This libraryeferred to as the CAT.O library,was subsequently interrogated to
identify antibodies against numerouargets including doxorubicirestradiol, fluorescein and
pentetic acid (DPTAJromwhich antibodies with stimanomolar affinities were obtained for the
latter two compounds(Vaughan tal., 1996) The second iteration of this libraffCAT 2.0)
utilised 120 human donors resultirig a repertoire of 1.29 x T scFv(Lloyd et al., 2008)The

performance of the CAT 2.0 library wagasured 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 antigdiiloyd et &, 2008)

Immune libraries ae created using #Bell MRNA from a donor that has been exposed to an
antigen of interest(Figure 4B)As a result libraries created in this manrae specific to the
antigen in questiontesulting in limited scope for the nese of a library following initial panning
efforts (Ponsel et al., 2011)}urthermore, the construction of imame recombinant antibody
libraries is often limited by the antigen. Instances in which the antigen is poorly immunogenic
ADPSd® R2Say Qi St A OA)is tbxic th thévdnydOHohas & pragshSty thdhangd? v &
structure upon immunisation (i.erdgment, unfold or denature) can prevent construction, or
drastically reduce the quality, of the libraridowever due to thein vivo affinity maturation
process following immunisation of the donor with the target antigen, immune libraries are
often biasel toward high affinity binderand as such remain commonly usgthou et al., 2011)

When considering the use of immune librarigsm human donors, thability to capture the
antibody repertoire produced during an infectiomith, or vaccinationagainst, a particular
disease carbe used to identify novel antibodiasith potential therapeutic interestA notable
example is the human scFv library constructedkibgmer et al(2005)who utilised blood fom

donors thathad 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 theusi(Kramer et al. 2005) Examples of
alternative applications of immune antibody fragment libraries include the development of
catalytic Viy WI 0 T LY & alQ2012xnd the production of cecrystallisationchaperones for
unstructured proteingAbskharon et al., 2013)

Synthetic antibody libraries utilise the power of recombinant DNA technologies in order to
create artificialantibody fragmentdn vitro (Figure 4C)The use of such librarieemovesthe

need b utilise human or animal donors, eliminating potential ethical isswes] lengthy
immunisation steps. Furthermore, the developmeoit rationally designed synthetic libraries
affords greater control over the content of the libraryhis added element ofoatrol could
prove advantageous whermmproving or optimisingcharacteristics of a previously identified
antibody, or in instances in which prior knowledge may influetice desired output As with
naive antibody libraries, large universal libraries maytestructed and used against a variety
of antigens(Hoogenboom, 2002)Synthetic antibody libraries can vary from semi to fully
synthetic, dependent on the fraework regions usedPonsel et al., 2011)Semisynthetic

libraries utilise naturally occurrinffamework regions intowhich synthetic CDR regiorase
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inserted (Figure 4D)Barbas et al., 1992; Hoet et al., 200&hilst fully synthetic libraries utilise
synthetic famework regions alongside synthetic CIPRsappik et al., 2000; Nahary and Benhar,
2009)
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Figure4: A diagrammatic overview oécombinantantibody library construction methods.

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 norfunctional binders, it is not feasible to begin the screening of individual
clonesfor activity upon library constructianTherefore,recombinant antibody librariesare
enriched, so as to identifg sub-population ofantibody fragmeats 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 removalwiwantedclones, the remainingopulationcan

be amplified and the selection process repeatesh order to isolate elite populations
(Hoogenboom, 2005) Several strategies hav been developed for the enrichment of
recombinant antibody libraries. Some of the most commonly used selection platforms include
phage display, ribosome display, mMRNA display, bacterial display and yeast (ighasg etal.,

2015; Hoogenboom, 2005)
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1.6.1. Phage Display

Of the selection techniques introduced above, phage displayeisrbst widely used method to
achieve enrichment of recombinant antibody librarigtelma et al., 2015)Tte use of the minor
coat protein (plll) fusions (Figure 5A)as a means to display an antigen on the surface of
filamentous bacterigphage was first described tmith (1985) who utilised this approach to
display EcoRI endonuclease fragmerfhe connection between genotype and phenotype
facilitates the enrichment and subsequent recovery of specific ph&page display has
therefore been widely useds a means tinvestigate proteing protein, protein ¢ peptide and

protein ¢ DNA interactions.

Briefly, a roundof phage display library enrichment involves tirecubation of aphage
population displaying ligands of interestigainst an immobilised targetPhagethat display
ligandswith affinity to the target remain bound, whilshose displayinghon-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 librar¥his 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 tedues such as next generation sequencing (NGS) or
individual colonies screened for desired activity, in order to identify lead molecules for further

investigation Figure 5B
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Figure5: Underlying principles of phage display). Diagrammatic representation of filamentous M13 bacteriopf
displaying a \,as a plll fusio. B) An overview of one round of enrichment using a phage display library.
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The earliest examples of this novabproachbeing used to facilitat¢he dispay of Ab fragments
such asscFv(McCafferty et al., 1990and Fab(Barbas et al., 1991demonstrated that phage
displayrepresented a robust platform that could be efficiently usecetwich large Ab fragment
librariesagainsta variety of targets. The popularity and continued development of ptdigplay

has resulted ira humber ofvariationsover the initialapproaches adopted b$mith (1985)
McCafferty et al.1990)and Barbas et al. (199I)heFfbacteriophagdfl, fd and M13are the
most commonly useébr phage displayBazan et al., 2012Howeve T7 phage may also be used
in instancesin which the ligand of interest cannot be transported asyahe bacterial inner
membrane, or when seeking to display larger fragments which can result in instabilty of the M13
phage vecto(Deng et al., 2017Additionally, theuse of alternative coat proteins with which to
fuse theAbfragment(Huovinen et al., 2014ps well as alterinthe valency of fragment display,
havealso been exploredOf the nine genes present in the M13 phage chromosome, five encode
coat proteins that may be targeted for fusion with & fragment (Ledsgaard et al., 2018)
Theseinclude the plll, pVI, pVII, pVIII and pIX coat prot@igure 5A)McCafferty et al.(1990)
cloned scFiragmentsdirectly into the M13 chromosome as a fusioiittwplll. Aseach plage
particle typically incorporates % plll unitsat one end of thecapsidthe resultant phagewere
polyalent, displaying multiple copies of the same Ab fragmémtorder to ensure monovalent
display of arAbfragment minimal phagemid vectors have bedveloped. Phagemids contain i)
an antibiotic resistance gentat allowsselection, ii) the pHAb fusion gene and iii) regions of
the M13 chromosome including the origin ofplication and components necessary for the
amplification and packaging of thg) DNA strandLedsgaard et al., 2018)s the phagemid
vector is lacking ithe remainingessential components of the M13 bacteriophage chromosome,
E. colicontaining the phagemid vector must be -tdected with a helper phage, typically
M13K07 or VCSM1&armen, 2002)The helper phage contaitise remaininggenes from M13
chromosomejncluding that of the wild typeplll coat proteinso as to facilitate the production

of functional phage particle®uring theassembly of phage inside the infected bacterial tedl
competition betweenwild type plll and the plHAb fusion results ir- 90 % of phage particle®

be produced without any Ab fragmerndisplayed The majority of the phage particlésat do
display Ab fragments do sawith a single, monovalent, copft.edsgaard et al., 2018pirect
comparisors between the phage and phagemid systems revealed thatuse of the phage
system resulted in the generation of a wider range of antibody affinities, as well as greater
antibody diversity6 h Q/ 2 y y St t . oivevet, ithé phagemidc system facilitated the
recovery of antibodies with higher affinities to the target antigerh Q/ 2 yy St £ . S

Additionally, phagemids prove easier to manipulatiemonstrating improved cloning and
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transformation efficiencies due to improved stabilitp comparison to the phage vecto

facilitating the construction of larger more diverse librarfeleogenboom2005)

When considering alternative cb@roteins with which to fuse proteiner fragments thereqf

the use ofthe major capsigbrotein, pVIll, is also routinely exploretihepVlliprotein is the most
abundant of the bacteriophage coat proteins, with roughly0@7copies forming the capsid.
However, the pVIII coat protein is not tolerant of fusianghe chromosomewith only 1 % of

phage retaining infective capabilities when digphg a 16 amino acid peptidgannolo et al.,

1995) The use ofn phagemidhelper phagesystem as described previouslin tandem with a

mutant pVIIl coat protein halseen shown to alleviatéhis issuefacilitatingthe display of a high
number of copies of human growth hormone (hGH) varig&isihu et al., 2000)The resulting
pVIIFhGH library was subsequentlysed to detect low affinity (kb M >a0 0 A Yy RSNE
OAYRAY3I LINRGSAYy® ¢CKAA 20aSNIFGAZ2Y (@) whg | 3N
similarly observed (albeit using plll fusionsptttan increase in the number of fragments
displayed resulted in the identification of bindewith lower target affinities. In addition to plll

and pVIll the use of the pVIlI and pIX minor cqabteins have also been described for the

display of large protein@Hgydahl et al., 2016; Lgset et 2011b, 2011a)

1.6.2. Alternative Display Methodologies

Ribosome and mRNA display represent alternatisection strategieghat can be performed
entirely in vitro. As a resultlibrary size is not constrained by the transfornaatiefficiency,
facilitating the construction oflarge libraries withup to 10" variants(Bencurova et al., 2015)
Furthermore, random mutagenesis cde performed between rounds of selectipallowing
further diversification, thus more closely mimicking the affinity maturation process of the
humoral immune respons¢Zahnd et al., 2007)Ribosome displaachieves the genotype to
phenotype linkage necessary for selection by formirsgadolecomplex betweerthe polypeptide

of interest, its correspondingnRNA and the ribosom@liickthun, 2012; Zahnd et &007) This

is achievecdbytheF RRAGA2Yy 2F | FtSEA6tS Ayl SNDNAF O A
coding sequence for th@rotein of interest (POI) Duringin vitro translation of the mRNA
transcript, the lack of a stop codonauses the ribos6 S 2 hedléxiblé linkerdseqtience
remains attached to the peptidyl tRNand thereby remains ithe ribosomal tunnel \wilst the
POlprotrudes and is able to correctly fol@igure 6XZahnd et al., 2007ThismRNAribosome
polypeptidecomplex may then be used telect against immobilised antigens, with unbound
complexes removed by a series of wash st&mund complexes can then leduted, and the

mRNAisolated prior to generation of cDNA and subsequent amplification and mutagenesis of
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the enriched population. Similarly, mMRNA disgials genotype and phenotype by tethering the
polypeptide of interest to its mRNArogenitor usingpuromycin, a tRNA mintie (Figure 6)
(Helma et al., 20155election against an immobilised target can then proceed as described for
ribosome display, wittamplification and mutagenesis by error prone PCR facilitating affinity
maturation within the enriched population. When compared to ribosome disyitas covalent
MRNA-polypeptide linkage afforded ¥ mRNA displagllowsthe use of more stringent selection
conditions (Xu et al.,, 2002)and thusthe recovery of higher affinity binderfLipovsek and
Pluckthun, 2004)Both strategies have been utilised to enrich antibody fragment libraries, as

reviewed byLipovsek and Pakthun (2004)

Ribosome Display mRNA Display Microbial Display

Linker
Puromycin

\ A Linker

mMRNA

~\
Stalled

mRNA Ribosome \ DNA

Figure6: Diagrammatic representation of the alternative display methodologies ribosome display, mRNA disy
microbial (yeast) display.

Microbial surfacedisplay strategies are similar in principle to phage display Plies 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 ardélscence activated cell
sorting (FACSY.he use of FACS not omljows the monitoring of antigen binding, but also the
ability of the cell to display thePOl(Feldhaus andi&gel, 2004) When considering the use

mostcommonly chosenTheability of yeast species such S&&ccharomyces cerevisiaad Pichia
pastoristo accommalate the formation of dislphide bondsusing nativecellular machinery
improves the likelihood of thantibody folding correctlyreducing the likelihood of selection
bias based on antibody expressioftypically, the agglutinn adhesion recepto(Agalp ad
Agazplinkedby two disulphide bonds¥ usedas afusionpartner forrecombinant Ab fragments

(Figure 6) although other surface anchors can be ug¢8dholler, 2012)Yeast display has been
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widely used for the enrichment of scFv, Fab apdlMraries, as reviewed bBoder et al(2012)
whilst novel methods based on newly emerging cloning techniques have also been developed
(Rosowski et al., 2018)

1.7. Single Domairntracellular Antibodies (Intrabodies)

Typically therapeutic antibodiesare delivered intravenously or subcutanedysHowever the
relatively poor haHives of antibodies necessitate frequent repeat doses, which can result in
undesirable immune respons@nd reduced efficacy of the treatmertlowever, the specificity
and affinity that antibodies possess may also be utilised intracgjulaith antibodies produced
and subsequentlylirectedtowards an antigen of intereswithin the target cell. The improved
stability and solubility of sdAb, a result of mutations within th@mework 2 FR2 regionto
replace hydrophobic residues prone timduce aggregation with hydrophilic alternatives
(Beghemn and Gettemans, 2017jnean thatsdAbrepresent amore robust tool for intracellular
applicationsthan alternatives such as scHw date intracellular antibodies (intrabodie$)ave
been used toachievetarget knockdown andanodulation as well aghe study of proteinprotein

interactions amongst otherapplicationgBoldicke, 2017; Kaiser et al., 2014)

1.7.1. sdAb Mediated Target Modulation/Knockdown

The use of sdAbs to facilitate the modiide of enzymatic activity in living cells was first
reported byJoblinget al.(2003) who utilised camelid/yy obtainedfrom a semisynthetic phage
display library to inhibit the enzymatic activity of potastarch branching enzyme A (SBE A).
Neutralisation of SBE A was confirmed bttvitro andin plantafollowing targeting of the Wy
fragments to the plasticas a fusion with granulbound starch synthase (GBSS). Interestingly,
the inhibitory effect afforéd by the antiSBE A Y, was stronger than that observed for RNAI
mediated knockdown, highliding the potential of intrabodies amodulators. Subsequently,
inhibitory cytosolic sdAbs raised against a wide variety of targets have been reported, as
reviewed byBdldicke(2017) including intracellular kinases, oncogeniotgins, toxins, virus
proteins, proteins of the nervous system, as well as botmtpénd Drosophilaproteins. One
example of the development of cytosolic sdAb inhibitors was describethbyet al(2012) who
developed a panel of )y which functioned asion-competitive inhibitors of furin, a propragin
convertase (PC) with roles in a number of pathologiearified antifurin Viyy were shown to
inhibit the cleavage of diphtheria toxin into its active formvitro, whilst anti-furin \iyywere also
shownto protect human embryonic kidney (HEK) cells from diphthtrkin induced cytotoxigjt

as efficiently as the knowAC inhibitor noa-D-argininein viva
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In addition to thedirectinhibition and knockdown of targgroteinsin the cytosol sdAb capable

of retaining proteins within the endoplasmic reticulum (ER) have also been developed. The
addition of an ER retentiopeptide, the four amino acid sequende€DEL, ensurgbat the sdAb
remains in thelumen of the ER. Theatained sdAbbind to their target following synthesis
sequestering the target protein within the ERgreby preventing itstranslocation andnative
function (Boldicke, 2017; Kaiser et al., 201%he wide varietyof knockdown and modulatory
intrabodies, as extensively reviewed bgdldicke (2017 and Marschall et al.(2015)
demonstrates thatsdAb are viable knockdown alternatives to gene editing technologies and
RNAI based approaches, which can demonstrateanfet effects(Boldicke, 2017)Theability 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 fielddrtig target discoveryand validatior), improving

mechanistic understanding and the development of novel therapeutics.

1.7.2. sdAb htrabodiesShow Potential br Synthetic BiologyApplications

Synthetic biologyas a biological engineering @cipline, utilisesbiologicalparts that may be
assembled ina modular fashionin order to achiee a desired responseAs 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, repregant h
quality tools that can be uset achieve novel functionality and develop powerful toolkits and

platforms for synthetic biology applicatiofidarmansa and Affolter, 2018)

When considering theise of sdAlas tools for synthetic biologywo main strategies exist for
functionalbinder developmentThe fist strategy is to utiliseéag binderswherebyan antibody
fragment with affinity towards a commonly used tag.g. a fluorescent proteinis used to
recognise a PQdontaining the tag in questiofHarmansa and Affolter, 2018This strategy
facilitates the constructio of toolboxeswhich, following validation, may be widely used on a
variety of POl The utility and widespread applicability of GRRions has resulted in the
development of a number of GHhding proteins (GBP)Kirchhofer et al., 2010; Kubala et al.,
2010; Rothbauer et al., 2006; Saerens et al., 200bich have subsequently been functionalised
for a variety of purposes with potential significanfte synthetic and developmental biology
(Harmansa and ffolter, 2018) Examples of functionaanti-GFPsdAb include a number of
universal protein kockdownmethodologiesgCaussinus et al., 2012; Fulcher et al1&Qu Shin
et al., 2015)One of the earliesexamples ofvhich, termeddeGradFPutilisesan antitGFPsdAb

to target an Fbox protein towads a POIlwhich has beemproduced as &FP fusion.his results

in the degradation of the target by the proteasome following ubiquitinatidrthe POI by the

36



ubiquitin ligase complefFigure 7AJCaussinus et al., 201Hurther efforts to expand the utility

of anti-tag sdAbintrabodies include thdlama \,, toolkit developed byProle and Taylof2019)

who functionaliseda variety of ati-fluorescent proteinsdAb bytheir fusion to a number of
different modules This resultedn sdAbcapable of targetedluorescent proteinabelling within

the cell, clustering andr inducible sequestration of tagged proteins, cross linking of tagged
proteins and the targeting of spatial distribution within cellular compartmdRt®le and Taylor,
2019) The clustering and sequestration strategy outlined by Prole and Taylor (2019) could be of
particular interest wherengineeringnovel bio-synthetic pathways Calocalisation ofproteins

within a pathway carresult in improved product titres, such as those observedhyria et al.
(2014) who observed a 6 fold improvement pinene titres following the fusion of geranyl
pyrophosphate synthase (GPPS) and pinene synthase (PS). The use of sdAb as toels for co
localisation, as opposed to N or C terminal fusioaBpws a greater variety of spatial
conformationsbetween both proteins and thusthe relative positions of their respectiactive

sites. Additional applications ofanti-GFP sdAb include the development ofnovel hybrid
transcriptionfactors thatfacilitate modular, highly adjustableontrol of gene expression in the
presence of GFih mouse and zebrafish cell linésigure 7BYTang et al., 2013nd targeted
protein phosphorylatiorusing a minimal kinase domaiasulting in target activatiofFigure 7C)
(Roubinet et al., 2017)

In some instances however, the addition of a fusion tag results in poor productiomr &f@h or
the loss ofnative 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, thaliscovery process is slower, whilst alacking universal applicabilitafforded

by tag binder systemsDespite this, applications of sdAb intrabodies with potent#dvance to
synthetic biology have been reporte@ne such example of this is the development of chimeric
forms of Notch(SynNoth), which can be used to customisell sensing and response behaviour
(Harmansa and Affolter, 2018; Morsut et al., 2Q0I8)e use of sdAb and sc&s the recognition
domain in SynNotch systems facilitates the use of diffedegends totrigger, for exanple,
transcriptional activation imesponseo ligand binding on the cell surfa¢Bigure 7DjMorsut et

al., 2016; Roybal et al., 201 final example of the potential synthetic biology applications of
sdAbis the generation of antibody catalystshich are often referred to as abzym@adiolleau
Lefévre et al.,, 2014)The generation oftatalytic V,; was described by.i et al.(2012) who
developed a panel of abzymebkat demonstrated catalytic activity using an antidiotypic
mimicry approad. Hrst, an inhibtor of allinase a carbopsulphur lyase found in plantsyas

obtained from animmune camel Vi, phage display libraryThe inhibitory antibodywas then
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used tore-screenthe original antialliinase Wy library. llowingthe evaluationof inhibitory Vi

binders four catalyticVyy with alliinase actiity were identified. Whilst the allinase activities of

the Vuywere significantly less than thaf native allinasepne abzyme (MHC10) demonstrated
sufficient alliinase activity to suppss B16 tumour cell growtim vitro (Li et al., 2012)The ability

of sdAb to function as catalystould 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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Figure 7: Applications of single domain antibody (sdAb) intrabodiay.The deGradFP GFP targeted prc
degradation system. Fusion of the protein of interest (POI) to GFP results in the recruitmentbdadémain fuse
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subsequent protein degradatio®) GFP dependent control of transcription in whisbo anti-GFP \{, re-assemble
transcription activator that has been split into a DNA binding don{@BD) and activation domain (AD). In
presence of GFP the;¥AD and \+DBD complex is reconstituted resulting in transcription of the gene of int
(GOI) C) Fusion of a \; to a kinase domain can facilitate targeted phosphorylation of a proteimigfest. D)
Example of a synthetic Notch (SynNotch) pathway in which extracellular bindingipfaad/a ligand results in tl
release and subsequent acivity of an effecttomain. Figures based on those created Hgrmansa and Affolt
(2018, Tang etl. (2013) and Morsut et al. (2016).

38



1.8. Microbial AntibodyProduction Strategies

When considering the use of intracellular antibodies as tools for synthigtiodyand metabolic
engineering challenges associated with the production of recombinant antib&rdgments
must be consideredTypically,microbial hosts such &s. coliand S cerevisiaeare utilised for
synthetic biology applications due to their general ease of use, qldokling timesand wide
variety of established protocol®dams, 2016)Howeverthese hosts areinable to perform the
posttranslatioral modifications necessary to ensure functional production of an intact antibody.
The use of recombinant antibody fragmermisovides greater @éxibility when considering the
choice of production straifFrenzel et al., 2013The lack of an Fc domain in these recombinant
antibody fragments eliminates ¢hrequirement of glycosylation, whilst the removal of additional
constant domains reduces the number of disulphide bonds that may ferrantly. Despite
Vun demonstratingimproved stabilityand solubility these minimal atibody fragments still
require (in the majority of cas@gshe formation at least one disulphide bond ander to ensure

native folding andthus the desiredunctionality, without triggering proteinaggregation.

Whilst protein synthesis occurs within the cytastile reducing environmentnaintained by
glutathione and thioredoxinreductaseprevents the formation of disulphide bondStewart et

al., 1998) Therefore n 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 spac&IMS) (Riemer et al., 2009)n each instanceenzyme catalysts form a
disulphiderelay system that shuttles electrorfiiom the POko molecular oxygeriRiemer et al.,
2009) In the ERthe first enzyme of thedisulphide relay system ia member of the protein
disulphide isomerase (PDI) familiiembers of the PDI familgontain conserved cysteine
residues that are reduced upon contact witbduced cysteines ithe target protein PDI is
subsequently reoxidised ly the flavoenzyme Erol, which facilitates the transfer of electrons to
oxygen via flavin adenine dinucleotide (FAE2sulting in the production of @, (Sevier et al.,
2001) In proteins containing multiple pairs of cysteine residues, PDI facilitates the shuffling of
disuphide bonds by isomerisation, which is achieved as a resutlydes of reduction and
oxidation. During this shiiing process, reduced glutathione from the cytosol acts as a reductant
rather than Erol (Riemer et al., 2009)in the mitochondrial IMSthe first member of the
disulphide relay system is Mia4@hich contains a redox active disulphide bond that is capable
of oxidising cysteine residues of nbgrproteins(Riemer et al., 2009)Oxiddion 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+exidised by Ervl, an FAD dependent sulfhydryl oxidase
et al., 2000) which shuffles electrons frora pair of redox active cysteines to FABv1 § then
oxidised by cytochrome which in turn shuffles electrons to oxygen, via cytochrorrexidase,

resulting in the production of watgiRiemer et al., 2009)

In prokaryotes, proteins that require the formation of a disulphide bond are secreted to the
periplasm, wheredisulphidebond formationis facilitated by the Dsb ptein family. Oxidised
DsbAaccepts electrons from the reduced cysteine residues of the unfolded target protein,
resulting indisulphide bond formation. DsbA is then-ogidised by DsbB, which generates
disulphide bondsle novofrom oxidised quinonegCollet and Bardwell, 2002somerisation 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 protén DsbD, which isiiturn reduced by thioredoxin ian NADPH dependent
reaction (Collet and Bardwell, 200Zyherefore,when usingk. colias a host for the production

of antibody fragmentsa commonly used strategy is to export the unfaddproteinto the
periplasmic space using signal peptides such as ompA and$etkolosky and Szoka, 2013)
However when considering the use of antibody fragments for synthetic biology applicatioams,
export of the antibody to the periplasm wiubsequentlypreventits involvement inpathways

or processes occurring within the cytoplasiitherefore alternative strategies thapromote the

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

functionalproduction of reconbinant antibody fragments within this subcellular compartment.

1.8.1. Novel Strains for Antibody Production

One strategy that has beamsedto facilitate disulphide bond formation in the cytoplasm ©f
coliis the development of novel productiostrains.In wid type (WT)E. colithe cytosol is
maintained as a reducing environment by glutathione and thioredoxin redus{&ewart et al.,
1998) Thereforeearly strategies to ensure nativiermation of disulphide bonds within the
cytoplasm investigated the kno@ut of genes encoding components diese reducing systems,

S0 as to increase the availability of oxidised glutaredoxins and thioredoxins that could be used to
aid disulphide bond formation. In early investigationBidredoxin reductase knoek dzii #ixB) 6 k
were shown to accommodate the formah of stable disulphide bonds in proteins that would
typically be secretedo the periplasm such as alkaline phosphatagperman et al., 1993;
Stewart et al., 1998)When both the thioredoxinti(xB) and glutathionggor or gshA reductases
were knocked out, the formation of disulphide bonds within the cytoplasm was shown to be

more efficient than either single mutar(Prinz et al., 1997)However both double knoebut
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mutants grew very poorlyexhibiting doubling times of 300 minand required the addition of
reducing agentsuch adithiothreitol (DTT) to improve the rate at which the cglew (Prinz et

al., 1997) It was subsequently discovered that a single amino acid insertion into the rizcte
peroxiredoxin AhpC restored normal growth characteristics to the double kootktrain (Ritz

et al., 2001) As a result of these observatigrgrains bearing these mutationsy combinations
thereof, have been developed into a series of commercially available production strains
including Origami and SHuffldeveloped by Neagen and New England Biolabs respectively. In
addition to the mutations described above, SHuffle cells also constitutively express the
disulphide bond isomerase Dsh(@thout its periplasmic signal sequencso as to retain the
protein in the cytoplasn{Lobstein et al., 2012 SHuffle T7 Express (New Engl&iolabs) ha
subsequently been used taroducehigh yields (up to 200 mg") of sdAb, demonstrating the
potential of these strains fothe production ofantibody fragments(Zarschleret al., 2013)
Despite thishowever, thesedouble knockout 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 containingsdiphide bondswhich is likelydue to the lack of an
active catalyst of disulphide bond formatio@ D OA I NI S.i Furthdrndo®e whem m T 0
considering the use of these strains for synthetic biology applicatiaibarations to the redox
chemistrywithin the cytoplasm could also impaine ability of these strains to utilise biological
parts or pathwaysfrom the synthetic biology toolkitpotentially limiting the scope with which

sdAb could be utilised

1.8.2. CoProduction of Catalysts for Disulphide Bond Formation

Hforts to improve the production of proteins containing disulphide bonds that doradicaly
alter the redoxchemistrywithin the cytoplasm okE. coliinclude theproduction of the enzyne
catalysts that are utilised during the native expression of such proteins in eukarifzsteshet et

al. (2010)first reported that the production of Ervlp, the FAD dependent sulfhydryl oxidase
found in the mitochondrial IMS d&. cerevisiag facilitated the formation of native disulphide
bonds inalkaline phosphatase (PhoA) producedhie cytoplasm oE. coliwithout the need to
disrupt either of the reducing pathways. The same group then went on to describe hgwehe
production of both the sulfhydryl oxidase Ervlp and a disulphide isomerase enzyme, such as
DsbC orhuman PDI, resultd in the functional production of eukaryotic proteins containing
multiple disulphide bondsvithin the cytoplasm(Nguyen et al., 2011Additionally, the useof N-
terminal fusion tag, Hig or maltose binding protein (MBP),ene also investigatedfor their

ability to improve cytoplasmic protein productiorBoth tagswere 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 bondyVhilst the use of complex, buffered media and
alternative strains (including thexB and gor knockouts) were also shown to have an effect on
protein production level§Nguyen et al., 2011 he use of the Ervlp/human PDI system, termed
CyDisCo, was subsequently used to systematically screen the functional production of eleven
scFv anckleven Fab antibody fragments in the cytoplasm offarcoliK12 strain in which the
reducingpathways were intaco DD OA | NJ . Sfiihetiveént@fivo seFv mrad Fab fragments
screened,twenty could beproducedin a soluble, functionalorm usingthe CyDisCo catalyst
system, whereas only two could be produced in their absen@ D OA I NJ . 3hé ailitf X H
of the CyDisCo catalysts to facilitate the production dd0>% of the recombinant antibody
fragments investigated by DN O A I NJ (205%)i witH fodadditional protein dependent
optimisation indicates thatthe CyDisCo catalystse a flexible system that could be utilised for

the cytoplasmic production of functional antibody fragments with potential synthieiidogy

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 syntheticiblogy.More specifically, antibodies with functionalities relating to the
production of monoterpenoids ifEscherichiaoli were desired.The development of a robust
platform for the production of high quality,\{tools coud facilitate their use as monotpene
synthase/cyclase (mTS/Ghodulators, as tools for etmcalisation of enzymes within a

biosynthetic pathwayr as catalytic antibodies.

The work included in this thesis was conductecollaborationwith UCB, who provided their
antibody and phagalisplay library expertiseto aid in the constructon of high quality anti-
linalool synthase§treptomyces clavuligerusl.inS) My libraries thatcouldlater be interrogated
using the monoterpenoid production platformgdeveloped in the Scrutton lab. Inrder to
achieve theoverarching aim of this thesighe project wassplit into three main strands
representing objectives necessary to achieve this outcome. These strands akgh the

experimental chapters discussed henceforth, in which:

bLinSwas prepared atpurity suitable for the immunisation of a llamdacilitating the

construction of @ immune VY, phage display librargvhich waslater enriched forLinS

binding.

A Design of Experiments (DoE) methodology was utilse@ds to ahieve the cytoplasmic
productionof anti-bLinSVyyin E. coli

Investigations into thgotential applicatbns ofa selection ofanti-bLinS \, including their

use as modulators, elmcalisation agents and as catalysts were explored.
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2.1. Abstract

Synthetic biology is opening up new opportunities for the sustainable and effigieduction 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 blodkgjr 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 microbialrpduction 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 andosoterpenoids

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 nemctionalities. One
economically attractive application is the development of microbial factories for the biosynthesis
of highvalue chemical commaodities such as pharmaceuticals, flavours, fragrances, fuels and
many more. In order to achieve optimal bioslatic 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 hostglassis) that are most suitable for production. The most famous
synthetic biology example of highalue chemical production is artemisinic acid, the precursor of
the antimalarial drug arteminisin, which was produced in engine&scherichia cotind bakef) a
yeast,Saccharomyces cerevisjaeaching 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 poteltfidighvalue terpenoids. ¥hthetic 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 towasdgeneral 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
materialavailability(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 Precursorfhways

The biosynthesis of all terpenesdspendent on the two (§ isoprene precursorssopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), which are synthesised via either
the methylerythritol 4phosphate (MEP) pathway, also known as thdebxyD-xylulose5-
phosphate (DXPpathway, or the mevalorta-dependent (MVA) pathway (Figu®. IPP and
DMAPP are amlensed to form the terpene pmrsors, with the order of the terpene being
defined by the number of isoprene units incorporated (monoterpenes, S&squiterpenes, €

etc.). The universal precursor of monoterpenes is geranyl pyrophosphate (GPP), combining two
G units, which is then further processed by monoterpene synthases/cyclases (mTS/C) to

produce a vast array of chemical structu(®fartin et al., 2003; Reiling et.aR004)

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 patt{i#@aycher andDoolittle, 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 engineerig efrts to create moneand sesquéerpene/oid production systems in bacteria
aimed to improve the availability of precursors by increasing the intracellular production of IPP
and DMAPRReiling et al., 2004 his was achieved by the insertion of thdgoxyD-xyulose5-
phosphate synthase (DX&)d IPP isomerase (IPPHp) gemesponsible for the expression of
key enzymes in the DXP/MEP pathway, thereby supplementing the endogEncuofpathway.
When these biosynthetic pathways were expressed alomgsitbne and sesquterpene
synthases, iitial titres were in the low md.* range. The subsequent efforts to improve the

terpene titres have been extensively review@hddon and Keasling, 2014)
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2.4. Monoterpene Synthases

Monoterpene synthases/cyclases (MCTPp produce a plethora of chemicals from a single
substrate (GPP) and provide a powerful opportunity for the production of diverse chemical
libraries (FigureB). They are a metalependent family of enzymes that typically catalyse the
cyclisation of GPBY A I -térpinyl cation intermediate, or elimination and addition reactions
from the linear geranyl cation intermediate, resulting in a diverse selection afoteopene
products (Figurd). mTS/C are most commonly found in plants; however, recent genoimeagn
efforts have demonstrated that terpene synthases also commonly occur in ba¢fEdkschat,
2016; Yamada et al., 2015b)
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Figure8: An overview of monoterpene/monoterpenoid production pathways
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2.5. SyntheticBiology 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 irE. coliby introducing heterologous, codeoptimised,Staphlyococcus aureasd

S. cerevisiadMVA pathway genes int&. colialongside theAbies grandisGPP synthase and
Mentha spicata limonene synthase genes. Optimisation of gene regulation and growth
conditions resulte in a limonene titre of 400 my* (AlonseGutierrez et al., 2013)ollowing

this work, principal component analysis (PCA) was used in an effort to further improve the
previously obtained limonene titrefAlonseGutierrez et al., 2015)The authors othis study
createdaG2GlFf 2F HT LINPRdzOGA2Y WAOSYINR2&AQT AY
were present in different copy numbers under different promoters, and testing these in three
different cell densities and three inducer concentrationsotPomics (L&S/MS) and limonene
production (GEMS) 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 RCa multivariate statistical method, allowed the
identification of combinationsof 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 produdobn, 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 6% L of limonene, a 40%

improvement over the original pathwaplonseGutierrez et al., 2015)rable 1).

The recent development of improved combinatorial design approaches for the assembly and
characterization of large muliene operons further facilitates optimization strategigem et

al., 2015; Smanski et al., 2014; Yang et al., 20€hg these approaches, which depend on the
design of standardized nesable bioparts and improved methsdbr their rapid assembly, it is
possible to quickly test a large number oftipaay variants that differ, for examplein their
promoter strengths, ribosomal binding sites, gene order, orientation and operon structure, to

identify the most productive combination.

Alternative strategies irE. colifocussed on the MEP pathway, ov@tpressing tB dxs and
isopentenyl diphosphate isomerasdif genes, which had previously been identified as encoding
rate limiting enzymes in the endogenous MEPcolipathway. However, the resulting strains
provided a poor titre of 35.81g L* 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 showedncreasedproduction oflimonene n E. coligrown on glycerol in minimal media,

due to a prolonged growth and production pha@#illrodt et al., 2014) Moreover, they were

able to further improve limonene production by limiting magnesium sulphate availability
(Willrodt et al., 2015)In these nutrientft A YA G SR YAYAYlIf YSRAI GKS O
which cellular resources are no longer consumed for biomass aipdduuct formation, thereby

increasing resource availability for limonene production.

While most of the synthetic biogy of monoterpeneso far has focused on limonene production

as a test casek:. colihas also been engineered to produce a variety of other monoterpenes,
Ay Of dzbtrene Bartia et al., 2014)myrcene(Kim et al., 2015)geraniol(Zhou et al., 2014)

and sabineng(Zhang et al., 2014by 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 toE. coli yeast has proven tobe a successful chassis for
monoterpene/monoterpenoid production, with strains capable of sabinéigeea et al., 2014)
limonene (Jongedijk et al., 2015J)inalool (Amiri et al., 2015pnd cineole(lgnea et al., 2011)
production, obtained to date (Table 1). In the case of sabinene and limonene production, an
engineered farnesyl pyrophosphate synthase (FPP synth&gpQ functioning as a GPP
synthase was implemented. In addition to functioning as a GPP synthaseentiieeered
enzyme was unable to perform the sequential FPP synthesis reaction, that is seen for the wild
type (WT)S. cerevisiag-PP synthase Erg20 enzyme, thus removing a potentially competing
pathway that had been identified as an important factor limitimonoterpene titreqIgnea 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 deletioof 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 34dold improvement of sabinene té (17.5 mglL") compared with the original

WT Erg20 @ble 1). In comparison to these relatively low titres, Ignea €@l1)had previously
successfully engineered a yeast system capable of producing cineole on a much larger scale,
eventually reaching titres of 2000 mgL". This was achieved using reaje integration
cassetes that facilitated unlimited sequential integration of genetic elements and was applied to
the sterol biosynthetic genddMG2 ERG2@&ndIDI1
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Tablel: Diversity of monoterpene/ monoterpenoid production sima engineered at time of publication

Maximum Volumetric

Mon::gézi?md Host P:;Vligsosr mTS/C QL?(/:E Titre (mg Productivity Reference
P y ) (mg L day?)
. . MEP, Limonene Mentha Du etal.,
Limonene E. coli GPPS synthase spicata 35.8 11.9 2014

. Alonsc
. MVA, Limonene Mentha .
E. coli GPPS synthase spicata 605.0 201.7 Gutierrez et

al., 2015
- MVA, Limonene Citrus x Jongedijk et
o Bl ERG20 synthase limon Lk L2 al., 2015
. . MVA Pinene Abes Sarria et al.
h - y 1
pinene E. coli GPPS2  synthase grandis 32.4 10.8 2014
. MEP, IDI, Pinene . Kang et al.,
C. glutamicum GPPS synthase Pinus taeda  0.176 0.088 2014
o . MVA, Pinene Abies Sarria et al.,
! -pinene E. col GPPS2  synthase  grandis 2.4 108 2014
. MEP, IDI, Pinene Abies Kang et al.,
Sl GPPS synthase grandis 0.165 0.055 2014
. MVA, Myrcene . E-M. Kim et
Myrcene E. coli GPPS synthase Quercus ilex 58.2 194 al., 2015
. . MVA, Sabinene Salvia Zhang et al.,
SEHSIIETE =l GPPS2 synthase  pomifera L 7 2014
S cerevisiae MVA, Sabinene Salvia 175 n/a Ignea et al.,
' ERG20  synthase pomifera ' 2014
. . MVA, Geraniol Ocimum Zhou et al.,
e = el GPPS synthase basilicum KBS SIS 2014
Linalool S. cerevisiae MVA Linalool LavanFiulg 0.095 n/a Amiri et al.,
synthase angustifolia 2015
. .. MVA, Cineole Salvia Ignea et al.,
Cinziie 2 EEREEEE ERG20, ID synthase fruticosa i e 2011
. MEP, 3-carene . . . . Reiling et
3-carene E. coli GPPS cyclase Picea abies  0.003 0.01 al., 2004

(* For 3carene the maximum titre and volumetric productivity are measuredrirg L ODso" and mgL*h™ ODsgg”
respectively)

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 bisomerisation othydroxylation among otherg-or example, limonenis

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 cdtiee synthetic biology strategy fahe production of these
tailored products using extracts from engineer&d colicontaining biosynthetic genes from
Nicotiana tabacum including a double bond reductase (NtDBR);nfenthone:g)-menthol
reductase (MMR) and menthone:{mgomenthol reductas¢MNMR) pathwaygToogood et al.,
2015) This onepot biocatalytic approach suggests new opportunities for the modular
combination of reactions to generate libraries of derived monoterpenes/monoterpendids,

example for use in higkthroughput screenindgor new functionalities.
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A particular strength of synthetic biology is the ability to produce-natural compounds by co
expression of enzymes, sourced from a variety of different organisms, in hew combinations not
found in nature. One recently publishesample of this exploited thenodularity of class | and Il
diterpene synthases (diTPSs) by systematicallexpoessing diTPSs in heterologous hosts.
Hamberger and colleagues constructed a library of 51 diTPS combinations, 41 of which were
RSAONROWBRY I @dzNEY S NBadzZE GAy3I Ay | &A@Ahdeksgrh Ol y
Ranberg et al.,, 2016)Further efforts to improve diversity of monoterpenes included the
incorporation of nomnatural tailoring enzymes into pathways (e.g. cytochrome P450s or

3t e02aef iNFYAFSNIaSao oyl aikdNI & ¢ OfSdfd ®2nS 208 Y & #lz
successful in providing access to new chemical sgadensoGutierrez et al.,, 2013)For
example, the incorporation of Blycobacterium spcytochrome P450 into an engineeré&d coli

limonene produceresulted in the production of perillyl alcohol.

Alternative efforts to improve monoterpene/monoterpenoid titres include the editing and
optimisation of enzymes used in the biosynthetic pathwaig 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 cataliic efficiency. fjh-throughput screening and selectiaan then be used

to identify optimal variants that produce the desired products faster more selectively,
sometimes even accepting nevatural substrates not suitable for the original native enzyme.
Directed evolution for enzyme optiméion is important for monoterpea productionasmTS/Cs
invariably also producmultiple monoterpenesn addition to the desired main product, which is

not ideal for commaodity chemical production. Sequence analysis Ihasrsthat even mTS/Cs
sharing close sequence identity can produce distinct monoterpene pr¢flasumoto et al.,
2010; SateMasumoto and Ito, 2014)The rational engineering or directed evolution of mTS/C
for altered or cleaner product profiles is thereéoa main ambition for monoterpene production
using synthetic biologyThese approaches may also be exploited as a means of introducing
further diversity into monoterpene/monoterpenoid production. The ability to alter the substrate
specificity of monoterpee synthases, such that new suites of small, structurally diverse natural
LINE RdzOG €t A0 NI NASA YI & 0S 20NPIIANISRE Y2f y22yli355NILBSS

activity may be of significant interest to the fine chemical and pharmaceutical inésistri
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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 biologistsisand
commonly tackled by computational toofMedema and Fischbach, 201%)redicting bacterial
terpene synthases is very challenging, but extenslidgden Markov ModelHHMM) analysis of

the Pfam (Punta et al., 2012jjatabase can be applied to identify new terpene synthases
(Yamada et al., 2015land test them in production systen{¥amada et al., 2015apnce the
monoterpene synthase of interest has been identified, it must be brought into genomic context
by choosing the appropriate chassis, usually yeagt @oli Other host organisms enginee&réor

the production of monoterpenoids includéorynebacterium glutamicuifiKang et al., 2014nd
Pseudomonas putidéMi et al., 2014)which were developed for the production of pinene and
geranic acid, respectively. In addition, the Grpositive bactetim Bacillus subtiliswhich is
already widely used in biotechnological applicatidmess 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 tgecieqGuan 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 part&ould etal., 2014) It has been demonstrated for limonene
producingE. colistrains that production is highly dependent on the number of plasmids per cell,
which can be modulated by changing the selective pressure using different antibiotics
concentrationgAlonseGutierrez et al., 2013)n yeast, inserting pathways on the chromosome
has been shown to increase diterpenoid production up to tHi@d, and similar effects would

be expected for monoterpenes/monoterpenoidénderserRanberg et al., 2016)n addition,
genomic insertion would help in reducing biological variation, making the whole system more
productive, which was demonstrated alsoBn coli where a threefold increase of production

t SPSta 61 a 20 aS N Seurotere(Nletinlk 1piNGHItelemedgNdciSof they |
CRISPRas9 technology, genome editing on a large scale has become more timely and
affordable (Marraffini, 2015; Wright et al., 2016 his technology allows biosystems engineers
to insertde novosynthesized genes of up tokBp and produce knockuts of up to 1&bp on

the E. coli chromosome(Jakociunas et al., 2015; Jiang et al., 2015; Pyne et al.,.201fgr
production chassis, such & cerevisia€Bao et al., 2015)Corynebacterium glutamicurfCleto

et al., 2016)and Steptomycessp. (Cobb et al., 20153an be CRISREas9 genome edited in a
similar fashion. Additionally, various conventional methods of genome editing (using selection

markers) can be employed iPseudomonas putidand many other potential microbial
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produdion hosts (Nakashima and Miyazaki, 2014)he 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

enaded on a plasmi@zhuang and Chappell, 2015)

For E. coliit has been demonstrated that limonene is converted spontaneously to its toxic
hydroperoxide form, causing severe growth retardati{@hubukov et al., 2015 natural point
mutation in the gene dr alkythydroperoxidase (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 comgantsrthat are
being explored for this purpose include peroxisomes in yeast and proteinaceous- micro

compartments in bacteri@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 istbelypeginning: 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 engineeredbiosynthetic pathways;
progress in directed protein evolution that will increase product purity and chemical diversity;
and ever faster and more robugtenome editing techniques that will facilitate the rapid and
automated introduction and combatorial assembly obiosynthetic pathway variants into
tailor-made highperformance industrial chassis strains. Together, these tools will enable a
profound transformation in the biéndustrial production of an increasingly diverse range of

monoterpenes ad 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 specifititsit 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 iExherichia coli recanbinant antibodies such as cameliavy

chain variable domains () can be produced more readily. In an effort to develop a series of
novel synthetic biology tools, twoy\ phage display libraries were constructed following the
immunisation of a llama with th&treptomyces clavuligerlisalool synthase (bLinShhe Bleed

1 and Bleed 2 libraries, containing 1 X #hd 5 x 10 clones respectively, were enriched by
phage disfay biocLJr Y YAy 3 dzy RSNJ waidl yRFENRQ YR WadNRy3
wider spectrum of bLinS binding affinities. Of the 380 colonies screened following library
enrichment, 353 (93 %) were identified as bLinS binders by ELISA. Sequendiegbbfns

binders revealed 261 uniqueyysequences within the enriched population, highlighting the
diversity of the library. Analysis of the CDR3 sequences within the enrighedoyulation
NEZSIFESR Hwn Of dzZ2GSNAR ¢ KAOK | mdnf bcbliBiRy sequence G A Y
occurring on 31 occasions. The libraries constructed herein therefore represent a high quality
platform for the development ofinti-bLinSVy, as tools for synthetic biology applications, such

as novel inhibitors, modulators or cdyats.

3.2. Introduction

Variants of immunoglobulin G (1gG), the most commonly occurring antibody class in vertebrates
(Painter, 1998)have been widely used dlerapeutics Redman et al., 2015; Zlocowski et al.,
2019) as well as medical, diagnostic and bateology toolgFernandes et al., 2017; Wang et

al., 2018) The heterodimeric homodimer, which consists of two identical pairs ofyhaas light
chains linked by dulphide bonds, demonstraséncredible antigen specificity and affiy. This is

a due tothe hypewariability of three complementarity determining regions (CDR) in each of the

heavy (V) and light (\) chain variable domins, a result of somatic hypautation and affinity
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maturation during an immune response to a foreign antigen, which forrardgigen binding site

at the domain interfacéLeusen and Nimmerjahn, 2013; Methot and Di Noia, 201f7¢ potency

of IgG has resulted in significant research efforts to further improve and develop these
molecules, in order to explore andvestigate noveapplications and functionalitiefAnexample

of this is the development of recombinant antibody technolog&gh as the reformatting of full

length IgG as single chain variable fragments (scFv) or antigen binding fragments (Fab). These
fragments are tyjrally 2530 kDa and 50 kDeespectively,and as such may be more easily
produced in prokaryotic or eukaryotic systems whilst also demonstrating improved tissue

penetration due to their reduced siZ@rbabiGhahroudi, 2017)

Further attempts to reduce the size of antibody fragments explored the development and usage
of singledomain antibody fragments (sdAbEarly efforts to utilise human and murine heavy
chain only fragments resulted in reduced binding affinities and potrbday (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 antifddéd
which were devoid of the light chain and thglGlomainof the heavy chaifHamersCasterman

et al., 1993) Similar heavy chain only antibodies were also found in cartilaginous fish such as
sharks, which were termed immunoglobulin new antigen receptiordlAR (Dooley and Flajnik,
2006) As these novel heavghain only antibodieswvere 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., EQ&@grmore, it

was observed thatamelid heavy chaivariable domains\y) and $arkIgNAR variable domains
(V-NAR typically possess longer CDR3 than those seen in conventg@aly/V, domains,
facilitating the binding of epitopes within clefts, thereby significantly expanding the scope of
potential targets and applications of these antibody classes. As suibhave been developed

for an array of applications, including dafMisation chaperones, super resolution imaging
(Mikhaylova et al., 2015)he probing of protein dynamicd®mitriev et al., 2016)he generation

of novel catalystgLi et al., 2012and biosensorgFernandes et al., 2017; Wang et al., 2018)

date however, the most widely explored applicatioof sdAb remains therapeutics, with
Caplacizumab becoming the first sdAb drug to gain FDA approval as of Februafip@gdan,
2018; Scully et al., 2019)

The development of recombinant antibody technologies ak® facilitated the construction of

large, diverse antibody fragment libraries. These libraries can be broadly split into three
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categories: immune, naive and synthetic, with each having advantages and disadv4Atames

et al., 2011) Immune libraries eploit the somatic hyper mutation and affinity maturation
processes of the host to generate a large number of antibodies against a specific gZtigen

et al., 2011) These libraries can often yield panels of antiles with subnanomolar affinitiedo

the chosen antigen. However, the resultant library is specific to the antigen in questiist
antigen preparation and host immunisation can be lengthy processes. Naiveiekbrae
constructed usingB-cells of an uAMmMunised host/s, and as such these libraries are antigen
independent facilitating panning campaigns against almost any an{@ensel et al., 2011As

no affinity maturation of the antibodies within these libraries has occurred, the occuerefc
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., 201Mpive librags can be subject to biases occurring as a
result of the chosen host, therefore naive libraries are often pooled from multiple individuals. An
alternative approach to increase the diversity of naive libraries is ttagping or randomisation

of the CDRSueh libraries can also be referred to as seymthetic librariegPonsel 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 randontly design. As with
naive libraries, synthetic libraries are antigen independent and have the added advantage of
control over the amino acid distribigin (if desired) within the CDRAs such synthetic libraries
can be used to pan against a number of différgargets, with affinities typically in the

micromolar rang€Knappik et al., 2000; Ponsel et al., 2011; Zhou et al., 2011)

Following the construction of antibody fragment libraries, which can contaifi c1a0™
members, they must be screened in orderitlentify 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 phagemidordotsuch a way that the
antibody is displayed as a monovalent or multivalent fusion to the plll or pVIII coat protein of
filamentous bacteriophagéHoogenboom, 2005)Following the construction and amplification

of a phage display libraryn 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 cafirior to monoclonal screening efforts via appropriate high throughput assays and
ELISAs.

Whilst sdAb have largely been developed for therapeutic and medicalcapphs, 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 bgitmal 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, th 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 bioto@mh#bitors,

modulators, cdocalisation tags or even novel catalysts.

This workdescribes the construction of twionmune \,, phage display libraries agairigtalool
synthase (bLinSya Streptomyces clavuligerumonoterpene synthase/cyclase (mTS/@hich

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 @i#ileof structural information and an
understanding of the reaction chemistrifKaruppiah 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 witha cleft makes recombinantyy 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
WA G yRI NRG 3ISydring doidiions, so that a spectrum of binding affinities could
be obtained. Finally, early monoclonal ELISA binding assays were performed such that potential
anti-bLinS Wy binders may be identified and sequenced, prior to investigations potential

applications.

3.3. Methods

3.3.1. Preparation of Linalool Synthase

Codon optimised bacterial linaloglynthase fromStreptomyces clavuligery&aruppiah et al.,
2017) which had been sub cloned into the pETM11 vector at the Ncol and Xhol restricti®n sit
(PETM11 bLinS) was obtained from the Scrutton Group archive (See Supplementary Information

Table 1 for codon optimised sequence). Arctic Express ([BES3)licells (Agilent Technologies)
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were transformed with pETM11 bLinS, as described by Karuppiah, g2017). A colony was
used to inoculatea 10 mL2X YT mediurstarter culture (ForMdium) containing kanamycin (50
>3 "Ygnd gentamycin (26 3 “)ifhich was grown overnight at 37 with shaking. The
starter culture was then used to inoculate 6L of 2X YTmedium (ForMedium)containing
kanamycin (56> 3 Y& a 1:100 dilution. The cultures were thiesubated with shaking (190
rpm) at 37°C, until an OE,of 0.5 was eached. The temperature was theeduced to 16C and

ia 2 LINRD-J&Hiogaladopyranoside (IPTGyas added to a final concentration of 0.1 mM and
incubation continueddr a further 16 h. Cellwere harvested by centrifugation att®0x g for 10
minutesat room temperatureand the pelletre-suspended in &fer A (25 mM TrisHCIpH 8.0,

150 mM NaCl1l mM DTT5 % (v/v) glycerol and M MgC}) supplemented wititDNasé (0.1

mg mL?), lysozyme (0.1 mg il and twoEDTA free protease inhibitor tads. The slurry was
stirred at 4°C for 30 minutes. Cells were sonicated (Bandelin Sospmh icewith pulses of 20 s
on, 40 soff, for a total of 20 min. Disrupted celivere centrifuged at 30,000 xfgr 1 h at 4°C,

and the supernatantwice filtered (0.45>Y | YR 1 ®H H beind badddNd 2 NinL i 2
HisTrap column (GE Healthcare) pauilibrated 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 th¢algged
protein using 5 CV ofuffer A supplemented with 250 mM imidazole (Elution Buffer A). The
eluted protein was then dsalted using aCentripure P100 column (empidBech GmbH)
equilibrated with Biffer A Concentration of the purified protein was performed using Vivaspin
20, 30 kbaMWCO concentrators (GE Healthcawl).protein purification steps were performed

at 4°C unless otherwise stated.

During the preparation obLinS for llama immunisatiortare was taken to reduce levels of
endotoxin in the purified protein fractiamAs seh an additional wah step was performed whilst

bLinS was immobilised on the HisTrap coluras described byreichelt et al.(2006) Wash

Buffer A was supplemented with 0% Triton XL14 and the immobilised bLinS was washed with

an additional 10 CV of bigfr. 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
/LI OAd e 9y R2G2EAY wSY20I ¢ wSaiay | O02NRA"
(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*) which were mixed 1:1 with GERBU adjuvant prior to injection.

In order to remove the Higag from the Nterminus of the bLinSHis-taggedTobaccdEtch Virus
(TEV protease was added at a ratio of 1:1000 (w/w) to the purified protein and the mixture
incubated at 4£C overnight. The TEV protease was removed from solution by a final run through
a 5 mL HisTrap column that haden pre-equilibrated withBuffer A, followed by an additional
wash with 10 CV of Buffer A. The bLinS which had tteyrhinal tag cleaved was collected in

the flow through and wash fractions and subsequently concentrated using a Vivaspin 20
centrifugal concentrator (Sartorius). Raming uncleaved bLinS and Hisgged TEV protease
was removed from the column using 5 CV of Elution Buffé@rétein purity was monitored by
SDSPAGE. Protein concentian was determined using both thBradford protein assay (Bio
Rad) and extinctionaefficient methodology Extinction coefficients were calculated using the

ProtParam oHine tool fttps://web.expasy.org/protparanmy (Gasteiger et al., 2005)

3.3.2. Preparation of Biotinylated bLinS

Production of biotinylated linalool synthases I & | OKAS@SR dzaAy 3 [ dzOA:
Cloningand Expression System. Linalool synthase (pETM11 bLin®PGRamplified (Expresso

bLinS Biotinylation Fw and R dzLJLJt SYSy G+ NBE LYy FT2NXIF GA2yo X | o f
termini contained18 nucleotidehomologousoverlapping regiosto the linear pAviTag NHis

vector (Lucigen)The PCR produetas purified by excision of the correctly sized band from an
agarose gel an®@2 YLISG Sy & . A 2 (Lucigen)-trangfiméd vie Reat GHdck fwih the
purified insertandi KS € Ay S NAT SR LI GAc¢l I @GSOG2NE | 0021
¢CNF yaF2NY¥YSR O0Stta 6SNB LGSR 2y [mY)la@ll NI o
incubated overnight at 37C. Colony PCR wasrformed using GoTareen 2X Master Mix
(Promega) with pRham Fand pETite Rprimers (Supplementary Informatiofiable 2. Colonies

that demonstrated the presence of the insert were then used to inoculate 10 mL LB broth
O0C2NRSRAdzY0 O2y il AmCA ghdincubatgd-aty38CQvihy190armmshakiri for

12 h.lIsolation of the plasmiavas performed using a QlAprep SMmiprep kit (Qiagenprior to
sequencing (Eurofin&enomics) between pRham Fw and pETitepRwers (Supplementary
Information Table 2o ensure correct sequence identity. All DNA products were quantified

using a NanoDrop 2000 (ThermoFisher) and andlysing agarose gel @) electrophoresis,
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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 scalelBire

broth (ForMedium) containing kanamycin (30 mg*), which wereincubated at 37Covernight.

These were used to Inoculate (1:100) large scalaues (6 x 0.5 L) whickvere grown in LB

broth (ForMedium) containing kanamycin (30 pi") and incubaéd at 37°C with 190 rpm
shaking, until an Ofg, of 0.3 was reachedRecombinant protein productiowas inducedy the

addition of 20 % (w/v)hramnose, 10 % (w/v) arabinose and 5 mM biotin solutions, to obtain
final concentrations of 0.2 % (w/v), 0.01 %k(@0 | YR pn >aX NBaALIBOGA D
were harvested by centrifugation abD80x g, 4°Cfor 10 minutes, and the pellet reuspended in

Buffer A supplemented witiDNase (0.1 mg i), lysozyme (0.1 mg L and anEDTA free
protease inhibitor ablet. The harvested cells were then lysed and purified as described

previously for the nofbiotinylated bLinS.

Successfuin vivobiotinylation of the tagged linalodynthase was confirmed using Dynabeads
M-280 Streptavidin (ThermoFisher). The Dynabeadse prepared for use by taking 50 pL of
Dynabeads, which were washed in 1 mL BSR1 % BSA pH 7.4) for 5 mircrbtentrifuge
tubes containing the Dynabeads were then placed on a DynéMaggnet (ThermoFisher) for 1
min and the supernatant discardedhd Dynabeads were then 1®uspended in 50 pL of PBS
buffer pH 7.4, ready for usémmobilization of the bLin8nto the Dynabeads waschieved by
adding 2 ug of the proteito the solution, followed by incubation with shaki(00 rpm) for 2 h.
The solutionvas again placed on a magnet, and the supernatant was removed and retained f
SDSPAGE analysish@ Dynabeads were washéu this mannewith 50 puL of PBS buffer pH 7.4
for a total of 4 washes. Analysis of each wash fraction and releaiee dfound bidinylated
linaloolsynthase from the beads was achieved by boiling the samples in 2X Laemmli buffer prior

to SDSPAGE analysis

3.3.3. In vitro Biotransformation Reactions for the Production of Linalool

In vitro biotransformation reactionsvere performed in triph O (i S  lre@dionspnglass [GC
MS sample vialsThe reaction mixire consisted of Buffer A supplemented withmM geranyl
pyrophosphate (GPP) afs> a 2 ¥ SwtH a&2¥ % (v/vi-nonane overlayReactions were
incubated with shaking at 30C for24 h at 7O rpm. After incubation the organic layer was

collected and dried using anhydrous MgsSkefore being mixed at a 1:1 ratio wighyl acetate
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containing 0.01 % sdautyl benzene as an internal standarbthe samples were subsequently
analysed byGGMS (Agilent 7890B GC coupled to an Agile®975AMSD) using a D®/AX
O2ftdzyYy o6on YT n ®thieknegsy W StientifipfheSinjéctof terip¥rature was

HHN ¢/ GAGK | ALIXAG NIdGA2 2F pnYm O6mateof3 Ay 2
mL mirf* and a pressure of 8.3 psi. Tleen 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 wiitmadhold at 210 °C for 2 min.

The ion source temperature of the mass spectrometer was s@tlth°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 librayr identification product identity was also

confirmed by the use of commercially bought standards (Sigma Aldrich)

3.3.4. Circular Dichroism

Enzyme sampbk (1 mg mt) were prepared in 10 mMhwsphatebuffer (pH 7) 150 mM NaF

using CentriPure P5 columrsar UYCD (B0 nm ¢ 280 nm) was performed using an Applied
Photophysics Chirascan qCD and ar@rh cuvette (Starna Scientific). Initial spectra were taken

at 25°C, 1® nm¢ 280 nm at 0.5 nm steps dran acquisition time of 0.5 er step for a total of

3 repeats. BR LJGAOAGE 6° 0 st a YSI&adaNBR dzaAy3 |y
spectrophotometer, which was then converted into mean molar residife edi A QAJ{uging 6 w* 6
Eq 1 Where c is the protein concentration in mg Lis the pathway lengtm cm and MRW is

the mass of the protein in Dalts divided by R1 amino acidpresent in the proteir{Greenfield,

2006)

__ 209 —8 Eql.

Analysis of CD spectra was performed using the online tool DichrgWkitmore and Wallag,
2008) using the CDSSTR algoritt@ompton and Johnson, 1986; Manavalan and Johnson, 1987;
Sreerama and Woody, 2008nd reference set {Sreerama and Woody, 2000)

3.3.5. Llama Immunisation

A single maldlama (dama glamg was provided by UCB as part of themlaborationwith the

University of Reading. All llama handling steps were performed by a trained expert according to
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protocols compliant with the Animal (Scientific Procedures) Act 1986 llama was given five
subcutaneousimmunisationsof linalool synthase at monthly intervals, with bleeds500 mL)
taken after the 3d (Bleed 1) and th (Bleed 2) immunisations. Linalool synthase (purified as
described inChapter3.3.1)was prepared as five 500 pL aliquotsn(g mi*) 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 @0l(v/v) Tween20 using a plate washer.
Incubations between steps were performed at room tempara for 1 h with shaking Two

Nunc Maxisorp 96 ell plates were coated with 50 uL NeutrAvigihugmL* PBShnd incubated

at 4 °C overnight.Both NeutrAvidin coated plates were washed and blocked for 1 h at room
temperature using 26 BSA in PBBhe blockeglates wereagainwashedand 50 pL biotinylated
bLinS (jugmL* in PBS, 86 (v/v) dycerol, 4 mM MgGland 1 mM DTTyasaddedto one of the
platesandincubatedfor 1 h A NeutrAvidin only plate was retained as a contidter afurther
washing step, prédmmunisaton (B0), Bleed 1 (B1) anteBd 2 (B2kerawere added in duplicate

(n = 2)to the blocked plates aS-fold serial dilutions in PB& % BSAJThe serum titre plates
were incubatedfor 1 h before beingwashed. HRP conjugategbat anti-llama 1gG (H + L)
seondary antibodiegThermoFisher) were added at a 1:2000 dilution in.FRBowing a final
incubation and wash step, bound antibodies were revealed by the addition of 50 yL of TMB
reagent (ThermoFisher) Plates were shaken and thabsorbance at 630 nm and90 nm
determined using 8ioTek Synergy HT plate readaAntibody binding to the target aigen was

OF £ OdzAf F 1SR 0& adzo NI OGAY3I GKS | 032 NDehotdOS I

3.3.7. Llama VyImmune 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 responseleucosep tubes were prepared by the addition of 15 mL malan
lympholyte and centrifugation at’€ forl min at 1,000 x g. Blood- 600 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 centrifugedi@ 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 phdted by centrifgation at 1000 g for 10 min and the pellet +&uspended and
combined in30 mL totalvolume of PBS. Peripheral blood mononuclear cells (PBMC) were
countedand pelleted by centrifugatioat 500 x gor 20 min. The pellet was then-sspended
in 10% freee medium(Foetal calf serum (FC81L0 % DMSO) at 5 x“dllsmL* and separated
into 1 mL aliquots. PBMC to be used for library construction were store80atC, with the

remaining aliquots stored on liquid nitrogen.

PBMC (Bleed 1: 5 x|l Bleed 2: % 10) were defrosted at room temperature and washed with

10 volumes of colRoswell Park Memorial Institu{@®PM) medium Washed cells were pellaie

by centrifugation at 500 x dor 10 min. The pellet was then sispended in RLT buffer
(according to @igen 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 RNasfree water, the concentration and relative purity of RNA was determined using a

Nanodropspectrophotometer

Each RNA elution was taken forward forfFROR. A primary reaction mixture containing 2 g
RNA, 1 pL oligdT ordN6 (50 pM) and 1 pL dNTPs (10 mhkls made up to a total reaction
volume of 13.5 L with 4. The primary reaction mixtures were heated at ®for 5 min and

then cooled on ice for a further 5 min. A secondary reaction mixtargaining 4 uL Superscript

IV 5Xbuffer, 1 uL DTT (0.1 M), 0.5 pL rNAasin (4@ty and 1 pL Superscript IV (20QuL) was
added to each primary reaction mixture to create a final reaction volume of 20 pL. This reaction
mixture was incubated in a thermocycler at %D for 20 min, 76C for 15 min and then held at 4

°C.

Primary PCR amplification of tieigo-dT and dN6 generatedDNA between the signal peptide

and G2 domain was achieved using KOD Polymerase (Merck Millipore) with prime&1CGaid.
CalLD2 (Supplementary Information Bée 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 % agae gel.The V,, population (600 bp) was extracted using a
QIAquick Gel Extraction kikhe purified pooled primary PCR product was then used as template
for a secondary PCR using Herculase Il polymerase (Agilent) with prigmé&is Mw and
CldLibRv 1101 or CldLib2Rv 12, for Bleeds 1 and 2 respectively (Supplementary Table 2). The
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instructions

Purified \{yinserts and pTAPMID phagemid (provided by UCB) wgesstid by Notl HF at 3T
overnight and subsequently Sfil at 80 for 4 h, prior to purification via gel extraction. Ligation
of the digested phagemid vector (4 pg) ang;Msert (1 ug) was performed using T4 DNA Ligase.
The reaction mixture was firsh¢ubated at 25°C for 30 min before being cooled to 1%
overnight. The ligation mixture was then purified usinQl&quick PCR Purification.Kiio 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 160 hgefore 1/10"

of the total volume of 3M sodium acetate pH 5.2 wadded and the solution mixed. Cold
ethanol (270 pL) 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 % atiol (1 mL) was added to the mi@entrifuge 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 allowail tby.

The pellet was themesuspended in water such that a final concentration of 100 ng Wwas

obtained.

TG1 cells were transformed with the purified ligation product by electroporation. Purified
ligation product was mixed with electrocompetent -ICcells (Lucigen) and loadéato pre-
chilled electroporation cuvettes (0.1 cm). Electroporation was performed using a BioRad
DSy StdzZ aSNJ aSi G2 GKS 7F2tft26Ay3a O2yRAWCA2YyAY
recovery medium (Provided with the electrocompetent cells) was addwdl the cells were
allowed to recover for 1 h with shaking (200 rpm) at°87 The transformation mixtures were
pooled and serial dilutions (£010% 10° 10”, 10°) of the recovered transformants spread onto

2X YT Agar, 1 % glucose, 100mig carbericillin plates, and incubated overnight at 32 such

that the library titre could be estimated. The remaining transformation mixture was centrifuged
at 3220 x g for 15 minral re-suspended in 1 mL LB mediuithe cell slurry was then spread
across three XBio dishes (2X YT Agar, 1 % glucose, 10@Ljigcarbenicillin) per library and
incubated overnight at 36C.

3.3.8. Library Scale Phage Rescue

The following day each XL Bio dish was washed with 2X YT, 1 % glucosemlB@arenicillin

and the cell slurry collected. The slurry was used to inoculate a fresh culture of 2X%'T, 1
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glucose, 100 ugL* carbenicillin at a starting QR of 0.1. The culture was then incubated at 37

°C, with shaking (200 rpm), until an Qfof 0.5 was reachedV13KO7 helper phage was then
added at a multipicity of infection (MOI) of 20 and the culture incubated for another hour in a
stationary 37°C incubator. The cultures were then centrifuged at 7246 x g for 10 min at room
temperature, the supernatant decéed and the tubes inveéed to ensure that all medium was
removed.The pellet was thenersuspended in fresh 2X YT medigopplemented with 100 pg

mL* carbenicillin and 50 pmL* kanamycin and cultured overnight with shaking (200 rpm) at 30
°C. The remaing E. colislurry 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 °C. The overnight cultures were pelleted at room temperature by centrifugattor246 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. Fipghage particles were precipitated by the
addition of 1/8" 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 PBShe soluion was again centrifuged at 3220 x g for 5 min and the supernatant
decanted into sterile tubes prior to being chilled on ice. As previptdy> salt was added (1/5
total volume) and the mixture incubated for an hoon ice The precipitated phage partad

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 fordaarary was estimated using Eq 2,

developed by G. Smitfinttps://tinyurl.com/yx9inpk5 based on the measurements Bay and

Wiseman 1978) Aliquotsof the rescued phage libraries made prior to storage8at’C.

l¢codogn @ pT
T O AIADAGABOET 1

Eq. 2

3.3.9. Monoclonal Phage Rescue and Library QC

Small scale monoclonal phage reséoelibrary quality controlvas achieved by inoculating a 96

well deepwell aulture block containing . Y SRA dzY & dzLJLX S WIS vaibénRilling A G K
and 2 % glucose with individual colonies picked fromlitwary titre plates. The cultures were
incubated with shaking (200 rpm) at 3Z overnight so that each culture reached the stationary

phase. Tese cultures were themused to inoculate fresh blocks containing X medium
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& dzLJLJ S Y Sy i S mL'éakbérfcillimamdil % glicasEhe overnight culture blocks were
centrifuged at 3220 x g for 10 min, and the pellets sent for plasmid minipreg UKIBs 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’@7until an OB, of 0.4- 0.6 was
reached. M13KO7 hger phagewas then added at a MOI of 20 and the cultures wgeatly
mixed and left to stand at 37C in order todt infection occur. Thelocks were then centrifuged
at 805 x gin order to pellet the cells. The supernatant was then discarded and thet pizled,
with great care taken to remove residual culture medium. The eletre then resuspended
with 2XYT mediund dzLJLJX SY Sy (i S mL'@k NE S o A OiF Baraghyein and then 3
incubated overnight with shaking (225 rpm) at°g0

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 fRE38 in
blocks. Three QC ELISAs were performed, with Nunc MaxiSorp plates prepared in the following
fashion. Correct display of;yon the phage surface was confirmed using an amiyc antibody
(9E10). In the first instance, plates were coated with 9R1QgmL" in PBS) and incubated
overnight at 4°C. 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 contatlemplate vector, a biotinylated control peptide from a previous
UCB bigpanning campaign was used to identify any template caugr. A MaxiSorp plate was
coated with streptavidin{ mH in PB$and incubated overnight at 2&C. 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 pgL*in 1 % BSA, PBEpr the third QC
ELISA, the identification of potential b&isinders prior to libraryenrichmentwasperformed by
O2FGAy3 | al EA{ 2NL) LInLYisPBs)Adildwed 2y iNBhaditat 4°E R A Y
overnight. The following day the plate was blocked with blocking buffer for 1 h before the
addition of biotinylated bLinS (2 gL in 1 % BSA, PBS). For each of the three QC experiments
the remainder of the ELISA protocol was as follokeplates werewashed bur times withPBS

0.1 % Tweer20 before the blocked monoclonal M, were applied to the coated wells and
incubated for 1 h atoom temperaturewith shaking (800 rpm)The plats were agairwashed,

as described above, antlorseradish peroxidaseHRFP conjugated antiM13 monoclonal
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antibody (GE Healthcare) applied at a 1:5,000 dilution it IBBSAPBS. The plasewere
incubated for1l h at room temperaturewith shaking (800 rpm), washed as abosed the
presence ofbound V4 revealed using Btep Ultra TMHEELISA substrate solutioriThe
absorbance at 630 nm and 490 nm was then measured using a BioTek Synergy HT plate reader,
I YR i ovalue determined as described @hapter3.3.6.

3.3.10. Phage Display ¥ Bio-Panning

For each library, ib-panning was performed usinga @ I y R NR @NeQ\yidihd & g ¥ & >
1) coated Nunc MaxiSorp 9@ell microtiter plat€ | Y R WabndiNdhg(sing gtriép@avidin
coated DynabeadsThe 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
dza Ay 3 Waidl yRINRQ ¢padnig cOrglitor 2 xi 20 ang’ & xb1& pragelwé&é O K
used for B1 and B2 respectively, so as to cover the estimated diversity of the libraries 20,000
fold. For each bignanning condition (B1 standard, B1 stringent, B2 standard, B2 stringent) two
aliquots ofphage were prepared in order to perform a control enrichment in the absence of
bLinS. The phage libraries were fiddbcked inan equal volume of 3 % BSAYEnilk powderin

PBS for 1 h atoom temperature with rolling. Simultaneouslyhe coated microtier plates
(Standard) or Dynabeads (Stringewere blocked witil % BSA, PB& 1 h withshakingfolling.

The antigen, biotinylated bL$(2 pgnL?) in 1 % BSA, PBS was then added to one aliquibteof
blocked input phage librarjor each panning condiin and then incubated for 1 h. The
biotinylated bLilsphage mixture(and phage only controljvas subsequently added to the
coated microtiter plateDynabead slurry and incubated for 1 h with gentle agitation. The coated
microtiter plate/Dynabead slurry (Dgheads were pelleted using a Dynaj/a magnet) was

then washed using®BS 0.26 Tveen206p E onn >[ F2NJ &aidl yRINR O
stringent conditions)followed by a additionaltwo washes(300 pL and 2 mL for standard and
stringent conditions respectivelyjsing PBS. The bound phage particles were then eluted by the
I RRAGAZ2Y 2 TmLUGINRBSAIAnYM Galiwhich3vas added to the dried microtiter
plate/Dynabeads and left to incutmat room temperature with shakings00 rpm)for 30 min.

The trypsin treated supernatant containing the eluted phage particles were then allowed to
infect E.coli TG1 cells growm 2XYT Broth (ForMedium) at an QR of 0.2- 0.4. The infected

TG1 cellsvere incubated (static) at 37C for 30 min. In order to estimate the output phage
diversity, a serial dilution (tto 10°) of the infected TG1 cells in 2 was performed, with the

dilutions plated onto small LB agar plates supplemented with 1 % &lGco | Y R mii'nn >
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carbenicillin which were themcubated for 16 h at 37C. The output titre weresubsequently

estimated by counting the colonies present at each dilution.

3.3.11. Enriched Immune Library Monoclonal Phage ELISA

Small scale monoclonal phage rescwasperformed as described previous{Zhapter3.3.9)
using the output phage titre plates (obtained@napter3.3.10). Binding of enriched Bleed 1 and
Bleed 2 monoclonal ¥, to biotinylated bLinS was confirmed by ELISA as describE€tiapter
3.3.9, wih the exception that the Nunc MaxiSorp plates were coated with NeutrAvidin 3aL

! in PBS)rather than streptavidin as described previously. Following the identification of
biotinylated bLinS binders, frest®6 deepwell ailture blocks containingLB medium

& dzLJLJ SY Sy i S Rnl'gcarlieficillim and 2 % glucoseere 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 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 veetms subsequently
sequenced between LMB3 and FDSEQfegns (Supplemeary Table 2)and the sequences
alignedusing the CLUSTAL Omeg@&adeira et al., 2019%equence alignment tool. Sequence

logos were created using the WebLogo server Version 2.822ddks, 2004)

3.4. Results & Discussion

3.4.1. Antigen Preparation

In order to construct an immune M, library the antigen was first prepare®treptomyces
clavuligerusLinalool synthasdbLinS)was expressed as described Kgruppiah et al., (2037
Following an initial NNTA IMAC purification the flow through (FT), wash (W) aral @lution

(E1 and E2) fractions were concentrated andlgsed by SDBAGHFigure ). In addition to
His-TEVDLInS (39.5 kDa), low levels of protein contaminants <30 kDa could be observed, whilst
a more intense band corresponding to possible homodinoemétion, 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 waserformed with the addition of 0.1 % Tritor144 to the wash
buffer. This served to reduce the level of endotoxin within the sample as well as further improve
the purity of Hig TEVbLINS (FigureB). In order to remove the HIFEV tag from the f&rminus

of the bLinS, and thus reduce the likelihood of antibodies being raised againdtmectional
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epitopes of the antigen, Higagged TEV protease was added at a ratio of 1:1000 (w/w) to the
purified bLinS and incubated at°C overnight. The mixture wasen subject to a final run
through a HisTrap column. bLinS that had successfully had thd Elstag removed (36.5 kDa)
was collected in the flow through and wash fractions, which were subsequently concentrated,

whilst uncleaved HisTEVDLINS (39.5 kDa&jas collectedri the elution fraction (Figure®).

! S FT W El1 E2 . FT. W W2 E / FT W C E
) " . & ;
— RV bl
75 kDa e B o ame el L o -
, - G .
50 kDa %™ Vt ; -_— —
37kDa = --—— - — >
25kDa s B - -
e — e & -

Figure9: A) HisTEWDLINS IMAC purification SIPBGE gel image; soluble fraction (S), flow through (FT), 4
imidazole wash (W), 250 mM imidazole Elution 1 (E1), and 250 mM imidazole Elution R) EHEY.EVLInS IMA
purification with additional 0.1 %rifon X114 wash step. Flow through (FT), 40 mM imidazole wash (W), 4
imidazole + 0.1 %riton X114 wash (W2) 250 mM imidazole Elution EHisTEV cleavage, flow through (FT)
mM imidazole wash (W), combined and concentrated FT & W (C), 250 mM imiddatde (E). In each instar
bLinS (+ HiSEV tag) is indicated by an arrow.

Following cleavage of the HSEV tag, the purified bLinS 10 mg) was buffer exchanged into
PBS, 5 % (v/v) glycerdlhe purified uragged bLinS was further polished ngsia seHlpacked

Pierce High Capacity Endotoxin Removal Resin (ThermoScientific) coluremguiitzated in

t.{ G6A0GK p 2 O0@k@0O It @OSNRtI | OO02NRAYy3 G2
repeated twice using fresh resin on each occasionrieioto 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 notvestigated 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. This was determied to be sufficiently clean by UCB, and as such the purified low

endotoxin bLinS was split into 5 x 1 mg aliquotsy@mL?) ready for llama immunisation.

3.4.2. Preparation of Biotinylated bLinS

Biotinylated bLinS was required for the fganning andmonoclonal screening of selected,
Using the ExpresdBiotin Cloning and Expression System (Lucigen), a PCR amplified insert can be
inserted into the pAviTag vector such that astedminal hexahistidine (Hig) tag, the 15 residue
AviTag peptide (GLNEAQKIEWHE) and a rigid linker peptide (SLSTPPTPSTPPT) are-cloned in
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the target protein at the lysine residue within the AviT&g 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 exsion of the 996 bp fragment from the agarose gel, chemically
O2YLISGSyiG . Az2iGdAy -/ Sff CQ OStfta 6SNB (NYyat:
N-His pAviTag vector. The following day 5 colonies were selected for colony PCR (cPCR), using
pRam 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 expedtaunning at~ 1180 bp (Figure H). 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 sequehespAvibLinS. As such this clone was

used for the expression of the recombinant protein.

! bLIinS . cCi C2 (C3 C4 C5 -VE

3000

1500

1000

Figurel0: A)1 % agarose gel image of PCR amplified bLinS using Expresso LinS Fw and RB)oRaEs.
pAvi Tag MisLinS transformed Biotin XCell&'coli

Following the large scale expression (6 x 0.5 L cultures) gAtibLINS, the cellsontaining the
recombinant protein were lysed and the soluble protein purified BWNNA IMAC. The soluble
lysate, flow though, wash and elution fractions were analysed by-FUH= in order to
determine the purity of the HigAvibLinS (Figure #). Theband observed in the elution
fraction corresponds to the expected size ofgHigibLInS (40.2 kDa) and was of sufficient purity

for use in biepanning and screening assays.
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In order to ensure that the HisAvibLinS had been successfully biotinylatedrivg and could

thus be immobilised properly, an experiment was performed in whiclagged bLinS and His
AvibLinS were incubated in solution with streptavidin coated magnetic beads. The-bigtdm
complex has an incredibly strong interacti(i = 10" M), and as such is widely exploited in
protein purification and detection methodologies. Following tingial incubation period, the
YI3IySGAO o06SIFRa ¢6SNB LIStftSGSR dzaAy3d | YI3ySi
buffer added. This process was repeated for a total of 4 washes, with the supernatant retained
forSDS ! D9 | yI f & aA a dslutykh@s réduseadgdRribufierSdr &final time and

H- [FSYYfA o0dzZFFSNJ I RRSR G2 | FAYylLf wm- 02yO0
fractions. Due to the strength of the avidimotin interaction the only way to separate the two
proteins is to bd the sample and thuslenature the native proteins. As suckach of the
fractions were boiled as per standard SDS D9 LINR (i2 02f a> GKS Wo 2dzy
using a magnet and the fraction supernatants analysed byP20sE. As expected the-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 bard3at kDa was observed in the
bound fraction alongside a strong 13 kDa band, corresponding the size of monomeric
streptavidin (13.2 kDa), indicating a low background level ofspatific binding between un
tagged bLinS and the sptavidin coated beads (Figure BJL Conversely for the HidwvibLinS
sample, a strong dnd at the expected sizef 40.2 kDa could be observed only in theund

fraction, indicatinghe successfuh vivobiotinylation of the HigAvibLinS (Figure B).

| bLinS His-Avi-bLinS
- s FT W E ' UWLW2 W3 W4 B UWLW2 W3 W4 B
- o -
e 4 —
75 kDa ‘ 75 kDa ;
50 kDa &= ;
50 kDa s ' 37 kDAl . p -
37 kDa & L -
: 15 kDa s ‘i i —
‘ S :

Figure 11: A) His-AviLinS IMAC purification SIPAGEgel image; soluble fraction (S), flow through (FT), 40
imidazole wash (W) and 250 mM imidazole ElutionBERDSPAGE confirmation of thie vivobiotinylation of Hig-Avt
bLinS using the Expresso Biotinylation system (Lucigen).Unbound (U), wagh, Wwéah 2 (W2), wash 3 (W3), wa:
(W4) and bound (B) fractions were run for both-agged bLinS and HiAvibLinS.

3.4.3. Non-biotinylated/Biotinylated Antigen Comparison

Following confirmation of successful biotinylation oéthntigen it was necessary to check that

the biotinylated bLinS (H#\vibLinS) had retained its catalytic activity, such that it would be
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suitable for biepanning and screening effortf vitro biotransformation reactions, in which 5
>a 27T 0 [-NigfdLin®2wéde Indibated with 1 mM geranyl pyrophosphate, were used to
determine the product profiles of each enzyme. Following extraction of the products from the
organic overlayGGMS was used to show that both the tegged and tagged bLinBoduced

only linalool (Figure J2with both variants producing similar linalool titres of 145>a | Y R

109 + 3> arespectively.
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Figurel2: Comparison of G®IS chromatogram traces following vitro GPP biotransformation reactionsing 5
UM purified LinSE), 5 uM HigAviLinS Q) and a 0.1 mg]l_'l R-Linalool control £). Each sample contains 0.9d
sechutyl benzenes an internal standard (IS) .

Once it had been confirmethat the catalytic activity of the enzyme was maintained following
the addition of the biotinylated HisAvi tag, it was also necessary to check that the structure of
the protein had not changed significantly, such that antibodies against epitopes othertlle

active site would not be lost during banning and screening against #s/ibLinS. 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 Kvi tags. Bch bLinS sample (hg mL') was
exchanged into 10 mM phosphatauffer (pH 7) 150 mM NaF so as to reduce the background
absorbance of the buffedf A LJG A OA G & 0 &nd codvertednty Biéad oeNEs r@sidue
ellipticity 6 ayre ®ising Eq 1Ghapter3.3.4) which was plotted (Figure Yand analysed usirthe
CDSSTR algorithf@ompton and Johnson, 1986; Manavalan and Johnson, 1987; Sreerama and
Woody, 2000)on the DichroWebonline platform (Whitmore and Wallace, 200§)rable 2).
Published crystal struates of Streptomyces clavuligerds_inS(Karuppiah et al., 2017%eveal

85



that the enzyme adopts a typicellass | terpenoid synthase conformation, and as such contains a
series ofh-helices which comprise the active site, with disordered regions at thand C
termini. This correlated to the predicted secondary structure obtained for bLinS in this work,
GKAOK LINBRAOGSR nonm 2F GKS 2 @&Séldaf deconddryr v {
structure, whilst 0.3 had adopted an unordered conformati®he aldition of a Hig-Avi tag plus

the rigid linker peptide accounts for an additional 34 amino acids at the unordeftednNnus

of the 329 amino acid bLinS. This was reflected in the predicted secondary structure obtained
using DichroWeb for the tagged bLjnghich 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 lis@A o[ Ay{ AYRAOFGSR (KIF{i GKS S
helical ontent attributed to class | terpene synthases, whilst no other major changes to the
overall secondary structure of the protein had occurred as a result of the addition of thAwis

tag. The retention of catalytic activity of the RHAvi tagged bLinSla@ngside the minimal
differences in protein secondary structure observed using Far UV CD therefore suggested that
the biotinylated HigAvi bLinS was suitable to be taken forward for the-fémning and

screening campaigns following abiLinS My phage dsplay library construction.
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Figurel3: FarUV circular dichroism spectra comparison between linalool synthase (LinS) and biotinylated lir
synthase (HisAviLinS).

Table2: Predicted secondary structure of bLinS andHAid tagged bLinS obtained using the CDSSTR algorithr
available in DichrowWeb following Far UV CD.

Helix 1 Helix2 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
HisAvi-LinS  0.19 0.15 0.08 0.06 0.17 0.35 1 0.025
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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. Aftatite53
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 tff&ir§ection (B1) and theinjection

(B2) was first diluted 1:10 in 1 % BSA, PBS followed by additidolal $erial dilutions (1:50 to
MY®DTIcpcIHpno®d® ¢KS RAfdziAzy aSNaASa 6SNS R
bSdziNI GARAY FyR | GS81Sddi NIGIBA R Y (i BROIUNBAHR po &
kK ko490 Was plotted against the fold dilution on a logarithmic scale, such that the serum titre
response could be observed (Figutd). For the control plateNeutrAvidin bound antibodies
LINBASYG Ay GKS . 1 YR g0qb8> 005 NG to 2012288 difution, SvhilR S G S
antibody binding could be detected up to a 1:1,250 dilution for the B2 serum. For the test plate
bound antibodies could be obsard up to a 1:1,250 dilution for the BO 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-artiS Wy phage display library

could continue.
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Figure 14: Serum titre response curves using gmemunisation sera (Bleed 0), sera obtained after
immunisation (Bleed 1) and after the 5th Immunisation (Bleed 2). The control plate was coated with Neutr/
> 3 Yy hilst the test plate was coated withleurAvidin (5>g mL?) followed by biotinylated bLinS & mL?).
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3.4.5. Immune Library Construction

Following isolation of PBMCs, 5 X #Hdid 3 x 18 cells were taken forward for RNA extraction,
yielding 251>gand 174>3 2 F wb! F2NJ . m FYyR . H NBaLISOGAGBS
of RNA (split over 10 reactions) was taken forward forPRR in order to generate cDNA
GSYLX S gKAtAG mu >3 6c NBIFOGAZ2Yy Ay hafBf whb!
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 65C allowed the denaturation of mMRNA secondatructure. 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 BXId', was then added. The mixture was
then incubatedat 50°C for 20 mirto facilitate extensionat 70 °C for 15 min to inactivate the

reverse transcriptase before finally beihgld at 4°C.

A reaction scheme for the PCR amplification strategy of thed¥mains to be cloned into the
phagamid display vector is shown in Figui®. For the primary PCR amplification between the

I [[nm YR /[ [nH LINAYSNBE 0{dzlJLJ SYSy il N ¢ 0
reactiors. Initially, cDNA from each FPICR 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 (FigubA) confirmed that for each reaction mixture PCR amplification had
occurred successfully. A band-afl000 bp demonstrated the amplification of conventional IgG
between the signal peptide and;Zdomains. Whilst the presence of a band-#&00 bp showed

that amplification of the HCAb, containing thgMlomain whilst lacking the L domain, was

also successful. As a result the PCR products for each library were pooled, separated by gel

electrophoresis and the,PCR products-600 bp) purified by gel extcéion (Figure 1B).

3]‘

Hinge —

—
1°PCR CALLO2

i pr=rul
2°PCR CldLib2Rv

Figure15: Schematic for the PCR reactions performed during library construction. A prinfthipGBetween the
signal peptide (SP) and;Zdomainusing primers CALLO1 and CALLO2 facilitates the separdtiop and \{;
domains, as HCAb lack alGdomain. Yy PCR products may then be amplified in a secondafy RER, usil
primers V;;Sh Fw and CldLib2Ryv, for restriction cloning intopth@gemiddisplay vector.
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hf A32 hfA32 Rbc . Rbec

! r i 1 r \r 1

Figurel6: A)Primary PCR amplification (CaLLO1 and CaLL02 primers) of Bleed 1 & 2 IgG cDNA prepa
oligo-dT or dN6 primersB) Gel purified primary PCRy¥yproducts (dN6 & oliga T pooled)C)Secondary PCF
amplification of Bleed 1 & 2using V,+SH Fw ad Rv primer<ldLib2Re11 (B1) and 12 (B2Ap) Repeated
secondary PCR amplification of Bleed,},46ing V,+SH Fw and Rv prim&idLib2Re01.

Following the separation of the HCAb DNA encoding thedgmains from that of the IgG VH
domains it was necessary to PCR amplify thepdpulation so that it could be cloned into the
phage display vector. Approximately 20 ng of purifiggd NA was used as a template for each
PCR reaction (24 in total for each library) usihgSH Fw and reverse primeGldLib2Rv /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 (Figurg6C). Analysis of the agarose gel image suggestddtlieaamplification of

the B2 V4 inserts had been successful, as indicated by the presence of a bandGit bp.
However for the B1 insert population it appeared that some contamination of the CldLib2Rv11
stock had occurred, as a 400 bp band and sigmfiamounts of unused primers and/or primer
dimers could be seen in both the test and negative control lanes (Fidi@® As such the PCR
reaction was repeated, however the same issue was observed on the resultant agarose gel
(image not included). PCR alifipation of the B1 M inserts was then attempted using an
alternative reverse primer provided by UGBIdLIbRW1). Gel electrophoresis of the PCR

products again showed a faint band at400 bp, in addition to the expected band that
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corresponded to unusd primers in the negative control lane (Figur@D). 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 ampdificat

of the \{;4; domains had been successful. As such, the PCR products were purified using spin
O2fdzyya LINA2NJ G2 GKSANI dzAS NBAGNAROGAZ2Y RA3IASH

respectively.

Cloning of the B1 and B2;Mragments into the pTAPMID phagemid vector was performed by
restriction digestion using thBlotl and Sfilendonuclease sites. Insertion of th@ Mragments at
this site within the phagemid vector results in the addition of ateiinal pelB tag as well as C
terminal Hig and Myc tags to the ¥,fragment. The addition of the pelB signal tag litates the
secretion of the recombinant protein into the periplasmic sp@6eckolosky and Szoka, 2013)
whilst the Hig and Myc tags can be used for purification and detection. Furthermore the
pTAPMID vector contains an amber stop codon following the dMgc which results in the
expression of the recombinantyifas an Nerminal fusion to the M13 plll coat protein and thus
facilitates phage display when expressed in an amber suppressing aimen, 2002)For
SIOK RA3IS&d wn >3 (B24a& B d phageid vBckofivias used ADjgass Mdre
performed sequentially, with thélotl digestion performed first, followed by thgfildigest. The
digestion was monitored by gel electrophoresis (Figlird) to ensure excision of the control
insert (- 1500 bp) from the pTAPMID vector. The linearised vector backbede800 bp) and
Vuninserts ¢ 400 bp) were then purified by gel extraction, with the purity confirmed by further
gel electrophoresis (FiguderB).

Vector Bleed 1 Bleed 2
L L

|
| S D S D S D , Bleed 1 Bleed 2 Vector

Figurel7: A)Notl shgle (S) and Notl + Sfil double (D) restriction digestion of pTAPMID (vector) and PCR amr
Bleed 1 & 2 \; B) Gel purified Notl + Sfil double digested pTAPMID (vector) and PCR amplified Bleed,1 & 2
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Purified digested véc2 NJ O0yiR >Aya $ NI ligated usirg 04 DNA Ndase. Following
ligation the reaction mixture was first purified using a PCR purification kit and subsequently by
ethanol precipitation before each pellet was-#edza LISy R S R ,OA The purifiedligation
mixture was then used to transform 5 aliquots of WG 5! h éonn >[ 0 St SOGNEP
each library. Library titres were estimated by plating serial dilutions’,(10* & 10°) of the
transformants for each library, whilst the remainder were spread XL biedishes. Colonies

were counted on the library titre plates, resulting in estimated titres of 1.0 %di0the Bleed 1

library and 4.9 x 10for Bleed 2. In order to produce infective phage particles that could be used

to for bio-panning the libraies were rescued usinyl13KO7 helper phage and the phage
particles precipitated using 20 % PEG 8000, 2.5M NaCl. The number of phage was estimated as
1.7 x 1&*and 2.0 x 18 pfu mL* for Bleed 1 and Bleed 2 respectively.

3.4.6. Library QC

In order to determinghat 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 monaelens

prior to a series of ELISAs. The sequencing data obtained for the B1 library revealed that each of
the clones selected had a uniqug \$equence, demonstrating diversity of the initial B1 library.

For the B2 library two sequences were found to octwice within the 48 clones selected,
however this was deemed to be within an acceptable range. In order to ensure thatsthe V
fragments were displayed correctly as plll coat protein fusions a monoclonal ELISA was
performed using a plate coated with thetd c-myc antibody, 9E10. For each librar@0 % of

the colonies picked demonstrated efficien RA aLJ I € X | & ARDA.ONMEMNY SR
display had been confirmed an additional ELISA was performed to ensure that the pTAPMID
control insert was not m@sent 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 anglss,

no clones exhibited any bindh I OG0 A @A (& | a AR S.0 ®Ndithenlibray. The |
absence of nosspecific Yy binders to streptavidin and the control peptide provided further
evidence that both libraries were of a sufficiently high gyalb 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 ibtinylated 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 ¥, libraries were of a high quality and could be used for-ganning
against bLinS.

3.4.7. Phage Display },;Bio-Panning

A single round of phage display panning was performed for each library, so as to prevent over
enrichment of the library andoks of sequence diversity that could later be exploited when
looking to develop amtbLinS My for synthetic biology applications. In a further effort to capture

as much diversity as possible during the library enrichment process, two panning conditions
weNB dza SR FT2NJ S OK f A0 NI NBE® W{ (coaltdRNuhERVAxiSOrg Y R A
96-well microtiter platewere used in an effort to capture the breadth of the immune response
G2 o[AYy{® 2 KATf ai usiHssiieNvidia SoyitédDyieady, Rihich Xagiligated
more rigorous washing steps, were used in an effort to identify higher affinitybumiS W, For

ease of handling libraries were referred to in the format BxM/D, where x refers to the library
YydzYo SNJ gKAf a0 W& NBy RINFSG f GRyY RA (oha2lyEaA &4 2 NLJO |y
labelled D (Dynabeadfror each panning condition 2 x*4@nd 1 x 1¢ phage were applied for

B1 and B2 respectively, so as to cover the estimated diversity of the libraries 20,000 fold.
Followingenrichment of the libraries against biotinylated bLinS, output titres were estimated by
plating serial dilutions of phage infect&d coli(Table 3. The output/input ratio for each library

was used to confirm the efficiency of phage recovery, whilst &g 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 ngithe 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 Hainders and/or low affinity \; were being
removed fromthe population as desired. In addition, each@nning condition demonstrated

> 300 fold enrichment of the library against bLinS over the respective negative control.

Table3: Enrichment of B1 & B2 libraries under standard smishgent biepanning conditions against biotinylated
bLinS

Bleed Panning Condition Identifier ;’nhr;lge C?Llj_tlgr)]ust Ouct:p?:ttr((p))lfu) Outgtﬁilgngut bLir(1)Su/t(.; (Jtntrol
(pfu) Phage (pfu)
1 Standard B1M 2x 10" 3.5x16 1.1x16 1.8x10' 318
1 Stringent B1D 2x10" 4x16 7x10 2.0x 10 571
2 Standard B2M 1x106° 1.5x 16 1.4x16 1.5x 10 1071
2 Stringent B2D 1x10° 6.9 x16 15x 16 6.9 x 10 460
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3.4.8. Monoclonal Phage Rescue, ELISA and Sequence Analysis of EnrjgheitisV

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 immdudisegated

bLinS, with an additional NeutrAvidin only control, performed for each library. Binding ofithe V
Ot 2y Sa o6 a R SghotaMedfddRjredied than that of the corresponding negative
control well. Of the 380 colonies screenedtosal 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 CISTAL Omeg@Madeira et al., 2019(Supplementary Table 3) and CDR
regions identified according to the IMGT classification sygtezfranc, 1997)

The alignments were then used to construct probability and sequence logo probability plots for
each of the ati-bLinS My sequences (Figures A8& B), which served to demonstrate the
variability within the unique M;sequences. As expected, the majority of this variability occurs
within the CDR regions, however a small number of clones exhibit insertions wfitlin
framework (FR) 2 and 3 regions, such as the BEERion in the FR 2 (FiguresAL& B). The
inclusion of these clones in the alignments used in this study resulted in a shift in the residue
numbering of the prohbility plots shown in Figure 18or tarity, all references to residue
number in this Chapter refer to the selue numbers shown in Figure.IBurther analysis of the
alignment plots confirmed the presence of characteristic mutations at ihetdfrad positions
(resicdues 40, 48, 49 and 5%igure 18) (Mitchell and Colwell, 2018; Nguyen et al., 2000)
conventional ), these conserved residues are typically hydrophobic (V40, G48, L49 and W55)
and are involved in interactions with the domain(Nguyen et al., 2000Pue to the absence of
alight chain in My conservation of these hydrophobic residues would likely result in aggregation
of the \{;ywhen exposed to aqueous solvent. As such, G48E/Q and L49R reduce hydrophobicity
at these positions, whilst V40Y/F and W55L/F are often shieldedeb¢ DR3 loopMitchell and
Colwell, 2018) Other residues that are characteristic ofp\and are thought to increase the
solubility of the molecule include D73, K76, R78, R83, K87 andMitoRell and Colwell, 2018)

each of which can be observed in thBgnments generated using the a#iinS W, sequences
obtained in this study. Thenean 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 remlues presat in each CDR region (FigureC)8further highlight that the
majority of variability occurs within the CDR3 domain of thg V
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Figurel8: Sequence alignment probability plots for B1 and B2 anti LinS\YThe probability of an amino acid resic
(not a gap) for all anbLinS \Wyis plotted in red, with the probability of the most commonly occurring amino acid
each position overlaid in blu&) Sequence logo plot for the most commonly occurring amirid ateach position of
the aligned antbLinS )y 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 obt@jttidtograms of the CDR
lengthsfor the total antibLinS \{ypopulation.
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Given the importance of the CDR3 sequence for epitope recognition, and thus potential
function, sequenced ), were clustered by CDR3 identity using the online tool MMseqs2
(Steinegger and Sdding, 2017; Zimmermatral., 2018) yielding a total of 158 unique CDR3
sequences. The sequend®GTTGWGSTLSSGYIERY the most commonly occurring CDR3,
appearing a total of 31 times within the sequencegl Yopulations (Table ¥ whilst the YEY

motif was observed on a furthe25 occasions. AnrbLIinS \; possessing the CDR3 sequence
AGTTGWGSTLSSGWE most frequently recovered from ¢hB2D output population (Table

4), suggesting that this CDR3 sequence confers higher affinity binding to bLinS. The next most
frequently recoveed CDR3 sequences within the enriched -ahihS population (NTAGAYR &
VSGEF) were significantly shorter thaa #verage CDR3 length (Figur€€18ablel), potentially
indicating that Vjypossessing these CDR3 sequences do not bind to epitopes within clefts of the
bLinS antigen. The CDR3 sequeNdAGAYRvas recovered almost exclusively in the Bleed 1
output populations, suggesting that adiLinS W, variants possessing this CO&equenceavere
prevalent early in the immune response, before repeated exposure to the bLinS antigen resulted
in clonal selection toward higher affinity bLinS binders. Interestingly,-bmiS Wy that
possessed three similar CDR3 sequences (VAGDF, VAGEF andwéss&sERp 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 sequem (* denotes positions in which mutations have
occurred). The recovery of adiLinS My 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. AntbLinS MWy possessing the CDR3 sequence VAGEF, in which the Asp residue of
VAGDEF 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,
substtution 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 fthia shi
RAAGNAROdzIAZ2Y (261 NRA GKS WAaGNAYy3ISY(dQ LI2LIzZ |
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 A@¢GLECRDYEYDMis CDR3 sequence,
which was recovered from arbiLinS Wy present in both the B1IM 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 thiese secondary disulphide bonds has previously been

linked to increased stability of thezydomain(Goldman et al., 2017)
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The emergence of 24 CDR3 clusters that occuxedltimes in the enriched ardLinS Wy
population provides a foundation for further investigations into the modulatory capacity,@f V
against bLinS, and the subsequent development of theg@¥/potential synthetic biology tools.
However, more than 50 % of the total,\sequences recovereddm the enriched antbLinS
population occurred < 3 times. This emphasises the diversity of thbhmE binders that were
obtained, whilst also suggesting that additional, as yetapped, sequence diversity remains in
the round 1 output populations. Wilst it is possible to perform additional rounds of fgianning
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\of interest within the enriched population.

Table4: The most frequent CDR3 amino acid seddéhda 62 OOdzNNA Yy 3 2y x o 200 aA2y a0
anti-bLinS My populations. Counts were separated by Bleed (B1/B2) and panning condition (Normal = M, Stringent =
D).

B1M B1D B2M B2D  Total

CDR3 Sequence Count Count Count Count 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
AADYVPFGTMWLSSQERL 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 antibdibyaries 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 @fM the field of synthetic biology, it

was necessary to createlibrary 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(MendezPerez et al., 2017nd the fact that there is a prexistingunderstanding of

the target enzyme(Karuppiah et al., 2017By ensuring that the bLinS antigen was of high
quality, and that a strong immune response was observed, libraries with estimated sizes of 1 x
10" and 5 x 16were obtained. Following library esfiment against biotinylated bLinS, 93 % of
the colonies screened were confirmed as bLinS binders by ELISA. Sequence analysis of the
screened antbLinS \y populationshowed the emergence of 158 unique GDdequencs. The

most commonly occurring CBRequence 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. Importanthowever, a significant amount of sequence
diversity was also retained in the enriched,y\Vpopulation, increasing the likelihood of
identifying panels of M, with varying binding affinities to a number of epitapeThis diversity

can now be taken forward in order to investigate and develop tools such as inhibitors,

modulators, celocalisation tags or novel catalysts with synthetic biology applications.
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3.7. Supplementary Information

Supplementary Tabld: Codon optimised DNA sequence for tBeptomyces clavuligerlisalool synthasébLinS)
used inChapter3.

Streptomyces clavuligerusLinS (Codon Optimised)
>ATGCAAGAATTTGAATTTGCAGTTCCGGCACCGAGCCGTGTTAGTCCGGATCTGGC
CACGTCATCTGGATTGGGTTCATGCAATGGATCTGGTTCGTGGTGAAGAGGCACGT!
TTTAGCTGTGTTGCAGATATTGGTGCCTATGGTTATCCGCATGCAACCGGTGCAGAT
GTTGATGTTCTGGGTTGGACCTTTCTGTTTGATGATCAGTTTGNT@ETBEITEAACGTC
TGCACTGGCAGTTTGTGCAGAACTGACCGATCTGCTGTGGAAAGGTACAGCAGCAA
CCTCCGATTGTTGTTGCATTTAGCGATTGTTGGGAACGTATGCGTGCAGGTATGAGT
TCGTCGTACCGTTCATGAATGGGTTGATTATCTGGCAGGTTGGCCGACCAAACTGG(
ATGGTGCCGTTCTGGATCCGGCAGCACATCTGEGISICGTACCATTTGTTGTCGTCC
TTGCACTGGCCGAACGTGTTGGTGGTTATGAAGTTCCGCGTCGTGCATGGCATAGC.
GGTATGCGTTTTACCACCAGTGATGCAGTTATTGGTATGAATGAACTGCACAGCTTT(
TGCCCAGGGTCATGCAAATCTGGTTCTGAGCCTGGTTCATCATGGTGGTCTGACCG!
TTACCCGTGTTTGTGABIBEAGGGTAGCATTGAAAGTTTTCTGCGTCTGCGTAGCG(
AACTGGGTCGTGCACTGGGTGTTGAAGGTGCAGTGCTGGATCGTTATGCAGATGCA
TTGTCGTGGTTATCATGATTGGGGTCGTGGTGCAAGCCGTTATACCACACGTGATCA
TGGGTCTGGAAAATCTGGTGGCACGTAGCAGCGGTTAA

Supplementary Tabl@: Primers used i€hapter 3.

Primer Sequencd5' - 3")

Expresso bLinS Biotinylation Fw CCGAGCACTCCTCCTACCCAAGAATTTGAATTTGCAC
Expresso bLinS Biotinylation Rv GTGGCGGCCGCTCTATTAGGTGCTCGATTAACCG

pRham Fw GCTTTTTAGACTGGTCGTAGGGAG

pETite Rv CTCAAGACCCGTTTAGAGGC

CALLO1 GTCCTGGCTGCTCTTCTACAAGG

CALLO2 GGTACGTGCTGTTGAACTGTTCC

Vi Sh Fw TATTACTCGCGGCCCAGCCGGCCHEBIEAGEITG
GAGTCTG

CldLib2Rv01 ATGGTGATGGGCGGAB2AGAGACRGACCWGGGTS(

CldLib2Rv12 ATGGTGATGGGCGGC@HENCGAGACREACCWGGGTS(

FDSEQ1 GAATTTTCTGTATGAGG

LMB3 CAGGAAACAGCTATGAC
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Supplementary Tabl&: Clustal Omega sequence alignment of #mi-bLinSVyisolated from the Bleed 1 and Bleed
2 libraries constructed in Chapter 3

B2DA5 QVQLVESGGGLVQAGGSLSLSCTGSGGRIYAMAWFRAPGKER-- EFVAYVT 52
B1DD3 EVQLVESGGGLVQAGDSLTLSCAGSGRRSDTAMGWFRAPGKER-- EFVAAIS 52
B2DB2 QVQLVESGGGLVQAGGSLRLSCAASGRTESLGMGWFRAPGKER-- EFVADIT 52
B1MC3 QVQLVESGGGLVQTGGSLRLSCTTSGSSDGLAGWYR QAPGKAR-- EFVAYIT 52
B1MA9 QVQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRAPGKER-- EFVAYMT 52
B1DA8 QVQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRAPGKER-- EFVAYMT 52
B1DD1 QVQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRAPGKER-- EFVAYMT 52
B1DE3 EVQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRAPGKER-- EFVAYMT 52
B2DC5 EVOQLVESGGGLVQAGGSLRLSCAASGPTBSLAMGWFROAPGKER-- EFVADIS 52
B2DC10 EVQLVESGGGLVQAGGSLRVSCAASGRTESLAMGWFRAPGKER-- EFVTYIT 52
B2DF7 EVOQLVESGGGLVQAGGSLRVSCAASGRTESLAMGWFRQAPGKER--  EFVTYIT 52
B2DG10 EVQLVESGGGLVQAGGSLRVSCAASGRTESLAMGWFRAPGKER-- EFVTYIT 52
B2MC7 - VQLVESGGGLVQAGGSLRVSCAASGRTESLAMGWFRAPGKER-- EFVTYIT 51
B2DG11 EVQLVESGGGLVQSGGSLRLSCAASGRTESLAMGWFRAPGKER-- EFVTYIT 52
B2MF6 EVOQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFROAPGKER-- EFVTYIT 52
B2DE2 EVOLVESGGGLVQTGGSLELSCAASGRTBSLAMGWFRAPGKER-- EFVTYIT 52
B2MC10 QVQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRAPGKER-- EFVTYIT 52
B2DD3 EVOLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRQAPGKER--  EFVTYIT 52
B2DB1 EVOQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFROAPGKER-- EFVTYIT 52
B2DC9 EVOLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRAPGKER-- EFVTYIT 52
B2DE1 EVOQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFROAPGKER-- EFVTYIT 52
B2DF1 EVOLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRAPGKER-- EFVTYIT 52
B2DF2 EVOQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFROAPGKER-- EFVTYIT 52
B2MD5 QVQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRAPGKER-- EFVTYIT 52
B2DB7 QVQLVESGGGLVQAGGSLRLSCAASGGTESSLAMGWFRAPGKER-- EFVTYIT 52
B2DC1 QVQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRAPGKER-- EFVTYIT 52
B2DD4 QVQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRAPGKER-- EFVTYIT 52
B2DE7 QVQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRQAPGKER-- EFVTYIT 52
B2DH11 QVQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFR)APGKER-- EFVTYIT 52
B1DC10 EVQLVESGGGLVQAGGSLRLSCAASGRAESLAMGWFRAPGKAR-- EFVAYIT 52
B1DD9 QVQLVESGGGLVQAGGSLRLSCAASGRASSLAMGWFRAPGKAR-- EFVAYIT 52
B1DA9 EVQLVESGGGLVQAGGSLRLSCAASGRTESLDMGWFRAPGKER-- EFVSYIL 52
B1DB10 EVQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFRIGPGKER- EFVAYIT 52
B1DF10 QVQLVESGGGLVQAGGSLRLSCAASGRTESLAMGWFR)APGKER-- EFVAYIT 52
B1DF1 QVQLVESGGGLVQAGGSLRLSCAASGRTESLDMGWFRAPGKER-- EFVAYIT 52
B1MC2 EVQLVESGGGLVQPGGSLRLSCAASGFTESLDMGWFRAPGKER-- EFVAYIT 52
B2DA6 QVQLVESGGGLVQPGGSLRLSCVVSGFSDYYPIGWFRQAPGKER-- EGVSCIE 52
B1DHS QVQLVESGGGLVQPGGSLRLSCAASGFSDYYRGWFR QAPGKER-- EGVSCIE 52
B1MF6 EVOLVESGGGLVQPGGSLRLSCAASGFSDYYPIGWFRQAPGKER-- EGVSCIE 52
B2MG4 EVQLVESGGGLVQTGGSLRLSCAASGRSRSYAMGWFRAPGKER-- EFVGGIT 52
B2MH4 EVOLVESGGGLVQTGGSLRLSCAASGRSRSYAMGWFRAPGKER-- EFVGGIT 52
B2DA8 EVQLVESGGGLVQAGGSLRLSCAGSGENGYYAIGWFRQPPGKER-- EGVSCIN 52
B2MA1 EVOLVESGGGHVQAGGSLRLSCVGSGFNWYAVGWFRQVPGKER-- EGVSCMN 52
B1DH11 QVQLVESGGGLAQPGGSLRLSCTASGFADYYAIGWFRQAPGKER-- EGVSCFG 52
B1MH3 EVOLVESGGGLVQAGGSLRLSCAASGFNBEDYAIGWFRQAPGKER-- EGVSCIS 52
BIMH10 QVQLVESGGGLVQPGGSQTLSCVASGFNAYYAIGWFRQAPGKER-- EGVSCIS 52
B1DF11  QVQLVESGGGLVQAGGSLRLSCAASGFNNYYGIGWFRQAPGKER-- EGVSCIS 52
B2DDS8 EVQLVESGGDLVQAGGSLRLSCAASGFNAYYAIGWFRQAPGKER-- EGVSCIS 52
B1DC2 EVOLVESGGGLVQAGGSLRLSCAASGFNAYYAIGWFRQAPGKER-- EGVSCIS 52
B1IMF12 EVQLVESGGGLVQAGGSLRLSCAASGFNAYYAIGWFRQAPGKER-- EGVSCIS 52
B2DC4 EVQLVESGGGLVHTGDSLRLSCVGSGRSEGYNMAWFRGTGKER-- EFVAAIN 52
B2DB11 EVQLVESGGGLVQPGGSLTLSCTASGFSWBRSAMTWVYRAPGKGI:-- EWVAAIT 52
B1MF9 QVQLVESGGGLVQSGGSLTLSCMASGFSETSAMTWVRAPGKGP-- EWVAAIT 52
B1DB4 QVQLVESGGGLVQPGGSLTLSCMASGFSESSAMTWVRIAPGKGE:-- EWVAAIT 52
B1MC9 QVQLVESGGGLVQPGGSLTLSCMASGFSESSAMWIR- QAPGKGY-- EWVAAIT 52
B1DC4 EVOLVESGGGLVQPGGSLTLSCMASGFSESSAMTWIRQAPGKGY-- EWVAAIT 52
B1MB1 EVQLVESGGGLVQPGGSLTLSCMASGFSESSAMTWIRQAPGKGY-- EWVAAIT 52
B1DES EVOLVESGGGLVQPGGSLTLSCMASGFSESSAMTWIRQAPGKGY-- EWVAAIT 52
B1DH2 EVQLVESGGGLVQPGGSLTLSCMASGFSESSAMTWIRQAPGKGY-- EWVAAIT 52
B1DE7 EVOLVESGGGLVQPGGSLRLSCTISGSTLSSSGMTWVRAPGKGE-- EWVAADN 52
B1MD1 EVQLVESGGDLVQPGGSLRLSCAASGFTBENHGMSWYRAPGKGP-- EWVAADN 52
BIMG10 QVQLVESGGGLVQPGGSLRLSCAASGFTFNFAMWVRQAPGKGE-- EWVSHIN 52
B2MH5 EVQLVESGGGLVQPGGSLRLSCAASGFSBESYVMSWVRAPGKGE-- EWLSIIN 52
B2DB12 EVQLVESGGGLVQPGGSLRLSCAASGFSETFVMSWVRAPGKRE:-- EWVARIS 52
B2MG6 EVQLVESGGGLVQPGGSLRLSCAASGFSETFVMSWVRAPGKRE=-- EWVARIS 52
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B2DC3
B1MC4
B1DD2
B1DG2
B2DG8
B2DB8
B2MD4
B2DE11
B2MA5
B2MB5
B2MC5
B2DC2
B2MG7
B1MC12
B1MH9
B1DB8
B1DG6
B1DG9
B1MD7
B2ME11
B2MD7
B2DG12
B2DF4
B2MD3
B2ME3
B2DD2
B2DD12
B2DH10
B2MC1
B2MD1
B2DF9
B2DE12
B2MG9
B2MH9
B2MF2
B2MF3
B2MH3
B2DD9
B1MH7
B1MES8
B1MF7
B1MA10
B1MD9
B2DH3
B2DA11
B2DG6
B1MB11
B1IME11
B2DG4
B1DA1
B1DH9
B2MA10
B2MA12
B2DD7
B2DES
B2DH8
B2MA9
B2DB4
B2MF11
B2DH9
B2MF12
B2DC11
B2MB2
B1MA2
B1DA7
B2DF12
B2DA4
B2DH2

QWLVESGGGLVQPGGSLRLSCAASGFAETFVMSWVRAPGKGH:--
EVQLVESGGGLVQPGGSLRLSCAASGFABTFVMSWVRAPGKGH:--
EVQLVESGGGLVQPGGSLRLSCAASGFARTYVMSWVRAPGKGH:--
EVQLVESGGGLVQPGGSLRLSCVASGFSBTYAMSWVRAPGKGR-
QVQLVESGGGLVQPGGSLRLSCVASGFASTFAMSWVRAPGKGR-
QVQLVESGGGLVQPGGSLRLSCVASGFASTFAMSWVRAPGKGR-
QVQLVESGGGLVQPGGSLRLSCVASGFASTFAMSWVRQAPGKGR-
EVQLVESGGGLVQPGGSLRLSCVASGFABTFAMSWVRAPGKGR-
QVQLVESGGGLVQPGGSLRLSCEASGFTESYRMYWARGPGKGH--
QVQLVESGGGLVQPGGSLRLSCEASGFTESYRMYWARGPGKGE--
QVQLVESGGGLVQPGGSLRLSCEASGFTESYRMYWARGPGKGH--
EVQLVESGGGLVQPGGSLRLSCAASGFTESYPMNWVRAPGKGH:--
EVQLVESGGGLVQPGGSLRLSCAASEFTBMYWMYWMRAPGKGH:--
EVQLVESGGGLVLPGGSLRLSCAASGRTISALGVIGWFRRRAPGNER--
QVQLVESGGGLVQAGGSLRLSCAVRGR SAYGMGWFRAPGNER--
QVQLVESGGGLVQPGGSTRLSCAVTGLTDYYAIAWFRQAPGKER--
QVQLVESGGGLVQPGGSLRLSCSASGHTINYAMGWFRAPGKER--
EVQLVESGGGLVQAGGSLRLSCSASGHTINYAMGWFRAPGKER--
EVQLVESGGGLVQAGESLRLSCAASGRTFNFGVSWSRVQGKQR-
EVQLVESGGGSVQAGDSLRLSCASSGHTAGYGVSWSRAPGKRR: -
EVQLVESGGGLVQAGGSLRLSCAASGHTAGYGVSWSRAPGKRR:-
QVQLVESGGGSVQAGDSLRLSCAASGHTAGYGVSWSRAPGKRR -
EVQLVESGGGSVQAGDSLRLSCAASGHTAGYGVSWSRAPGKRR:-
QVQLVESGGGLVQAGDSLRLSCASSGHTAGY®SWSRQAPGKRR -
QVQLVESGGGLVQAGDSLRLSCASSGHTRGYGVSWSRAPGKRR -
QVQLVESGGGSVQAGDSLRLSCASSGHTAGYGVSWSRAPGKRR -
QVQLVESGGGSVQAGDSLRLSCASSGHTAGYGVSWSRAPGKRR -
QVQLVESGGGSVQAGDSLRLSCASSGHTAGYGVSWSRAPGKRR -
QVQLVESGGGSVQAGDSLRLSCASSGHTAGYGVSWSRAPGKRR -
QVQLVESGGGSVQAGDSLRLSCASSGHTAGYGVSWSRAPGKRR -
EVQLVESGGGSVQAGDSLRLSCASSGHTAGYGBWSRQAPGKRR:-
QVQLVESGGGLVQPGGSLRLSCVASGHTFGYGVSWSRAPGKRR -
QVQLVESGGGSVQAGDSLRLSCVASGHTFGYGVSWSRAPGKRR -
QVQLVESGGGSVQAGDSLRLSCVASGHTFGYGVSWSRAPGKRR -
EVQLVESGGGSVQAGDSLRLACVASGHTFGYGVSWSRAPGKRR:-
QVQLVESGGGLVQPGGSLRLACVASGHTFGYGVSWSRAPGKRR -
QVQLVESGGGLVQPGGSLRLACVASGHTFGYGVSWSRAPGKRR -
EVQLVESGGGLAQPGGSLRLSCAASGRTRDYMGWFRRQAPGKER--
QVQLVESGGGLVQAGGSLRLSCAASGRTENYDMGWFRTLRKER---
EVQLVESGGGSAQAGGSLRLSCAASGSTRNYDMGWFRAPGKER:--
QVQLVESGGGSAQAGGSLRLSCAASGSTRNYDMGWFRAPGKER--
EVQLVESGGGLVQAGGSLSLSCDASGRTENYDMGWFRAPGKER:--
QVQLVESGGGSVQAGGSLRLSCAASRHTANYDMGWFRAPGKER--
QVQLVESGGGLVQAGGSLRLSCVASGRTELYAMGWFROPPGKER--
EVQLVESGGGLVQAGGSLRLSCGASGRTENYGBWFRQAPGKER--
QVQLVESGGGLVQAGGSLRLSCGASGRTENYGMGWFRAPGKER--
EVQLVESGGGLVQPGDSLRLSCGASGRTESYGMGWFRAPGKER--
EVQLVESGGGLVQAGGSLRLSCGASGRTESYGMGWFRAPGKER:--
QVQLVESGGGLVQAGGSLSLSCAASGRTESYAMAWFR)APGKER--
QVOLVESGGGSVQAGGSLRLSCAASGRTSFTLAMGWRROAPGKER--
QVQLVESGGGLVQAGGSLRLSCAASGRTETLAMGWFR)APGKER--
QVQLVESGGGLVQAGDSLTLSCVASGRTSNYAMWFR QAPGKER--
EVQLVESGGGLVQAGDSLRLSCAASGLTFSSFSDYAM®APRKER--
QVQLVESGGGSVQAGDSLRLSCAASGLTFSSFSDYAMAMRRBRKER--
QVQLVESGGGSVQAGDSLRLSCAASGLTFSSFSDYAMBMARRBKER--
QVQLVESGGGSVQAGDSLRLSCAASGLTFSSFSDYAMAMRRBKER--
QVQLVESGGGSVQAGDSLRLSCAASGLTFSSFSDYAMBMARRBKER--
QVQLVESGGGLVQAGGSLRLSCAVSGSTESYKEGWRROAPGKER--
EVQLVESGGGLVQAGGSLRLSCAISGETFSRYAIGWFRQAPDKER--
EVQLVESGGGLVQAGGSLRLSCAASGETSRYAMGWFRVPGKER:--
EVQLVESGGGEVQAGGSLSLSCAASGRTSRYAMGWFGAPGKER--
EVQLVESGGGLVQAGDSMRLSCAASGLTSRYANBWFRQAPGKER:--
QVQLVESGGGLVQAGDSMRLSCAASGLTERYAMGWFRAPGKER--
QVQLVESGGGLVQAGGSLRLSCAASGRTSRFAMGWFRAPGKER--
EVQLVESGGGLVEPGGSLRLSCATSGETFSRYAVGWFR)SPGKER--
EVQLVESGGGSVQAGGSLRLSCATSGETBRYAMGWFRAPGKER--
EVQLVESGGGLVQTGGSLRLSCAISGETNSRYAMGWFRAPGKER--
QVQLVESGGGLVQAGGSLRLSCAISGETNSRYAMGWFRAPGKER--
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EWVARIS
EWVARIS
EWVSRIS
ERVAYIS
ERVAYIS
ERVAYIS
ERVAYIS
ERVAYIS
EWVSSIS
EWVSSIS
EWVSSIS
EWVSSIS
EWVSSIN
EYVAAVS
EFVAAIS
EFVAAIT
EFVAAIT
EFVAAIT
EFVATID
EFVATID
EFVATID
EFVATID
EFVATID
EFVATID
EFVATID
EFVATID
EFVATID
EFVATID
EFVATID
EFVATID
EFVATID
EFVATIS
EFVATIS
EFVATIS
EFVATIS
EFVATIS
EFVATIS
EFVAAIS
EFVAGIS
EFVAGIS
EFVAGIS
EFVSGIS
EFVAGIS
EFVARIT
EFVAGIS
EFVAGIS
EFVAGIS
EFVAGIS
EFVAARS
EFVAAIN
EFVAAIN
ESVAAIS
ESVAAIS
ESVAAIS
ESVAAIS
ESVAAIS
ESVAAIS
EFVAAIS
EFVGGIS
EFVAAI-
ELLAAIA
EFVAAIN
EFVAAIN
EFVAAVS
EFVAAMN
EFVAAMN
EFVAAIN
EFVAAIN
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B1DB5
B1DC5
B1DC8
B1MAG6
B2MD2
B1MCS8
B2DF11
B2DF3
B1DC3
B1MF8
B2DC12
B2MA7
B1MA3
B2MB12
B1MB5
B1MB6
B2DA2
B2MF8
B2ME10
B2MH7
B1DC12
B1ME7
B2MB8
B2MB6
B1MF5
B1IMG11
B1MF10
B1IMG2
B2DD5
B2MG12
B1MD3
B1DF5
B2DA3
B2DA7
B2MB1
B2MCS8
B1ME4
B1DE9
B1MC7
B1MC6
B2DF5
B1DB3
B1MC1
B1DH4
B1DH7
B1DA5
B1MAS8
B1DF7
B1MH11
B2MG10
B1MB10
B1MH2
B1MDS8
B1DD6
B1MB9
B1DD7
B1MD12
B2MG5
B1DG10
B1ME2
B2DG7
B2MB9
B2DE4
B2MG11
B1DH1
B1MD4
B2ME2
B2DG1

QVQLVESGGGLVQAGGSLRLSCAISGETNSRYAM®/FR QAPGKER--
QVQLVESGGGLVQAGGSLRLSCVASGVTSDKTVNWY-R)GPGKRR-
QVQLVESGGGLVQAGGSLRLSCVASGVTSDKTVNWYR)GPGKRR-
QVQLVESGGGSVQAGQSLRLSCLASGVTSDKTVNWY-R)GPGKRR-
QWLVESGGGLVQTGGSLRLSCAASGBILVVNDMAWYRAPGKQR-
EVQLVESGGGLAQAGGSLSLSCTASGRIFSVHDVGWYRGPGKER-
QVQLVESGGGLVQAGGSLRLSCAASGRIBIRTMGWYRQTPGKQR--
EVQLVESGGGLVQAGGSLRLSCAASGNIFSIRTMGWYRQTPGKQR -
QVQLVESGGGLVQAGGSLRLSCAASGNIBIRTMGWYRQTPGKQR--
QVQLVESGGGWVQAGGSLRLSCAASGSIBINVMGWYRQAPGKQR-
QVQLVESGGGSVQAGGSLRLSCVASGSIBINGMGWYRY -~ Re---
QVQLVESGGGSVQAGGSLRLSCVASGSIBINGMGWYR) -~ R----
EVQLVESGGGSVQAGGSLRLSCAASGSISINGMGWY-RAPGKQR-
QVQLVESGGGLVQAGGSLRLSCTATGSILMIDIMGWYRQPPGKQR-
EVQLVESGGGLVSAGGSLRLSCAASGNFLNNMGWHRQAPGKQR-
QVQLVESGGDLVQAGGSLRLSCAASGNIIYINSMGWYRQAPGKER--
QVQLVESGGGLVQAGGSLTLSCTASGMIFYINDMAWHRQPPGKQR-
QVQLVESGGGLVQAGGSLRLSCTASGMININDMAWYRQPPGKQR-
QVQLVESGGGLVQAGGSLRLSCIASGRIFYIESMAWYRQTPGKER--
QVQLVESGGGLVQAGGSLRLSCIASGRIFYIESMAWYRQTPGKER--
EVQLVESGGGLMQDGDSLRLSCVASGRININSMAWYRQSPGKER--
QVQLVESGGGLVQAGGSLRLSCVASGRININSMAWYRQSPGKER--
EVQLVESGGGLVQAGGSLRLSCVASGRIFYINSMAWYRQTPGKDR--
EVQLVESGGGLVQAGGSLRLSCAASGRIFIDRMGWYRQAPGKER--
EVQLVESGGGLVQAGGSLRLSCAASGPIFYIRRMAWYRQAPGQQR-
EVQLVESGGGLVQAGGSLRLSCAASGPIFYIRRMAWYRQAPGQQR-
QVQLVESGGGLVQAGGSLRLSCAASGPIFIRRMAWYRQAPGQQR-
QVQLVESGGGLVQAGGSLRLSCAASGPIFIRRMAWYRQAPGQQR-
QVQLVESGGGLVQPGGSLRLSCTASGRIIGIRTMGWYRQAPGNQR-
QVQLVESGGGLVQPGGSLRLSCTASGRIIGIRTMGWYRQAPGNQR-
QVQLVESGGGLVQAGGSLRLSCAASGSILYIDIMAWYR QAPGKQR-
QVQLVESGGGLVQAGGSLTLSCAASGGIISIDTMGWYRQAPGKQR-
QVQLVESGGGLVQAGGSLTLSCVASGGIISLDTMGWYRAPGKQR-
QVQLVESGGGLVQAGGSLTLSCVASGGIISLDTMGWYRAPGKQR-
QVQLVESGGGLVQAGGSLTLSCVASGGIISLDTMGWYRQAPGKQR-
EVQLVESGGGLVQAGGSLTLSCVASGGILSLDTMGWYRAPGKQR -
QVQLVESGGGLVKAGGSLRLSCAASGSIININTMAWYRQAPGMGR-
QVQLVESGGGLVQAGGSLRLSCATSGSILTIYRMGWYREAPGQPR--
QVQLVESGGGLVQAGGSLRLSCAASGSIFYINDMGWYRQAPGKQR-
EVQLVESGGGLVQAGGSLRLSCAASGSHSNYIMGWYRQPPGQQR-

QVQLVESGGGLVQAGGSLRLSCAASGRTSKYAMGWFRAPGKQREEERELVANIY
EVOLVESGGGLVQAGGSLSLSCAASGSRRRYIMGWYRQAPGKQREEERELVANIY

QVQLVESGGGLVQAGGSLRLSCAASGRTEAYGMGWFRAPGNQR--
QVQLVESGGGLAQAGGRLRLSCVVSGTIRLKDMGWYRRRSG/R----
QVQLVESGGGLAQAGGRLRLSCVVSGTIRLKIMGWYRRRSGVR----

EFVAAIN
ELVAWVY
ELVAWVY
ELVAWVY
ELVATIG
ELVATLT
ELVATIF
ELVATIF
ELVATIF
ELVASIT
ELVAHIT
ELVAHIT
ELVAHIT
ELVAHIT
ELVADIN
ELVASST
ELVASIT
ELVASIT
ELVAIIT
ELVAIIT
ELVAIVD
ELVAIVD
ELVAIVD
ELVAIRS
ELVAEVG
ELVAEVG
ELVAEVG
ELVAEVG
DLVATST
DLVATST
ELVSRIS
ELVAQIL
ELVAQIL
ELVAQIL
ELVAQIL
ELVAQIL
ELVASIT
ELVATMP
DLVATMP
ELVANIY

EYVAAIS
EWVASIT
EWVASIT

EVOQLVESGGDSVQAGGSLRLSCVVSGIDIKSKNMGWYYRRAPGKRR DMVATIS
EVQLVESGGDSVQAGGSLRLSCVVSGIDKSKNMGWYYRRAPGKRR DMVATIS
QVQLVESGGDSVQAGGSLRLSCVVSGIDRKNKNMGWYYRRAPGKRR DMVATIS

EVQLVESGGGLVQSGGSLSLSCAASGNSVIKDMGWYRQAPGKQR-
EVQLVESGGGLVQAGGSLRVSCVVSGTISTKHMGWY®APGKQR-
EVQLVESGGGLVQTGGSMRLSCTASGRVGVQTGRWYRAPGNQR-
QVQLVESGGGLVQVGDSLRLSCAASGHRINDDYBWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGYIISIETMGWYRQSPGHLR--
QVQLVESGGGLVQAGGSLRLSCAPSGTILSINDMAWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLSCSASGITRANYWMAWYQAPGKQR-
EVQLVESGGGLVQAGGSLRLSCAASGNILSINAMGWYRQASGNQR-
QVQLVESGGGLVQAGGSLRLSCAAHGNIFINIMAWYR QAPGEQR-
QVQLVESGGGLVQAGGSLRLSCVASGRVEIASMAWYRQAPGNQR-
EVQLVESGGGSVHVGGSLRLSCAASGSISFNAMNYRQPPGKQR-
EVQLVESGGGLVQAGGSLNLSCLASGGIFAINAMAWYRQSPGKER--
EVQLVESGGGLVLAGGSLRLSCKASGNIFSIDSMGWYRQAPGKQR-
QVQLVESGGDLVQAGGSLRLSCLVSGSIASIGNMGWY-ARPPGKQR--
QVQLVESGGGTVQPGDSLTLSCVASGRTSINAMGWYRQAPGKQR-
EVQLVESGGGSVQAGGSLSLSCSASGNIIRADIMGWYRQAPGKQR-
EVQLVESGGGLVQAGGSLRLSCAASGSIAVQAMGWYRQAPGKQR-
EVQLVESGGGLVQTGGSLRLSCVASG- GVNMAWYRQAPTGER--
QVQLVESGGGLVQPGGSLRLSCVASGSIFGINSMGWYRAPGKQR-
QVQLVESGGGLVQAGGSLRLSCVASGSIBISAMGWHRQAPGKQR-

105

EWIASIS
EWVASIS
ELVATVT
ELIANMG
ELVATIA
ELVANVM
ELVATIT
ELVASIT
ELVADIN
ELVAAMT
ELVATIT
ELVATIT
DMVATIA
ELVAGID
ELVASIT
EMVATHI
ELVATIT
ELVASIT
ELVAIIK
ELVARVS



B1MC5
B2DA10
B2DF10
B1MB3
B1MF2
B1MES5
B1DG3
B1MGS8
B1DG11
B1MB2
B2MA3
B2DG3
B1DH3
B1IMA11l
B1DA1l
B1DF12
B2DD6
B2DE3
B1DD10
B2MA8
B1MA4
B1DC7
B1DB2
B1DH10
B2MB7
B2DD10
B2ME1
B2MF1
B2MC6
B2MES8
B2DG2
B2DH6
B2MH8
B2MD12
B1DC1
B1MD5S
B1IMG9
B1DA4
B1MH6
B1MD6
B1MG4
B1ME3
B2MF9
B2MG1
B2MH1
B1MG6
B2MAG6
B2MD9
B2MEG6
B1DG7
B1ME10
B1DB12
B1DDS8
B2DH5
B2MB3
B2ME4
B2MF4
B1MH1
B2MD6
B1IMG1
B2DD11
B2ME12
B1MB4
B1DB6
B2DH1
B2DB9
B2DF6
B2DB6

EVQLVESGGGLVQAGGSLRLSCAASGSILSINDMGWYRQAPGKQR-
EVQLVESGGGLVQGGGSLRLSCEASGRIYAYDMAWYRNPGKER:--
EVQLVESGGGLVQAGGSLRLSCAASGSIF/MYDMAWYRAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIFVMNDMGWYRAPGKQR-
QVQLVESGGGLVQAGGSLGLHCAASESIFMYDBWYRQAPGKQR-
EVQLVESGGGLVQAGGSLRLSCAATGHS TIGAMDWYRQFPGKQR:--
EVQLVESGGGLVQAGESLRLSCVASGSINRINVMGWYRQAPGNQR-
QVQLVESGGGLVQAGKSLRLSCAASGSISSIIVMGWYR QAPGKER--
EVQLVESGGGLVQAGESLRLSCAASGSISSIIVMSWYR QAPGKQR-
EVQLVESGGGLVQAGKSLRLSCTASGSISSIIVMGWYR QAPGKQR-
EVQLVESGGGVVQPGGSLRLSCAASGRALINDMGWYRQAPGKER--
EVQLMESGGGLVQAGESLRLSCAASGSFBINTMGWYRQAPGKQR-
EVQLVESGGGLVQAGESLRLSCAASGSFISISRMGWYRQAPGKQR-
EVQLVESGGGLVQAGGSLRLSCVVSGRIFTERMGWYRAPGKER--
- VQLEESGGGLVQAGGSLTLSCTASGRILISDVVAWYRQVPGKQR-
EVQLVESGGGLVQAGGSLKLSCAASGNILMIKDMGWYRAPGKQR-
EVQLVESGGGLAQPGGSLRLTCAASGSII SINDMAWYRQAPGKQR-
EVQLVESGGGLVQSGGSLRLSCAGSGSIIMINRMGWYRAPGKER--
QVQLVESGGGLVQAGGSLRLSCVASGRITINTMNWYRQAPGQQR-
EVQLVESGGGLVQTGGSLRLSCVASGRILSINGMRWYRQAPGKQR-
EVQLVESGGGSVQSGGSLTLSCVASGRIINIATMGWYRQGPGKQR-
EVQLVESGGGLVQAGGSLRLSCTASGPRILSIDSMAWYRQTPGKQR:--
EVQLVESGGGLVQAGGPLRLSCTASGNILSIDLMGWYRQAPGKQR-
EVQLVESGGGLVQAGGPLRLSCTASGNILSIDLMGWYRQAPGKQR-
EVQLVESGGGLVQAGGSLRLSCTASGRILGIRTMGWYRQAPGNQR-
QVQLVESGGGLVQAGGSLRLSCTASGRIIGIRTMGWYRQAPGNQR-
QVQLVESGGGLVQAGGSLRLSCTASGRIIGIRTMGWYRQAPGNQR-
QVQLVESGGGLVQAGGSLRLSCTASGRIIGIRTMGWYRQAPGNQR-
EVQLVESGGGLVQAGGSLNLSCAGSGTIFSIDVMGWYRQAPGKQR-
EVQLVESGGGLVQAGGSLTLSCTASGRIFTINAMGWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLTCAAHGSIVINTMAWYRQAPGEQR-
QVQLVESGGGLVQAGGSLRLTCAAHGSIFVINTMAWYRQAPGEQR-
QVQLVESGGGLVQAGGSLRLTCAAHGSIFVINTMAWYRQAPGEQR-
EVQLVESGGGLVQAGGSLRLTCAAHGSIFVINTMAWYRQAPGEQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIVINAMGWYRQAPGKER--
EVQLVESGGGLVQAGGSLTLSCAASGSIFSINVMGVYRQTPGKQR--
EVQLVESGGGLVQVGGSLRLSCAASGSILTIYRMGWYREAPGQPR--
EVQLVESGGGLVQAGGSLRLSCAASGSIFTINTMGWYRQAPGKQR-
EVQLVESGGGLVQPGGSLRLSCAASGTIFSIDTMAWYRQAPGKQR-
QVQLVESGGGSVQAGGSLRLSCAASGSIIMINDMGWYRAPGKQR -
EVQLVESGGGLVQAGGSLRLSCVASGSILSINDMGWYRQDAGKQR-
EVQLVESGGGLVQAGGSLRLSCAASGSILSINTMGWYRQAPGKQR-
EVQLVESGGGLVQPGGSLRLSCAASGSIFSIGAMGWYRQAPGEQR-
EVQLVESGGGLVQAGGSLRLTCAASGSIFSIGAMGWY-RQAPGEQR-
EVQLVESGGGLVQAGGSLRLTCAASGSIFSIGAMGWYRQAPGEQR-
EVQLVESGGGLVQDGGSLRLSCAASGAILTINAMSWYRQTPGKQR--
QVQLVESGGGLVQAGGSLRLSCAASGSIISINTMGWYRQAPGKQR-
QVQLVESGGGTVQAGGSLRLSCAATGSIBSNLYGWYRAPGKQR-
EVQLVESGGGLVQAGGSLRLACAYSGSIFSINAMGWYRQAPGKER--
EVQLVESGGGLVQAGGSLRLSCAASGSIFSISSMGWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIBINAMGWYRQAPGKQR -
QVQLVESGGGLVQAGGSLRLSCAASGSIBSISAMGWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLSCVASGNIFNINAMGWYRQAPGKER--
EVQLVESGGGLVQAGGSLRLSCTASGSIFVINAMGWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIFVINAMGWYRQAPGKQR -
QVQLVESGGGLVQAGGSLRLSCAASGSIVINAMGWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIFVINAMGWYRQAPGKQR -
EVQLVESGGGLVQAGGSLRLSCVASGSIFSINVMGWYRQAPGKQR-
EVQLVESGGGAVQAGGSLRLSCVGSESIISIRSMGWYRQAPGKQR -
QVQLVESGGGLVQAGGSLRLSCAASGSIISINAMNWYRQTPGKQR--
EVQLVESGGGLVQPGGSLRLSCTASGSIFSISSMGWYRQAPGKQR -
EVQLVESGGGLVQAGGSLRLSCTASGSIFSISSMGWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASESIFSRTWAWYRQAPGKER--
EVQLVESGGGLAQAGGSLSLSCTASGRIFSVHEMGWYRGPGKER-
EVQLVESGGGLVQAGGSLTLSCAASGSIFSINGWGWYRAPGKQR -
EVQLVESGGGLVQAGGSLTLSCAASGSIFSINGWGWYRAPGKQR -
QVQLVESGGGLVQAGGSLTLSCAASGSIFSINGWGWYRAPGKQR-
QVQLVESGGGLVQAGGSLRLSCTASGSIFSINGMGWYR)APGKQR -
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DLVARMS
ELVAVIS
ELVAVIT
ELVALIT
ELVAAIT
ELVAGIA
EFVAAIT
EFVAAIP
EFVAAIT
EFVAAIT
ELVANIS
EFVSAIS
EFVTSIS
ELVATIT
DLVARIT
ELVATIT
ESVAAIT
ELVASIT
ELVAGII
ELVASIN
ELVAVST
ELVASIN
ELVAAIT
ELVAAIT
DLVATST
DLVATST
DLVATST
DLVATST
DLVASIT
DLVATIT
ELVADIT
ELVADIT
ELVADIT
ELVADIT
ELVATIT
DLVATIT
ELVATMP
ELVADIS
ELVASIT
ELVATIT
ELVATIT
ELVADIS
ELVASIT
ELVASIT
ELVASIT
ELVALIR
EVVARAG
EVVARIG
ELVARIT
EVVARMS
ELVARAT
ELVARVS
ELVARTS
ELVARTS
ELVARTS
ELVARTS
ELVARTS
ELVATMI
ELVATQA
ELVAGIG
ELVATII
ELVATII
ELVARIF
ELVATLT
ELVAQLT
ELVAQLT
ELVAQLT
ELVAHIT



B2DC6
B2DCS8
B2MH6
B1DF4
B2MD8
B2DE6
B1MG12
B1MH12
B1IME12
B1IMG5
B1IME1
B1DC6
B2MC11
B1MD11
B1DA2
B1MF11
B1MHS5
B2MD11
B1DEG6
B1ME9
B1DF6
B1MA1
B1DE10
B1DE1
B1DF2
B1IMG7
B1DA10
B1DB1
B1DB11
B1DB7
B1DA12
B1DD11

EVQLVESGGGLVQAGESLRLSCAASGSIFSINGMGWY-RAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIBINGMGWYRQAPGKQR-
EVQLVESGGGLVQAGGSLRLSCAASGSIFSINGMGWY-RAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIFVMNAMGWYRAPGKQR-
EVQLVESGGGLVQAGGSLRLSCAASGSIF/INDMGWYRQAPGKQR-
QVQLVESGGGSVQAGGSLRLSCVASGSTEINSMGWY-R)APGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIBINHMGWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIBINHMGWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIBINAMGWYRQAPGKQR-
EVQLVESGGGLVQAGGSLRLSCAASGRIFSINAMGWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGRIFIDRMAWYRQAPGKQR--
QVQLVESGGGLVQAGDSLRLSCAASGRIBIDTMGWYRQAPGKQR-
EVQLVESGGGLVQAGGSLRVSCVVSGTSSTKAMGWYRAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGKIMINTMAWYRQAPGNQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIASIIHVGWYR QAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIASIIHV GWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIASIIHVGWYR QAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASVYSISSIIHVGWYR QAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSISIIHVGWYR QAPGQQR-
QVQLVESGGGLVQAGGSLRLSCAASGSISIIHVGWYR QAPGQQR-
EVQLVESGGGLVQAGGSLRLSCAASGSISSIIHVGWYR QAPGQQR-
EVQLVESGGGLVQAGGSLRLSCAASGSIASIIHVGWYR QAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSISIIH VGWYRQAPGKQR-
EVQLVESGGGLVQAGGSLRLSCAASGSISSIIHVGWYR QAPGKQR-
EVQLVESGGGLVQAGGSLRLSCAASGSISSIIHVGWYR QAPGKQR-
EVQLVESGGGLVQAGGSLRLSCAASGSIFSINTMGWYRQAPGKQR-
EVQLVESGGGLVQAGGSLRLSCVASGSIMINAMGWYRAPGKQR -
QVQLVESGGGLVQAGGSLRLSCAASGRIMINAMGWYRAPGKQR-
EVQLVESGGGLVQAGGSLRLSCAASGRIMINAMGWYRAPGKQR -
QVQLVESGGGLVQAGGSLRLSCAASGSIMINAMEWYRQAPGKQR-
QVQLVESGGGLVQAGGSLRLSCAASGSIBINAMGWYRQAPGKQR-

QVQLVESGGGL

*kk kkkk

*

VQAGGSLRLSCTASGSI\DINNMGW Y-RAPGKQR--
* * ..
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ELVAHIT
ELVAHIT
ELVAHIT
ELVAAIT
ELVATIT
ELVAVIG
ELVAIIR
ELVAIIR
ELVAAIT
ELVAEIA
ELVAIMS
ELVAVMT
EWVASIS
ELVATIA
EFIAGVT
EFIAGVT
EFIAGVT
EFIAGIT
EFIAGIT
EFIAGIT
EFIAGIT
EFIAGIT
EFIAGIT
EFIAGIT
EFIAGIT
ELVARIL
ELVAAIT
ELVATIT
ELVAAIT
ELVAAIT
ELIGTIT
ELVAAIT



B2DAS5S
B1DD3
B2DB2
B1MC3
B1MA9
B1DAS8
B1DD1
B1DE3
B2DC5
B2DC10
B2DF7
B2DG10
B2MC7
B2DG11
B2MF6
B2DE2
B2MC10
B2DD3
B2DB1
B2DC9
B2DE1
B2DF1
B2DF2
B2MD5
B2DB7
B2DC1
B2DD4
B2DE7
B2DH11
B1DC10
B1DD9
B1DA9
B1DB10
B1DF10
B1DF1
B1MC2
B2DA6
B1DH5
B1MF6
B2MG4
B2MH4
B2DA8
B2MA1
B1DH11
B1MH3
B1MH10
B1DF11
B2DDS8
B1DC2
B1MF12
B2DC4
B2DB11
B1MF9
B1DB4
B1MC9
B1DC4
B1MB1
B1DES
B1DH2
B1DE7
B1MD1
B1MG10
B2MH5
B2DB12
B2MG6
B2DC3
B1MC4

IR ---
NT---
GT--
NS--
NT---
NT---

GERMFYADSVKGRFAVSRAKDREVYLQMNSLKVEDTAVYYCAGTTGWGS
GGTASYADSVKGRFTISRDNATYTVYLQMNSLKABDTAVYYCAGTTGWES
GGDTRYADSVKGRFTISRDNFAQJVYLQLNSLKPEDTAVYYCAGTTGWAS
GGNTYYADSVKGRFTISRDNATE VYLOQMNSLKABDTAVYSCAGTTGWGS
GGSISYADSVKGRFAVSKANATKTVYLQMNSLKVEDTAVYYCAGTTGWGS
GGSISYADSVKGRFAVSRANATKTVYLOQMNSLKVIDTAVYYCAGTTGWGS
GGSISYADSVKGRFARANATKNTVYLQMNSLKVEDTAVYYCAGTTGWGS
GGSISYADSVKGRFAVSRANATKTVYLQMNSLKVIDTAVYYCAGTTGWGS
GDNTYYADSVKGRFTISRGNATKTVYLQMKSLKABDTAAYYCAGTTGWGG
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKVIDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAMANTVYLQMNSLKVVIDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKVIDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLOQOMNSLKVEDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKVVIDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKVIDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAMANTVYLQMNSLKAMDTAVYYCAGTTGWGES
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GDSTHYADSVKGRFTISRDNAANTVYLQMNSLKAMDTAVYYCAGTTGWGS
GGNTYYADSVKGRFTISRDNATE VLOMNSLKAEDTAVYSCAGTTGWGS
GGNTYYADSVKGRFTISRDNATE VYLQMNSLKABDTAVYSCAGTTGWGS
SGSTYYVDSVKGRFTISRDNATKTVYLQMNSLKABDTAAYYCAGTTGWGS
GGSTYYADSMKGRFTISRDNATKVYLQMNSLKABTAVYYCAGTTGWGS
GDSTYYADSVKGRFTISRDNATKTVYLQMSSLKABDTAVYYCAGTTGWGS
GGSTRYADSVKGRFTISRDHATKTVYLQMNSLKABTAVYYCAGTTGWGES
GGSTRYADSVKGRFTISRDHATKTVYLQMNSLKABDTAVYYCAGTTGWGS
DGVSYIADSVKGRFTISRDKTNETVYLQMNSLKRBTAVYYCATGDCSN
DGITYYLESVKGRFTISRDN- TNTVYLQMNSLKRBTAVYYCATGDCSG
DGITYYLESVKGRFTISRDN- TNTVYLQMNSLKRBTAVYYCATGDCSG
GYFTDYADSAKGRFTISRDNFRNTASLOMNSLKPIDTAVYYCAASRRWESI
GYFTDYADSAKGRFTISRDNFRNTASLQMNSLKPIDTAVYYCAASRRWESI
DSTTDYTDSVKGRFTISRDNAKNTVYLQMDSLKPEDTAVYYCAAYGDVGWSI
DGSTLYADSVKGRFTISSDNAKNTAYLQMDRLKREDTAVYYCAVYGDVGWST
DGNIDYADSVKGRFTISMDKAKNTVYLQMNSLKPEDTAVYYCATEGWGGPAG
DGSTYYRDSVKGRFTISSDNAKN'VYLQMNSLKPEDTAVYYCSAEFARWGDD
EGTTYYADSVKGRFTISRDIAKN TLYLQMNKLKPEDTARYYCAAVGLGECRD
EGTTHYADSVKGRFTISSDNGKNVYLQMNALKPEDTAVYYCAAVGLGECRD
EGTTDYAESVKGRFTISSDNAKNTVYLQMNSLKPEDTAVYYCAAVGLGECRD
EGTTYYADSVKGRFTISSDNAKNTAYLQMNALKPEDTAVYYCAAVGLGECRD
EGTTYYADSVKGRFTISSDNAKNTAYLQMNALKPEDTAVYYCAAVGLGECRD

WSGWSGEVTNYADPAEGRFTINRDSTEMYLQIDRLKPE DTAVYYCAAGVRGNA

IG---
MG--
MG--
MG--
MG--
MG--
MG--
MG--
IG---
ID ---
IG---

GDYINYADSVKGRFTISRDEGKDTLYLOQMNSLKPEDTAIYSCARGYRN--
GSYINYADSVKGRFTISRDDAKDTLYLQMNSLKPEDTAIYSCARGYRN--
GSYINYADSVKGRFTISRDDAKDTLYLQMNSLKPEDTAIYSCARGYRN--
GSYINYADSVKGRFTISRDDAKDTLYLQMNSLKPEDTAIYSCARGYRN--
GSYINYADSVKGRFTISRDDAKDTLYLQMNSLKPEDTAIYSCARGYRN--
GSYINYADSVKGRFTISRDDAKDTLYLQMNSLKPEDTAIYSCARGYRN--
GSYINYADSVKGRFTISRDDAKDTLYLQMNSLKPEDTAIYSCARGYRN--
GSYINYADSVKGRFTISRDDAKDTLYLQMNSLKPEDTAIYSCARGYRN--
GTYIRYADDVKGRFTISRDNAMNILYLOMNNLKPEDTAVYYCAKGYRN-
GTYIRYADDVKGRFTISRDNAMNILYLQMNNLKPEDTAVYYCAKGYRN-
GDITRYADSVKGRFTISRDNAKNMLYLQMNSLKREDTAVYYCQKPRPY+
GDTTSYTDSVKGRFTISRDNAKNILYLOQMNSLKPEDTAVYYCKTSELGF
GITTNYTDSVKDRFVISRDNTNNTLYLOMNNLKPEDTAVYFCALGNG--
GITTNYADSVKDRFVISRDNTKN TLYLOMNNLKPEDTAVYFCALGNG--
GITTNYADSVKDRFAISRDNTKN TLYLQMNNLKPEDTAVYFCGLGNG--
GVTTNYADSVKDRFAISRDNTKNILYLOQMNNLTPCDTAVYFCGLGNG--
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B1DD2
B1DG2
B2DG8
B2DB8
B2MD4
B2DE11
B2MA5
B2MB5
B2MC5
B2DC2
B2MG7
B1MC12
B1MH9
B1DB8
B1DG6
B1DG9
B1MD7
B2ME11
B2MD7
B2DG12
B2DF4
B2MD3
B2ME3
B2DD2
B2DD12
B2DH10
B2MC1
B2MD1
B2DF9
B2DE12
B2MG9
B2MH9
B2MF2
B2MF3
B2MH3
B2DD9
B1MH7
B1MES8
B1MF7
B1MA10
B1MD9
B2DH3
B2DA11
B2DG6
B1MB11
B1IME11l
B2DG4
B1DA1
B1DH9
B2MA10
B2MA12
B2DD7
B2DES
B2DH8
B2MA9
B2DB4
B2MF11
B2DH9
B2MF12
B2DC11
B2MB2
B1MA2
B1DA7
B2DF12
B2DA4
B2DH2
B1DB5
B1DC5

SL---
SL---
SL---
SL---
SL---
SL---
PL---
PL---
PL---
SL---
TG--
PS--

VT---
VT---

SR--
SR--
SR--
GY---
QY---
SY---
SY---
RY---
VY---
WI=--
WN--
WN--
WN--
WN--
WN--
WK--
WK--
WN--
WN--
WN--
WN--
WN--
WN--
WN--
WS--
- S--
WS--
WS-
WS--
WS-
WS--
WS-
WS--
WS--
WS-
DM---

GQTTAYADSVKGRFTISRDNAKN LFLOMDSLKPEDTAVYYCAKGNARG
GGTTIYADSVKGRFTISRNNAKNTLDLOQMNGLKREDTAVYYCSKGIS---
GGTTIYADSVKGRFNISRNNANNTLYLQMSSLTPEDTAVYYCSKGLS--
GGTTIYADSVKGRFNISRNNANNTLYLOMSSLTPEDTAVYYCSKGLS--
GGTTIYADSVKGRFNISRNNANNTLYLQMSSLTPEDTAVYYCSKGLS--
GGTTIYADSVKGRFNISRNNANNTLYLOMSSLTPEDTAVYYCSKGLS--
GESTLYADSVKGRFTISRINKN- TVFLOMTLLKPEDTAVYYCGRGQFSL
GESTLYADSVKGRFTISRDNAKNIVFLOQMTLLKPEDTAVYYCGRGQFSL
GESTLYADSVKGRFTISRDNAKNIVFLOMTLLKPEDTAVYYCGRGQFSL
GGSTNYADSVKGRFTISRDNAKMLYLQMNSLKPEDTAVYYCANGNQFS-
GGTTDYADSVKGRFTISRDNAKNLYLQMNSLKSEDTAVYYCAKDRLY¥S

Gl- RIYADSVKDRFTISRDTAKN TMYLQMNSLKRETAVYYCAADYVPFGTM
FR- STYADSVKERFTISRDNAKNTMYLQMNSLKRETAVYYCAADYVPFGTM

PTETYYGDSVKGRFAISRDDAKNMVSLQMYSLERDTAIYYCAAAQSTV-
PTETYYGDSVKGRFAISRDDAKNVMVSLOMYSLERDTAIYYCAAAQSTV-
PTETYYGDSVKGRFAISRDDAKNMVSLQMYSLERDTAIYYCAAAQSTV-
GGWTSYSDSVKGRFTISRDNAKMVYLQMSSLKPEDTAIYYCVSGAE----
GDWTSYSDSVKGRFTISRDNAKMVYLQMSSLKPEDTALYYCVAGEF--
GGWTSYSDSVKGRFTISRDNSKMVYLQMSSLKPEDTALYYCVSGEF--
GGWTSYSDSVKGRFTISRDNSKMVYLQMSSLKPEDTALYYCVSGEFR--
GGWTSYSDSVKGRFTISRDNSKMVYLQMSSLKPEDTALYYCVSGEF--
GGWTSYSDSVKGRFTISRDNSKMVYLQMSSLKPEDTALYYCVSGEFR--
GGWTSYSDSVKGRFTISRDNSKMVYLQMSSLKPEDTALYYCVSGEF--
GGWTSYSDSVKGRFTISRDMWSKVVYLQMSSLKPEDTALYYCVSGEFR--
GGWTSYSDSVKGRFTISRDNSKMVYLQMSSLKPEDTALYYCVSGEF--
GGWTSYSDSVKGRFTISRDNSKMVYLQMSSLKPEDTALYYCVSGEFR--
GGWTSYSDSVKGRFTISRDNSKMVYLQMSSLKPEDTALYYCVSGEF--
GGWTSYSDSVKGRFTISRDNSKMVYLQMSSLKPEDTALYYCVSGEFR--
GGWTSYSDSVKGRFTISRDNSKMVYLQMSSLKPEDTALYYCVSGEF--
GDWTSYSDSVKGRFTISRDNAKMVYLQMSSLKPEDTALYYCVAGEF--
GDWTSYSDSVKGRFTISRDNAKMVYLQMSSLKPEDTALYYCVAGEF--
GDWTSYSDSVKGRFTISRDNAKMVYLQMSSLKPEDTALYYCVAGEFR--
GDWTSYSDSVKGRFTISRDNAKNVYLQMNSLKREDTALYYCVAGDF--
GDWTSYSDSVKGRFTISRDNAKNVYLQMNSLKPEDTALYYCVAGDF--
GDWTSYSDSVKGRFTISRDNAKNVYLQMNSLKREDTALYYCVAGDHF--
GLTTNYVDSVRGRFTISRDNDKN'VHLOQMNSLEREDTGVYYCAATLSLSYEH
GLNTNYVDSVRGRFTISRDNAKNVDLQMNSLKREDTGVYYCAATPSIGYEH
GLRTNYVDSVRGRFTISRDNAKN VYLQINDLKPE DTGVYYCAATPSISYEH
GLRTNYVDSVRGRFTISRDNAKN VYLQINDLKPE DTGVYYCAATPSISYEH

GLRTNYVDSVRGRFTISRDNAENVYLQMNSLKPEDTGVYYCAATPSLGYEH

GLRTNYVDSVRGRFTISRDNRK TVYLOMNSLKPEDTGVYYCAATPSIGYEH
GGSTNYADSVKGRFTISRDNAKWMVYLQMSGLRPBTAVYYCAATTN---
GKSTLYGDSVKGRFTVSRDNAENAYLQMNSLKPEDTAVFYCAATAESDVP
GKSTLYGDSVKGRFTVSRDNAENAYLQMNSLKPEDTAVFYCAATAESDVP
GGRTKYADYVKGRFTISRDNAKNVSLOQMNSLKPEDSAIFYCVATAESBVP
GGRTKYADYVKGRFTISRDNAKNVSLOQMNSLKPEDSAIFYCVATAESBVP
GG IFYTDAVKGRFTFSSDNAKN TVYLOQMNSLEPEDTAVYYCAAGSRORI
GDDTYYADSVKGRFTISRANAEN VYLOMNSLKPEDTAVYICAADS-- GF
GDDTYYADSVKGRFTISRANAEN VYLOMNSLKPEDTAVYICAADS-- GF
FGTTHFSDSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYFCAASRM--
FGTTHFSDSVKGRFTISRDNAKNTVYLOMNSLKPEDTAVYFCAASRM--
FGTTHFSDSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYFCAASRM--
FGTTHFSDSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYFCAASRM--
FGTTHFSDSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYFCAASRM--
FGTTHFSDSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYFCAASRM--
RASTHYSDSVKGRFTISRDNAKNT'VYLQMNSLKPEDTAVYYCAASP-- PQ
EGTTYYIDSVKGRFTISRDNAKN TVHLQMNSLKPDRDTAIYYCAAKILBYF
GGNSVYIDSVKGRFTISRDY¥N- TIHLQMNSLKTE DTAIYFCATKILDT- IV
GGGTYYADSVKGRFTISRDNAKNVYLQMNSLKPEDTAVYYCALKKLDTV
G STYYADSVKGRFTISKDNTENTVHLQMNSLKREDTAVYFCATKMLDTF
G STYYADSVKGRFTISKDNTENTVHLQMNSLKREDTAVYFCATKMLDT F
GGSIFYEDFVKGRFTISRDNAENTVYLOMNSLKPEDTAVYYCALKILDT IV
GGSTYYTDSVEGRFTISRDNAKN VHLQMNSLKREDTAVYYCAVKILDTIF
GGATFYTDSAKGRFTISRDSAANTVHLQMNSLKREDTAVYYCAAKILDT IF
GGSTYYTDFAKGRFTISRDNAKNMVHLQMNSLKREDTAVYYCATKILES IF
GGSTYYTDFAKGRFTISRDNAKNMVHLQMNSLKREDTAVYYCATKILDT IF
GGSTYYTDFAKGRFTISRDNAKMVHLOMNSLKRIDTAVYYCATKILDT IF
GYTNYNFKVKGRFTISRDSAENVIVY.QMDNLRPEDTAVYYCN-------
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B1DC8
B1MAG6
B2MD2
B1MCS8
B2DF11
B2DF3
B1DC3
B1MF8
B2DC12
B2MA7
B1MA3
B2MB12
B1MB5
B1MB6
B2DA2
B2MF8
B2ME10
B2MH7
B1DC12
B1ME7
B2MB8
B2MB6
B1MF5
BIM511
B1MF10
B1IMG2
B2DD5
B2MG12
B1MD3
B1DF5
B2DA3
B2DA7
B2MB1
B2MC8
B1ME4
B1DE9
B1MC7
B1MC6
B2DF5
B1DB3
B1IMC1
B1DH4
B1DH7
B1DA5
B1MAS8
B1DF7
B1MH11
B2MG10
B1MB10
B1MH2
B1MDS8
B1DD6
B1MB9
B1DD7
B1MD12
B2MG5
B1DG10
B1ME2
B2DG7
B2MB9
B2DE4
B2MG11
B1DH1
B1MD4
B2ME2
B2DG1
B1MC5
B2DA10

DM---
DM---
SD--
SG--
YD----
SE----
SE----
TG---
AD---

PD---

PD---

AG---
RG--

LG

SG---

ND---

NG---

GYTNYNFKVKGRFTISRDSAENVIVYLOQMDNLRPBTAVYYCN-------
GYTNYNFKVKGRFTISRDSAENVIVYLOMDNLRPBETAVYYCN-------
STTNYADAMRGRFAITREAAKNTVYLQMNSLRABDTAVYICKMKVTDI:-
SSTNYADFVKGRFTISRDNTKKTVYLQMNGLKRIDTAVYYCNAEIFGQD
ATNYADSVKGRFTISRDNGENVYLQMNSLQRBTAVYYCNAEIVERS
AIDYADSVKGRFTISRDNAKN TVYLQMNSLOQRIDTAAYYCNADIVERS
AIDYADSVKGRFTISRDDAKN TVYLQMNSLQRIDTAAYYCYAQIVERS
GTANYADSVKGRFTVSRDNAKRVYLRMDSLKPEDTAVYYCNYRDPLGR
GTTNYADFVKGRFTISRGNAKNIVYLQMTSLKPEDTGVYYCKADGVAGW
GTTNYADFVKGRFTISRGNAKNIVYLQMTSLKPEDTGVYYCKADGVAGW
GTINYADSVKGRFTISRGNARHTVYLQMNGLKREDSADYYCNADGVAGW
GDINYADSVKGRFTISRDNARHTVLLOQMNNLKPEDTAVYYCKADGVAGW
GSTTYVDSVKGRFTISRDNAKNIVTLOMNSLKPEDAAVYYCNANVESR
SSTHYADSVKGRFTISRIARN- TVSLQMDSLKPEDTAVYYCNAKVTAR
GNTDYTDSVKGRFTISRDNGRITAYLOQMNNLKREDTAVYYCNADVVAR
GNTDYADSVKGRFTISRDNGRIAYLQMSNLRREDTAVYYCNADVVAR
GTTTYADSVKGRFTISMDNGKN' MYLQMNTLKRIDAGVYYCKADVN--
GTTTYADSVKGRFTISMDNGKN MYLQMNTLKREDAGVYYCKADWN--
GSTNYADSVKGRFTISMDNAKN MSLOMHALKFEDAGVYYCKADVD--
GSTNYADSVKGRFTISMDNAKN MSIQMHTLKPEDAGVYYCKADVD--
GSTNYADSVKGRFTVSMDNAKRNVSLOMNTLKREDAGVYYCKADVD--
GTSTYAEAVKGRFTVSGDHAKNVHLOQMSSLKPEDTGVYFCNADGYD--
GTNYADSVKGRFTIFRDNAKNTMYLQMNSLKRITAVYLCNADVESME
GTNYADSVKGRFTIFRDNAKNTMYLQMNSLKRBTAVYLCNADVESME
GTNYADSVKGRFTIFRDNAKNTMYLQMNSLKRITAVYLCNADVESME
GTNYADSVKGRFTIFRDNAKNTMYLQMNSLKRBTAVYLCNADVESME
GTTNYADSVKGRFTTSRDNAKNVYLQMNSLKPEDTAVYYCKADIWGGQ
GTTNYADSVKGRFTTSRDNAKNVYLQMNSLKPEDTAVYYCKADIWGGQ
GTTNYVDSVKGRFTISRDNGKN VHLQMSSLEPEDAAVYYCYALLSDY-
GKTNYADSIKGRFTISRDNAKNMAQLQMNSLEQBAAVYYCHAVLTDF
GKTNYADSVKGRFTISRDNAKNMVHLQMRGLEQBEAAVYYCHAVLTDF
GKTNYADSVKGRFTISRDNAKNMVHLQMRGLEQEAAVYYCHAVLTDF
GKTNYADSVKGRFTISRDNAKNMVHLQMRGLEQBAAVYYCHAVLTDF
GKTNYADSVKGRFTISRDNAKNMVHLQMRGLEQEAAVYYCHAVLTDF
GVTNYADSVKGRYTIFGDNAKNRVYLQMNSLTREDTAVYYCNLDLTDG
GSTNYADSVKGRFTISRDNAKNITVYLQMNSLKPIDTAVYYCNANLDDBM
GTTTYASSVKGRFTISRDNAKNTVYLOQMNSLEPEDAGVYYCNADLVDBS
GSTNYADSVRGRFTISRDNAKNLVFLQMDSLIPE DTAVYFCRRIER---
GSTNYEDSVKGRFTISRDDAKNMVVLOQMNSLIPEDTAIYYCRAIER-----
GSTNYEDSVKGRFTISRDNAKNMVVLOMRSLIPEDTAVYFCRAIER---

GIRIYADSVKERFTISRDNAKN TMYLQMNSLKRBTAVYFCAADYVPFGTM

GSTNYEDSVKGRFTISRDNAKNTVYLQMNSLLPEDTGVYYCNNPGS-
GSTNYEDSVKGRFTISRDNAKNTVYLQMNSLLPEDTGVYYCNNPGS-
GSTNYRDSVKGRFTISRDNAKNVYLQMNSLKPEDTAVYFCNYAGS--
GSTNYRDSVKGRFTISRDNAKN'VYLQMNSLKPEDTAVYFCNYAGS--
DSTNYRDSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYFCNYAGS--
NITTYEDSVKGRFTISRDNAKN TVYLQMSSLRPEDTGVYYCNRAGA:-
DIADYAPSVLGRFTISRDNAKN TVYLQMDSLKPEDTAVYYCNLAGA--
SSTNYADAVKGRFTISRDNAKNTVYLQMNDLKSEDTAVYYCSVLVDB-
GLTNYADSVKGRFTISRDNAKNTMYLQMNSLKRBTAVYY CHF------

GPTNYADSVKGRFTISRDNGKMVYLQMDSLKREDTAVYYCKADRTVVVGE

GSTEYTNSVKGRFTISRDNGKNVYLQMNSLKPEDTGVYSCYADRIQDW
STTNYAESVKGRFTISRDNVKNLVYLQMNSLKPEDTAVYYCNLDRPPRR

GRTRYKDSVKGRFTISRDNAKN'VYLQMNSLKPEDTDIYYCNADSVHYLSD

GSTKYADSVKGRFTISRDNAKNIVFLOMNSLKPEDTAVYYCRADRVAH
GSTNYADAVKGRFTISRDNGKNVYLQMNRLKRIDTAVYYCHADQIW-F
PETYVADSVKGRFTISRDNAK TVSLQMNSLKPEDTAVYFCKASEMDIS
GTPHYVDAVKDRFTIARDNDKNVSLEMTSLKPEDSAVYYCNVDVVTFE
GTTNYEDSVKGRFTISRDNTKNTLYLQMNNLKPEDTAVYLCNGDVRLYD
GTTNYADAVKGRFTVSRDNAKNVTLOQMDSLKPEDTAVYYCYADLPVGH
GGTNYEGSVKGRFTITRRKN- SVYLOMNSLEREDTAVYTCYADLPVGH
DITNYAADVKGRFTISRDNAKN TVYLQMNSLEPEDTAVYTCYADLPVGH
GNTNYADSLKGRFTISRDNSADITVYLQMNNLTPEDTAVYYCNAVVATFQ
GTYYADSVKGRFTISRDNAENTVYLOQMNSLKPEDTAVYYCNAQVAVGN
ISINYADFVKGRFTISRDNAKN TVYLEMNNLYPEDTAVYYCNAQVAVGN
G IDYVDSVKGRFTISMDSAKN TVSLEMNRLKPEDTAVYYCDANVVSTS
G VNYAESVKGRFTISRDNAKNTAYLQMDNLKFEDTAVYYCKANLVSAS
GRANYEDSVKGRFTISRDNAKNVWLQMNSLKPBTAVYYCNADLMGBL
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B2DF10
B1MB3
B1MF2
B1MES5
B1DG3
B1MGS8
B1DG11
B1MB2
B2MA3
B2DG3
B1DH3
B1MA1l
B1DA11l
B1DF12
B2DD6
B2DE3
B1DD10
B2MA8
B1MA4
B1DC7
B1DB2
B1DH10
B2MB7
B2DD10
B2ME1
B2MF1
B2MC6
B2MES8
B2DG2
B2DH6
B2MH8
B2MD12
B1DC1
B1MD5S
B1IMG9
B1DA4
B1MH6
B1MD6
B1MG4
B1ME3
B2MF9
B2MG1
B2MH1
B1MG6
B2MAG6
B2MD9
B2MEG6
B1DG7
B1ME10
B1DB12
B1DDS8
B2DH5
B2MB3
B2ME4
B2MF4
B1MH1
B2MD6
B1IMG1
B2DD11
B2ME12
B1MB4
B1DB6
B2DH1
B2DB9
B2DF6
B2DB6
B2DC6
B2DCS8

SD---
TD--

SG---

GG---

TA--
TA--
TA--
TG
TG
TG---

GSTTYVDSVKGRFTVSRDNGENMILOMNSLKPEDTGVYYCNAKASLFT
GDPTYVDPVKGRFIISRDNAENTVFLOMNSLKPIDTGVYYCNAKATLF
GSATYADPVKGRFTISRDNABN'VFLQMNSLKPEDTGVYYCNAKATLIF
DRTTYADAVKGRFTISRDIAKN TVYLQMNSLKPEDTAVYYCNVKGWSRG
GSTHYSESVKGRFTISEDIASS AVYLOQMSSLKSIDTAVYYCNAGLRSYS
GSAHYAVSVKDRFTISRDNAKNIVYLQMSSLKSEDTAVYYCNAGLRSYS
GTTHYADSVKGRFTISENNAKNTMYLQMSSLKSEDTAVYLCSAGLRSYS
GDTHYADSVKGRFTISRDNAKOVYLQMSSLKSEDTAVYHCNAGLRSY-S
GSTNYADFVKGRFTISRDNGKSVSLQMNSLKPEDTAVYYCNADVTEIS
GVSNYADFVKGRFTISRDSAKNIVSLQMNSLKPIDTAVYYCNAAVTDQT
GVSNYADFVKGRFTISRDSAENTVSLQMNSLEPIDTAVYYCNAAVTDQT
GATNYADFVKGRFAISKDNARMVFLOQMNSLKSEDTAVYYCNFYGRTVD
GTTIYAESVKGRFTITRDNAKN TVNLOMSSLKPEDTAVYYCNVKRVREG
GSTDYIGSVKGRFTISRDNGKNTVDLOMNSLKRIDTAEYYCNADVISLDB
GSTSYTDSVKNRFTISRDNAKNTVYLQMNSLKPEDTAVYYCNAEVFDI=Q
GSTTYQDSVKGRFTISGDNAKN'VYLQMTSLKHEDTAVYYCNANLLDY¥N
GRTNYADFVKGRFBYDNAKN TVYLQMNSLKPEDTAIYYCNIFYT-- D--
GDTSYSDFVKGRFTISGDNGKN VYLQMNSLNREDTAIYYCNMFYT- D--
GSANYADSVEDRFTISRDNAKKITVFLHMNSLKPEDTAVYLCTARVIPIG-
SSTDYADSVKGRFTISRDNAKNIVSLQMNSLKTEDTAVYYCNMDILQY-G
SEIDYADSVQGRFTISRDNAKNTVYLHMNSLKPEDTAVYYCKANVIQMG
SEIDYADSVQGRFTISRDNAKNTVYLHMNSLKPEDTAVYYCKANVIQMG
GTTNYADSVKGRFTTSRDNAKNVYLOQMNSLKPEDTAVYYCKADIWGG
GTTNYADSVKGRFTTSRDNAKNVYLQMNSLKPEDTAVYYCKADIWGG
GTTNYADSVKGRFTTSRDNAKNVYLQMNSLKPEDTAVYYCKADIWGG
GTTNYADSVKGRFTTSRDNAKNVYLQMNSLKPEDTAVYYCKADIWGG
GSTNYADSVKGRFTISRDNAKNTVYLQMNTLKPEDTAVYYCKAERVSG
GSTNYADSVKGRFTISRDNAKNI'VTLOMNSLKPEDTAVYYCNAERVSG
GSTNYADSVKGRFTISRDNAKNITVFLOMNSLKPEDTAVYYCRADRVAH
GSTNYADSVKGRFTISRDNKK TVFLQMNSLKPEDTAVYYCRADRVAH
GSTNYADSVKGRFTISRDNAKNITVFLOMNSLKPEDTAVYYCRADRVAH
GSTNYADSVKGRFTISRDNAKNT'VFLQMNSLKPEDTAVYYCRADRVAH
GSTNYADSVKGRFAVSRDNAKIRVYLQMNSLKPEDTAVYYCNADRVAH
GSTNYADSVKGRFTISRDSAKNIVSLOQMNSLKPEDTAVYYCNADRVAH
GSTNYADSVKGRFTISRDNAKNITVYLQMNSLKPIDTAVYYCNANLDDBM
GSTNYADSVKGRFTISRDIIKR TVYLQMNSLKPEDTAVYYCNAVLVSY-
GSTNYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYYCNADVSH:=
GSTNYADSVKGRFTISRDNGKNVTLOMNSLKPEDTAVYYCNADILGS-
GSTNYADSVKGRFTISRDNAKKIVYLQMNSLRREDTAVYYCNADI LGT--
GITNYADSVKGRFSISRDNAKNTVYLOMNSLKPEDTAVYYCNADGVLSM
GSTNYADSVKGRFTISRDNAKNITVYLQMNSLKPEDTAVYYCNADAAMBP
GSTNYADSVKGRFTISRTRDKNIVYLQMNSLKPEDTAVYYCNADAAMBP
GSTNYADSVKGRFTISRTRDKNIVYLQMNSLKPEDTAVYYCNADAAMBP
GITNYADSVKGRFTIFRDNAEN TVYLQMNSLKPEDTAVYYCNANVVSTS
G INYAESVKGRFTIARDNAKN TVYLQMNSLKPEDTAVYYCNAKIVSTS
G INYAESVKGRFTISRDNAKN TVYLQMNSLEPEDTAVYYCNAKIVSTS
GTTNYADSVKGRFTISMDN®K TVYLQMNSLKPEDTAVYYCNGKVVSTS
G INYADSVKGRFTISMDNAKN TGFLOMNSLKREDTAVYYCNAKIISTS-
D- STYADSVKGRFTISMDNAKNTVYLLMNSLKPEDTAVYYCNANLVSTS
G INYADSVKGRFTISMDNAKN TVSLOQMNSLKPEDTAVYYCNANIVSTS
G INYADSVKGRFTISMDNAKN TVDLOMNSLTPEDTAVYYCNAKLVSTS
G INYADSVKGRFTISMDSARN TAYLQMNSLKPEDTAVYYCNAKVVSTS
G INYADSVKGRFTISMDNAKN TVYLQMNSLKPEDTAVYYCNAKVVSTS
G INYADSVKGRFTISMDNAKN TVYLQMNSLKPEDTAVYYCNAKVVSTS
G INYADSVKGRFTISMDNAKN TVYLQMNSLKPEDTAVYYCNAKVVSTS
IEPNYADSVKGRFTISRDNAKN TVYLOMNNLKREDTAVYYCNADPFYA
GSTNYSDSVKGRFTISRDNAKNITVYLOQMNSLEPGDTAVYYCNADLIVSS
DSTDVADSVKDRFTISRDPAKNTVYLQMNSLKPEDTAVYYCNAQIIPIS--
DNTHYADSVKGRFTISRDNAKNVYLQMNSLKPEDTAVYYCNAQIIPIS--
DNTHYADSVKGRFTISRDNAKNIVYLQMNSLKPEDTAVYYCNAQIIPIS--
DSTIYPESVKGRFTISRDNAKN TVYLQMNSLEPEDTAVYYCNVIR-----
SSTNYADSVKGRFTISRDNAKETVYLQMNSLKPEDTAVYYCNAEIFGOD
GDINYADSVKGRFTISRDNARHTVTLOMNSLKPEDTAVYYCKADGVAGW
GDINYADSVKGRFTISRDN#- TVTLOMNSLKPEDTAVYYCKADGVAGW
GDINYADSVKGRFTISRDNARHTVTLOMNSLKPEDTAVYYCKADGVAGW
GDINYADSVKGRFTISRDNARHTVLLQMVSLKPEDTAVYICKADGVAGW
GDINYADSVKGRFTISRDNARHTVLLQMNSLKPEDTAVYYCKADGVAGW
GDINYADSVKGRFTISRDNARHTVLLOQMNSLKPEDTAVYYCKADGVAGW
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B2MH6
B1DF4
B2MD8
B2DE6
B1MG12
B1MH12
B1IME12
B1IMG5
B1IME1
B1DC6
B2MC11
B1MD11
B1DA2
B1MF11
B1MHS5
B2MD11
B1DE6
B1ME9
B1DF6
B1MA1
B1DE10
B1DE1
B1DF2
B1IMG7
B1DA10
B1DB1
B1DB11
B1DB7
B1DA12
B1DD11

B2DA5
B1DD3
B2DB2
B1MC3
B1MA9
B1DA8
B1DD1
B1DE3
B2DC5
B2DC10
B2DF7
B2DG10
B2MC7
B2DG11
B2MF6
B2DE2
B2MC10
B2DD3
B2DB1
B2DC9
B2DEL
B2DF1
B2DF2
B2MD5
B2DB7
B2DC1
B2DD4
B2DE7
B2DH11
B1DC10
B1DD9
B1DA9
B1DB10
B1DF10
B1DF1
B1MC2

TG--- GDINYADSVKGRFTISRDNARHTVLLQMNSLKPEDTAVYYCKADGVAGW
SG--- GTTTYSDSVKGRFTISRDNAQNIVYLQMNSLKPIDTAVYYCNAVVATRFQ
SG--- GITNYADSVKGRFTISRDNAKNTVYLQMNSLEPEDTAVYTCYADLPVGH
SG--- ISTNYADSVKGRFTISRDNAKN IVYLEMNSLKPE DTAVYYCNAQVAVGN
SG--- GSLNYADSVKGRFTISRDNAKNIVYLQMNSLKSEDTAVYYCNAQVAVGG
SG--- GSLNYADSVKGRFTISRDNAKNIVYLOMNSLKSEDTAVYYCNAQVAVGG
GT--- GNTNYADSVKGRFTVSRDGAKNWHLQMSSLEPEDTAVYYCYARLU----
GG--- GQTNYADSVKGRFTFSRDGARNGYLQMNVLKREDTAVYYCNARVIVYS
ND--- GMTDYADSVKGRFTISRDNAKNVYLQMNSLKPEDTAVYVCNADGVVBY
SG--- GRTNYGDSVAGRFTISRDNGKNVYLQMNSLKPEDTAVYYCNADRIWAG
SD--- DITDYAPSVKGRFTISRDNAKN TVYLQMDSLKPEDTAVYYCNLA-----
AS--- GSTNYGDSVKGRFTISRDNAKNMYLQMNSLKRBTAVYYCNADLMVIG
SG--- GVTNYADSVKGRFTISRDNAKNIVYLQMNSLKPEDTAVYYCNTA-----
SG--- GVTNYADSVKGRFTISRDNAKNIVYLQMNSLKPEDTAVYYCNTA-----
SG--- GVTNYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYYCNTA-----
SG--- GSTNYADSVKGRFTISKDNAKNIVYLQMNSLEPEDTAVYYCNTA-----
SG--- GSTNYADSVKGRFTISRDGAKNVYLQMNNLKREDTAVYYCNTA-----
SG--- GSTNYADSVKGRFTISRDGAKNVYLQMNNLKREDTAVYYCNTA-----
SG--- GSTNYADSVKGRFTISRDGAKNVYLQMNNLKREDTAVYYCNTA-----
SG--- GSTDYADSVKGRFTVSRDNAKRVYLQMNSLKPEDTAVYYCNTA-----
SG--- GSTDYADSVKGRFTISRDNAKNIVYLQMNSLKPEDTAVYYCNTA-----
SG--- GSTNYADSVKGRFTISRDNAKNIVYLQMNSLKPEDTAVYYCNTA-----
SG--- GSTNYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYYCNTA-----
SG--- GSTEYADSLKGRFTISGDNSKNIVYLQMNSLKPEDTAVYYCNVDVVTFE
SG--- GSTNYADSVKGRFTISRDNAKNTMYLQMNSLKFETAVYYCHSRMSELG
SG--- GSTNYADSVKGRFTISRDNAKNMVYLQMNSLKTEDTAVYYCNSQMSELG
SG--- GSTNYADSVKGRFIISRDAKN- AVYLQMNSLKTEDTAVYYCNSQMSELG
SG--- SSTNYADSVKGRFTISRDNAKNTMYLQMNSLKRITAVYYCKCSAISTM
SG--- SNTNYADSVKGRFTISRDNAKNIVYLQMNSLKPEDTAVYYCQCSAVTTE
SG--- SSTNYADSVKGRFTISRDSAKNTVYLQMNSLKPEDTAVYYCKCSAITIE -
*e * - *

* *e .

----- TLSSGYEYWGQGTLVTVSSAAAHHHES3IH
----- SLSSGYEYWGQGTQVTVSSAAAHHHEBBIH
----- TLASGYEYWGQGTQVTASSAAAHHHRBBIH
----- TLSSGYEYWGQGTLVTVSSAAAHHHES3H
----- TLSSGYEYWGLGTQVTVSSAAAHHHES3IH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBIH
----- TLSSGYEYWGQGTLVTVSSAAAHHHES3IH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBIH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBIH
----- TLSSGYEYWGQGTQVTVSSAAAHHHBRH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBIH
----- TLSSGYEYWGQGTXESAAAHHHHHEBS
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBIH
----- TLSSGYEYWGQGTLVTVSSAAAHHHES3H
----- ILSSGYEYWGQGTQVTVSSAAAHHHHBEH
----- TLSSGYEYWGQGTLVTVSSAAAHHHES3H
----- TLSSGYEYWGQGTLVTVSSAAAHHHES3IH
----- TLSSGYEYWGQGTLVTVSSAAAHHHES3H
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBIH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBH
----- TFSSGYEYWGQGTQVTVSSAAAHHHRIBIH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBIH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBIH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBH
----- TLSSGYEYWGQGTLVTVSSAAAHHHES3H
----- TLSSGYEYWGQGTIMXESAAAHHHHHEB3
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBIH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBIH
----- TLSSGYEYWGQGTQVTVSSAAAHHHRBBH
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B2DA6 - SYWYPDSIESGYWGQGTQVTVSSAAAHHHBTHH
B1DH5 - SYWYPDSIDSGYWGQGTQVTVSSAAAHHHMHH
B1MF6 - SYWYPDSIDSGYWGQGTQVTVSSAAAHHEB4HH
B2MG4 ---- ATTRTEYDYWGQGTQVTVSSAAAHHHIAH
B2MH4 ---- ATTRTEYDYWGQGTQVTVSSAAAHHHIAH
B2DA8 GTCGLGMGNDYDHWGQGTQVTVSSAAAHEHBEHHH
B2MA1 GTCGLGMGYEYDHWGQGTQVTVSSAAAHHBBIHH
B1DH11  GTMNCLNHYGMDYWGKGTQVTVSSAAAHHBMHHH

B1MH3 -- CSYYYPSRLAYRGQGTQVTVSSAAAHHHRKBHAH
BIMH10  -------- YEYDYWGQGTQVTVSSAAAHHHEBHH
B1DF11  -------- DDYDYWGQGTRXESAAAHHHHHEBL
B2DD8 - NDYDYWGQGTLVTVSSAAAHHHESIH
B1DC2 - YEYDYWGQGTQVTVSSAAAHHHI3H
B1IMF12  -------- YEYDYWGQGTLVTVSSAAAHHHHSH
B2DC4 ----  SPVRAFYDYWGQGTLVTVSSAAAHHHIZAEH
B2DB11 = --------- TGRPRGQGTLVTVSSAAAHHHHRIG
BIMFO - TGRPRGQGTQVTVSSAAAHHHH2H
B1DB4 = -----ee- TGRPRGQGTQVTVSSAAAHHHH2H
BIMC9  ----me-- TGRPRGRGTLVTVSSAAAHHHHBRE6
B1DC4 - TGRPRGQGTLVTVSSAAAHHHHRG
B1IMB1 ~ --------- TGRPRGQGTLVTVSSAAAHHHHBEG
B1DE5  --------- TGRPRGQGTQVTVSSAAAHHHH2H
B1DH2  --eee- TGRPRGQGTQVTVSSAAAHHHH2H
B1DE7  ----eee- TGRPRGQGTQVTVSSAAAHHHH2H
B1IMD1 = ----e-e-- TGRPRGQGTLVTVSSAAAHHHHBRG
BIMG10 -- R-- DFLDYDVRGQGTLVTVSSAAAHHHHSBIH
B2MH5 - R DVRGQGTQVTVSSAAAHHHH P
B2DB12  --------- GTDLKGQGTQVTVSSAAAHHHHREA
B2MG6 =~ --------- GTDLKGQGTQVTVSSAAAHHHHREA
B2DC3 - GTDLKGQGTQVTASSAAAHHHHREA
BIMC4  ----me-- GTDLKGQGTQVTVSSAAAHHHHREA
B1DD2 --- ISADSADSNLRGQGTQVSSAAAHHHHHLEB3
B1DG2  -------- VDSAYLGQGTQVTVSSAAAHHHHERHH
B2DG8 - IDSDFLGHGTLVTVSSAAAHHHHHEH
B2DB8 - IDSDFLGHGTQVTVSSAAAHHHHLS
B2MD4 - IDSDFLGHGTQVTVSSAAAHHHHES
B2DE1l1 = -------- IDSDFLGHGTQVTVSSAAAHHHHLS
B2NAS --- SA-- RDSGFWGQGTQVTVSSAAAHHHRBBIH
B2MB5 --- SA-- RDSGFWGQGTQVTVSSAAAHHHRBBIH
B2MC5 --- SA-- RDSGFWGQGTQVTVSSAAAHHHRBBIH
B2DC2 --- PDK-- QRGYWGQGTLVTVSSAAAHHHEBOH
B2MG7 --- DDEGYSGMDYWGKGTQVTVSSAAAHHEBIHH
B1IMC12 -- WLSSQERDFHYWGQGTQVTVSSAAAHHRBEHH
B1MH9 -- WLSSQERDFHYWGQGTLVTVSSAAAHHE®HH
B1DB8 --- RLRFNRMIDYWGQGTQVTVSSAAAHHHEBIH
B1DG6 --- RLRFNRMIDYWGQGTLVTVSSAAAHHHES3H
B1DG9Y9 --- RLRFNRMIDYWGQGTQVTVSSAAAHHHEBIH
B1IMD7 - RGVGTQVTVSSAAAHHHHE2H
B2ME11l  ------e-eee- RGVGTQVTVSSAAAHHHHE2H
B2MD7 - RGVGTQVTVSSAAAHHHHE2H
B2DG12  ------eeeeee- RGVGTLVTVSSAAAHHHHHM
B2DF4 - RGVGTQVAVSSAAAHHHHIZ2H
B2MD3 = ---meeeeeeee- RGVGTQWSSAAAHHHHHER1
B2ME3 = ----e- RGVGTQVTVSSAAAHHHHE2H
B2DD2 = ---meeeeeeee- RGVGTQVTVSSAAAHHHHE2H
B2DD12  ------m-m-- RGVGTQVTVSSAAAHHHHE2H
B2DH10  ------m-eee- RGVGTQVTVSSAAAHHHHE2H
B2MC1 = - RGVGTQVTVSSAAAHHHHE2H
B2MD1 =~ - RGVGTQVTVSSAAAHHHHE2H
B2DF9 - RGVGTQVTVSSAAAHHHHE2H
B2DE12 = ------eeeeee- RGVGTLVTVSSAAAHHHHHM
B2MG9 = - RGVGTQVTVSSAAAHHHHE2H
B2MH9 - RGVGTQVTVSSAAAHHHHE2H
B2MF2 - - RGVGTLVTVSSAAAHHHHHM
B2MF3 - RGVGTQVTVSSAAAHHHHE2H
B2MH3 - RGVGTQVTVSSAAAHHHHE2H
B2DD9 -- ALPSRSGSYPYWGQGTLVTVSSAAAHHHBHH
B1MH7 -- AVPSASGSYPNWGQGTLVTVSSAAAHHHBHH
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B1MES
B1MF7
B1MA10
B1MD9
B2DH3
B2DA11l
B2DG6
B1MB11
B1IME11l
B2DG4
B1DA1
B1DH9
B2MA10
B2MA12
B2DD7
B2DES
B2DHS8
B2MA9
B2DB4
B2MF11
B2DH9
B2MF12
B2DC11
B2MB2
B1MA2
B1DA7
B2DF12
B2DA4
B2DH2
B1DBS
B1DC5
B1DC8
B1MAG
B2MD2
B1MC8
B2DF11
B2DF3
B1DC3
B1MF8
B2DC12
B2MA7
B1MA3
B2MB12
B1MB5
B1MB6
B2DA2
B2MF8
B2ME10
B2MH7
B1DC12
B1ME7
B2MB8
B2MB6
B1MF5
B1MG11
B1MF10
B1MG2
B2DD5
B2MG12
B1MD3
B1DF5
B2DA3
B2DA7
B2MB1
B2MCS8
B1ME4
B1DE9
B1MC7

AVPALSGSYPYWGQGTQVTVSSAAAHHHBIHH
-- AVPALSGSYPYWGQGTQVTVSSAAAHHHBIHH
-- ALPSASGSYPYWGQGTLVTVSSAAAHHHRIHAH
-- VLPSASGSYPYWGQGTQVTVSSAAAHHHBIHH
--- NLWDINEYDSWGQGTQVTVSSAAAHHHBHH
- 1G--- AVWYDYWGQGTQVTVSSAAAHHHBBIH
- IG--- AVWYDYWGQGTQVTVSSAAAHHHBEHH
- 1G--- ATWWDYWGQGTLVTVSSAAAHHHBBH
- 1G--- ATWWDYWGQGTLVTVSSAAAHHHBEHH
-- IEYTDYKEYDYWGQGTQVTVSSAAAHHHESEH
- YVPSNGYDVQYWGKGTLVTVSSAAAHHHBEHH
-- YVPSNGYDVQYWGKGTQVTVSSAAAHHES3IHH
----- WPVHTALYWGQGTQVTVSSAAAHHHRHH
----- WPVHTALYWGQGTQVTVSSAAAHHHBEH
----- WPVHTALYWGQGTQVTVSSAAAHHHBRH
----- WPVHTALYWGQGTQVTVSSAAAHHHBEH
----- WPVHTALYWGQGT®¥SAAAHHHHHEB2
----- WPVHTALYWGQGTLVTVSSAAAHHHRBRH
- YGLGSLYEYDYWGQGTLVTVSSAAAHHHBASIH
-- SGWGPLYDYDYWGRGTQVTVSSAAAHHRBRAHH
-- SGWGPLYEYDYWGQGTQVTVSSAAAHHRBHKHH
-- SGWGPLYEYDYWGQGTLVTVSSAAAHHEB6HH
-- SGWGPLYEYDHWGQGTQVTVSSAAAHHRBBEHH
-- SGWGPLYEYDHWGQGTQVTVSSAAAHHIBEHH
AGWGPGYEYDYWGQGTQVTVSSAAAHHBBHHH
-- SGWGPLYEYDYWGQGTLVTVSSAAAHHEB6HH
-- SGWGPLYEYDYWGQGTQVTVSSAAAHHBEHH
-- SGWGPLYEYDYWGQGTQVTVSSAAAHHRBEHH
-- SGWGPLYEYDYWGQGTLVTVSSAAAHHEB6HH
-- SGWGPLYEYDYWGQGTQVTVSSAAAHHRBEHH
--------- VLDYWGQGTQVTVSSAAAHHHHH
--------- VLDYWGQGTQVTVSSAAAHHHEHH
--------- VLDYWGQGTQPVSSAAAHHHHHLERO
---  LGIRRPVYYWGQGTQVTVSSAAAHHHERIH
--- VWGTSTRRYWGQGTQVTVSSAAAHHES2HH
---- TAGFQASDYWGQGTQVTVSSAAAHHHBIHH
---  AARFQVTSYWGQGTLVTVSSAAAHHHHH
---- TARFQVTDYWGQGTQVTVSSAAAHHHBHH
--------- EYDWWGRGTQVTVSSAAAHHHRAH
---- DRPSWGIDYWGPGTQVTVSSAAAHHHRHH
---- DRPSWGIDYWGKGTQVTVSSAAAHHHBRHH
---- DRPSWGIDYWGKGTQVTVSSAAAHHHBEH
---- DRPSWGIDYWGKGTLVTVSSAAAHHHIIAH
----- YSGTWGTYWGQGTQVTVSSAAAHHEROHH
----- STIWSGDYWGQGTQVTVSSAAAHHHRBBIH
----- HDIDRGHYWGQGTLVTVSSAAAHHHESEH
----- HDIYRGNYWGQGTQVTVSSAAAHHHRBBH
------ SDRRLPYWGQGTLVTVSSAAAHHHEEH
------ SDRRLPYWGQGTQVTVSSAAAHHHEAAH
------ SDRRLVYWGQGTQVTVSSAAAHHHRAAH
------ SDRRLVYWGQGTQVTVSSAAAHHHEAAH
------ SDRRLVYWGQGTQVTVSSAAAHHHRAAH
----  YDLRRSSGYWGHGTLVTVSSAAAHHHBHH
---- YSSRREFRYWGQGTY®¥SAAAHHHHHLEBO
----  YSSRREFRYWGQGTQVTVSSAAAHHHBMHH
---- YSSRREFRYWGQGTQVTVSSAAAHHHBMHH
----  YSSRREFRYWGQGTQVTVSSAAAHHHBMHH
---- FGTDRLTTYWGQGTQVTVSSAAAHHHRBRH
---- FGTDRLTTYWGQGTLVTLSSAAAHHHHH
----- DTRRPFPYWGQGTQVTVSSAAAHHHBGIH
----- DMRRPLPYWGQGTQVTVSSAAAHHHBMHH
----- DMRRPLPYWGQGTQVTVSSAAAHHHBMHH
----- DMRRPLPYWGQGTQVTVSSAAAHHHBMHH
----- DMRRPLPYWGQGTQVTVSSAAAHHHBMHH
----- DMRRPLPYWGQGTQVTVSSAAAHHHBMHH
----- LMRRRLNYWGQGTQVTVSSAAAHHHABMHH
----- VLRRRMDYWGQGTQVTVSSAAAHHHBMHH
----- VLRRGRTYWGQGTQVTVSSAAAHHHBBIH
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B2MG10
B1MB10
B1MH2
B1MD8
B1DD6
B1MB9
B1DD7
B1MD12
B2MG5
B1DG10
B1ME2
B2DG7
B2MB9
B2DE4
B2MG11
B1DH1
B1MD4
B2ME2
B2DG1
B1MC5
B2DA10
B2DF10
B1MB3
B1MF2
B1MES
B1DG3
B1IMGS8
B1DG11
B1MB2
B2MVA3
B2DG3
B1DH3
B1MA11l
B1DA1l
B1DF12
B2DD6
B2DE3
B1DD10
B2MA8
B1MA4
B1DC7
B1DB2
B1DH10
B2MB7
B2DD10
B2ME1
B2MF1
B2MC6
B2MES8
B2DG2
B2DH6
B2MH8
B2MD12
B1DC1
B1MD5
B1IMG9
B1DA4
B1MHG6

--------- GHIYWGQGTQVTVSSAAAHHHHRHH
--------- GKVYWGQGTOXSSAAAHHHHHERS
--------- GKVYWGQGTLVTVSSAAAHHHHEH
- WLSSQERDFHYWGQGTQVTVSSAAAHHE3AHH
----------- YSWGQGTQVTVSSAAAHHHHMH
----------- YSWGQGTQVTVSSAAAHHHHMH
----------- YSWGQGTLVTVSSAAAHHHH BB
----------- YYWGQGTQVTVSSAAAHHHHREH
----------- YYWGQGTLVTVSSAAAHHHH B
----------- YVWGQGTLVTVSSAAAHHHHEIR
----------- YRWGQGTQVTVSSAAAHHHHMH
~ W-- EGRRLNYWGQGTLVTVSSAAAHHHIZEH
------- YHSYHYWGQGTQVTVSSAAAHHHEBIH
------- YREQSFWGQGTQVTVSSAAAHHHBIHH
----- SGRYWTNFWGQGTQVTVSSAAAHHEBHH
----------- MNWGKGTLVTVSSAAAHHHHRH
-~ YG GTRNEYGIWGQGTLVTVSSAAAHHHHBSH
- QD PTRYEYGYWGQGTIWSSAAAHHHHHLB3
- G GERYEYNYWGQGTLVTVSSAAAHHHIBHH
----- G RAQSTYWGQGTLVTVSSAAAHHHEAIH
----- DPLRAWSYWGQGTLVTVSSAAAHHHAHH
----- RPYWPIPYWGQGTLVTVSSAAAHHHESH
----- RDYFSMPYWGKGTLVTVSSAAAHHHI3®H
----- RDYFSMPYWGKGTLVTVSSAAAHHHI3MH
----- RDYFSMPYWGKGTLVTVSSAAAHHHI3®H
----- LRDYGINYWGEGTLVTVSSAAAHHHHBH
----- RDYFGMDYWGEGTLVTVSSAAAHHHESBIH
----- RDYFGMDYWGKGTQVTVSSAAAHHHBIHH
----- DPIREWKYWGQGTQVTVSSAAAHHHIEBIH
----- DSIREWTYWGQGTQVTVSSAAAHHHIBAH
----- D- GRRLKYWGQGTQVTVSSAAAHHHIZBIH
----- DWNRTWNYWGQGTQVTVSSAAAHHIBHHH
----- DWNRAGNYWGQGTQVTVSSAAAHHI3HHH
----- DWNRRGNYWGQGMNSSAAAHHHHHEB1
-------- NIFDLWGKGTQVTVSSAAAHHHHIABI
------- VRYPEVWGQGTQVTVSSAAAHHHIBIH
------- VRYPEVWGQGTQVTVSSAAAHHHIZBIH
------- VRYPEVWGQGTLVTVSSAAAHHHHISH
------- VRYPEVWGQGTLVTVSSAAAHHHHSH
----- WPYPVVKYWGQGTQVTVSSAAAHHHBIHH
----- WSWREVNYWGQGTQVTVSSAAAHHBHHH
----- WSWREVNYWGQGTQVTVSSAAAHHIBHHH
----- DYARNWNHWGQGTQVTVSSAAAHHEHH
----- DIIPAWIAWGQGTQVTVSSAAAHHHHI3E
----- MGYRSLHYVRGTQVTVSSAAAHHHHHM
----- MGHRYLKLWGQGTLVTVSSAAAHHHI3HH
----- LGYRSIEVWGQGTLVTVSSAAAHHHHBH
----- YNGHNFNSWGQGTQVTVSSAAAHHHREHH
----- YDTHNFNSWGQGTQVTVSSAAAHHHRHH
----- E- YRDLDLWGQGTLVTVSSAAAHHHHBCH
----- YDPRSWNSWGQGTQVTVSSAAAHHESAHH
----- N- YRYFPFWGQGTLVTVSSAAAHHHHBCH
----- N- YRYFPFWGQGTQVTVSSAAAHHHESAH
- QFGTDRLTTYWGQGTQVTVSSAAAHHHBRIH
- QFGTDRLTTYWGQGTLVTVSSAAAHHHI3RH
- QFGTDRLTTYWGQGTQVTVSSAAAHHHBRIH
- QFGTDRLTTYWGQGTQVTVSSAAAHHHBRIH
------ RHTWREIWGRGTQVTVSSAAAHHHIZEH
------ DHTWLEVWGRGTLVTVSSAAAHHHIZEH
- QDPTRYEYGYWGQGTQVTVSSAAAHHEB3HH
- QDPTRYEYGYWGQGT@SSAAAHHHHHLEB3
- QDPTRYEYGYWGQGTQVTVSSAAAHHEB3HH
- QDPTRYEYGYWGQGTQVTVSSAAAHHEB3HH
- QDPTRYWYNFWGQGTQVTVSSAAAHHE3EHH
- QDPTRYWYNYWGQGTQVTVSSAAAHHI3AHH
- VL- RRRMDYWGQGTQVTVSSAAAHHMHBMHH
- RL- GPRGDYWGQGTQVTVSSAAAHHHBHH
- SDA VRYYRHWGQGTQVTVSSAAAHHHAHH
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B1MD6
B1MG4
B1ME3
B2MF9
B2MG1
B2MH1
B1IMG6
B2MAG6
B2MD9
B2MEG6
B1DG7
B1ME10
B1DB12
B1DD8
B2DH5
B2MB3
B2ME4
B2MF4
B1MH1
B2MD6
B1IMG1
B2DD11
B2ME12
B1MB4
B1DB6
B2DH1
B2DB9
B2DF6
B2DB6
B2DC6
B2DC8
B2MH6
B1DF4
B2MD8
B2DEG6
B1MG12
B1MH12
B1ME12
B1IMG5
B1ME1
B1DC6
B2MC11
B1MD11
B1DA2
B1MF11
B1MH5
B2MD11
B1DEG6
B1ME9
B1DF6
B1MA1
B1DE10
B1DE1
B1DF2
B1IMG7
B1DA10
B1DB1
B1DB11
B1DB7
B1DA12
B1DD11

DYG YRYLPIWGQGTLVTVSSAAAHHHHRBH

DYG YRYLRIWGQGTLVTVSSAAAHHHHRBH

DYG YRYLGVWGQGTQVTVSSAAAHHHRBEH
YMG YRYLRRWGQGTQVTVSSAAAHHHHBR

YMG YRYLPLWGQGTQVTVSSAAAHHHES2H
YMG YRYLPLWGQGTQVTVSSAAAHHHES2H
D-- SIREWLYWGQGTQVTVSSAAAHHHESH
D-- SIREWTYWGQGTQVTVSSAAAHHHEBGH
D-- SIREWTYWGQGTQVTVSSAAAHHHESEH
D-- SIREWSYWGQGTQVTVSSAAAHHHIEBHH
D-- SIREWSYWGQGTQVTVSSAAAHHHIEIAH
D-- SIREWTYWGQGTQVTVSSAAAHHHEBAH
D-- SIREWKYWGQGTLVTVSSAAAHHHEBIH
D-- SIREWTYWGQGTQVTVSSAAAHHHESEH
D-- SIREWTYWGQGTQVTVSSAAAHHHEBAH
D-- SIREWSYWGQGTQVTVSSAAAHHHIEAH
D-- SIREWSYWGQGTQVTVSSAAAHHHEBEH
D-- SIREWSYWGQGTQVTVSSAAAHHHIEZAH

--- GRNWNTWGQGTQVTVSSAAAHHHIHH

D-- SLREWRYWGQGTQ8SAAAHHHHHEBL

D-- PIRSYYYWGQGTQVTVSSAAAHHHHEH
D-- PIRSWPYWGQGTQVTVSSAAAHHHI3HH
D-- PIRSWPYWGQGTQVTVSSAAAHHHIBHH

-~  SGQSAWGQGTQVTVSSAAAHHHEEH

VWGTSTRRYWGQGTQVTVSSAAAHHHESAH
D- RPSWGIDYWGKGTLVTVSSAAAHHHES2H
D- RPSWGIDYWGKGTQVTVSSAAAHHHBRIH
D- RPSWGIDYWGKGTQVTVSSAAAHHHERIH
D- RPSWGIDYWGKGTQVTVSSAAAHHHBRIH
D- RPSWGIDYWGKGTQVTVSSAAAHHHBRIH
D- RPSWGIDYW&TQVTVSSAAAHHHHHB?
D- RPSWGIDYWGKGTLVTVSSAAAHHHES2H
L-- RDRGMPYWGKGTQVTVSSAAAHHHBIHH
- DYFSMPYWGQGTQVTVSSAAAHHHABHH
R-- DYFGMDYWGRGTQVTVSSAAAHHHBIHH
- DYFGMDYWGEGTQVTVSSAAAHHHABIHH
R-- DYFGMDYWGEGTQVTVSSAAAHHHABIHH
DYDLRRPLPYWGQGTLVTVSSAAAHHHRBBAH
DYGGPREYDYWGQGTQVTVSSAAAHHEE3HH
V-- LRRSLNYWGHGTQVTVSSAAAHHHEBH
A-- ERYEYNYWGQGTQVTVSSAAAHHHAHH

L

L

--- - GAYRWGQGTLVTVSSAAAHHHHZH

D-- SFRSYTYWGQGTLVTVSSAAAHHHHIH

---- GAYRWGQGTLVTVSSAAAHHHH2H
- GAYRWGQGTQVTVSSAAAHHHIZAH
---- GAYRWGQGTQVTVSSAAAHHHIZAH
- GAYRWGQGTLVTVSSAAAMHIHIHL22
---- GAYRWGQGTQVTVSSAAAHHHIZAH
- GAYRWGQGTQVTVSSAAAHHHIZAH
---- GAYRWGQGTQVTVSSAAAHHHIZAH
- GAYRWGQGTQVTVSSAAAHHHIZAH
---- GAYRWGQGTQVTVSSAAAHHHIZAH
- GAYRWGQGTQVTVSSAAAHHHIZAH
---- GAYRWGQGTLVTVSSAAAHHHEI2H

D-- PLRAWSYWGQGTLVTVSSAAAHHHRBHH
D-- WNREYDYWGQGTQVTVSSAAAHHEIHH
D-- WNREYDYWGQGTQVTVSSAAAHHEHIHH
D-- WNREYDYWGQGTQVTVSSAAAHHEIHH
D- PVREYYYWGLGTQVTVSSAAAHHHERIH
D-- PVREWYYWGQGTLVTVSSAAAHHHHAHH
D- PVREWYYWGQGTLVTVSSAAAHHHAHH

* k% k+ kkkkkkkkkkk
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4. Design of Experiments Optimisation of tHéytoplasmic Production of
anti-bLinS Wy Antibodies

Authors: Jonathan Wilkes, Anthony Scdtticker, Tom Crabbe and Nigel S. Scrutton

Contributions: JW wrote the manuscript and performed experimental work with guidance from
AST, TC and NSS.

4.1. Abstract

The production of proteins containing disulphide bond€stherichia cols a challenging and
often time consuming endeavour. Targeting of the protein to theigdasm,or production as
inclusion bodies and subsequent-f@ding in vitro, are commonly ued 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 andtadyst systems that facilitate the formation of disulphide

bonds within the cytoplasm have been developed.

Using a Design of Experiments (DoE) methodolagRartial Least Squares Regression (PLSR)
model was constructed so as to identify a series of optimised production conditiotiseftlama
heavy chain variable domaingy B2D C10which had previously been isolated from an immune
Vun phage display libraryThe addition of an Kerminal Hig Stag and ceproduction of the
CyDisCo catalysts in SHuffle T7 Express, when induced with 50 mM arabinose and the
temperature subsequently lowered to 23°C resulted in an 8®ld improvement in B2D C10
production. The three best performing production catimtis were taken forward and used to
evaluate the functional production of a series of ¥4 that had previously been identified as
Streptomyces clavuligerlisalool synthase (bLinS) bindeisgain, the addition of an-rminal

Hig Stag and ceproduction of the CyDisCo catalysts riésd in the greatest level of
production These conditions facilitated the production of 12 (50 %) of @né-bLinSVyy
selected, a significant improvement over the 5 (20.8 %) that could be prddpder to

optimisation andco-production of the CyDisQmatalysts.

The development of a platform for the cytoplasmic production of functional i E. coli
facilitates further investigations into the potential synthetic biology applicationardgi-bLinS
Vuw 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 apjdiog, including biesensing,
diagnostics and therapeutics. Full length antibodies typically require production in mammalian
cell culture systeméLi et al., 2010; Omasa et al., 201@)order to ensure that the necessary
posttranslational modifications r@ 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 systefffi&binson et al., 2015 he development of
recombnant 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 h@Btenzel et al., 2013)The educed size of
these fragments eliminates the requirement forglcosylation. 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 retentibfunction. The production

of recombinant proteins in prokaryotic host organisms suckssherichia cofias facilitated the
development of numerous novel technologies and large scale production of many high value
moleculegLeferink et al., 2016; Paddet al., 2013)This is in large part due to the general ease

of use ofE. colias a chassis and a wdtbcumented 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 straingRosano and Ceccarelli, 201¥Yhen considerindgt. colias 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 mitochondrigRiemer 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 bondgRiemer et al., 2009)n prokaryotesdisulphide bond formation occurs within

the periplasm under the control of the Dsb protein fan(iGollet andBardwell, 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 usisigihal peptides such as ompA or pédckolosky and
Szoka, 2013)However, due to the relatively limited volume of the periplasmic sg&teck et

al., 1997)and a tendency for the secretion machinery to become overloaded during protein
overproduction(Sdilegel et al., 2013)protein yields tend to be lower than those observed in

the cytoplasm. In an effort to circumvent these issyg®duction strains in which the pathways
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responsible for maintaining the reducing environment within the cytoplasm areigtigrtor
completely disrupted, such that disulphide bond reduction within the cytoplasm is inhjbited
have been developedTypically these strains target one or both of the NARBpendent
gor/trxB reductases, with mutations iraphC necessaryto overcome he growth defects
assocated with the double knockout§Bessette et al., 1999; Derman et al., 1993; Ritz et al.,
2001; Stewart et al., 1998Commercially available examples of such strains include Origami
(Novagen)and SHuffle (New England Biolabs), witle SHuffle system also constitutively
producing the disulphide bond isomerase DghGbstein 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 wels ¥ariable production levels of the protein of interest due to the lack

of an active catalyst of disulphide bond formatorD D OA F NI .S | f X HaAMT O

Efforts to further mimic the native eukaryotic mechanisms for disulphide bond formation in
prokaryotes inclde the cae and preproduction 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 bondsDNOA I NI Si I éhét®tabnmT =
2010; Nguyen et al., 2011)n an initial investigation, th&accharomyces cerevisiaelfhydryl

oxidase Ervlp and the matuie. coliDsbC were cproduced alongside proteins containing
multiple disulphide bonds. This approach resulted in ifitgantly greater production of
functional protein in the BL21 (DE3) pLysSRARE strain that had its reducing pathways intact,
O2YLJI NBR (2 (iFSNukBidodhle Bndckoiit istiain kosettgami (Hatahet et al.,

2010) Further refinement of this systerfiermed 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 vari@yaflistrains6 DN OA I NJ S
2017, D16; 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-gptimal conditions being taken
forward. This is especially true within biology in which complex interactions, such as those
between envirmmental and genetic factors, may have significant effects ohasenresponse.
Therefore when looking to optimise such a systeinis important that an appropriate
experimental design is selecteéd order to obtain the maximum amount of information ineth

minimum number of experimentDesign 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 Du#sign a
structured experiment providestatistical insights and modelling to betteinderstand 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 substitutiongGovindarajan et al., 2015% undersand and optimise metabolic pathways

for the production of various metabolite@Brown et al., 2018; Xu et al., 201&hd for the

evaluation and development of improved translational riboswitcfiesnt and Dixon, 2019)

This work describes the optimisatiofithie cytoplasmic production of the llama atiLinS heavy

chain variable domain () B2D C10 i&. coliusinga Design of Experiments approach. B2D C10
had previously been identified as the most commonly occurring bLinS binder following the
constructionand subsequent enrichment of an immungy\phage display librarfChapter

3.4.8) The input variables selected for inclusion in the design included; the choice of production
AUGNIAY OAYyOf dzRAY 3T (i AE NKBXGUSIE Kaockdutf strain SHI@ ITA € | 0 €
Express), the eproduction of the CyDisCo catalysts, the presence of shaeriNinal tags, the
amount of inducer added and the incubation temperature following induction. The response
variable chosen as a metric for the cytoplasmic productiorfuoictional antiLinS My 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 whigdrved to highlight important variables affecting B2D C10
production and to identify optimised production conditions. Following the demonstration that
these conditions facilitated a82-fold increasen the yield of functional B2D C10, a subsequent
investigation was performed to determine if these improved production conditions for the V
B2D C10 also resulted in the enhanced production of other members of the enrichdoLa$8i

Vunlibrary.

4.3. Methods
4.3.1. Design of Experiments & PLS Regression Analysis

Design 6 Experiments, statigtal analysis and partial leasuares regressioffPLSRwas
performed usng JMP Pro 12 (SAS Institut€he Custom Design tool was used to create-an |
optimal experimentaldesign 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 itselfen tardest for
curvature). The experimental design consisted of a mixture of categorical and continuous input

variables (experimental factors). The categorical variables used in the design vienmihal
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tag (None, His Hig -TEV and HiStag), CyDisCO b 2% |, S&40 YR aUNI Ay 0Ob¢
Express and SHuffle T7 Express). The continuous variables were arabinose concentration (0.1
50 mM) and post induction temperature (18 ¢ 30 °C). The cytoplasmic production of
functional antiLinS M, wasdetermined by ELISA; as such the absorbance at 630 nm minus the
absorbance at 490 nnd Kedhaog) Was used as the response variable. The resultant design
consisted of 42 experimentsS@pplementary Information Table) 4vhich were performed in
parallelin bidogical triplicate (n = 3)N-terminal tag and CyDisCo sequences can be found in

Supplementary Tables& 6 respectively.

Modelling of the experimental data was performed by PLS. Model validation was performed
using leaveone-out cross validation (LOOCaf)d the SIMPLS (Statistically Inspired Modification
of the PLS method)de Jong, 1993lgorithm. The Root Mean Predicted Residual Error Sum of
Squares (RNPRESS) statistic was used to determine the optimal number of factors (latent
variables) within the radel. 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 simpl& mbadel

which was validated using the methedescribed above.

4.3.2. Vector Construction

For the construction of vectors containing the CyDisCo catalyst systend OA I NI S{ |
2016; Hatahet et al., 2010; Nguyen et al., 20dddon optimised genes for the cerevisiadAD

linked sulfhydryl oxidasdrvlp and mature human PDI were synthesised (Integrated DNA

¢ SOKy2t23ASaod ¢KS /&5Aaa/2 OFrdrtead OlFaaSiaid
designed using the Ribosome Binding CalculéEspah Borujeni edl., 2014; Salis et al., 2009)

and the rhaB promoter (Giacalone et al., 2006jCoding sequences cane bfound in
Supplementary Table)6Initially the synthesised CyDisCo fragment was cloned into the PCR
linearised pBbES8K vector (pBbE8k CyDisCo FwpgirRers, Supplementary Tablg Wsing an In

Fusion Cloning kit (Clontech). The resultant plasmid was subsequently referred to as pBbE8k RFP
RhaCyDisCo. For use in the DoE vectors the CyDisCo system was instead cloned into the pBbE8k
vector under the conwl of the araBAD promoter, such that the RRR/\Erv1p and PiDproteins

were produced in a trcistronic manner. This was achieved by PCR amplification of pBbE8k RFP
RhaCyDisCo using pBbE8k-Cistronic CyDisCo Fw and Rv primeapgementary Informatn

Table J. The PCR product was analysed and subsequently purified by gel electrophoresis
followed by gel extraction using a NucleoS@ial and PCR Cleap Kit (MachereyNagel). The

purified PCR product was then phosphorylated and ligated using KLD deRtiyrNew England
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CA2E L 0Aa0X LINA2NI G2 OGNXryaFz2NNIaGA2Yy 2F b9, M
henceforth referred to as pBbE8k RFP CyDisCo. Following overnight growth and plasmid isolation
using a QlAprep Spin Miniprep kit (Qiagen) from a neindd single colonies, sequencing of the

plasmids was performed to ensure that no errors had been introduced during cloning.

For the addition of Nerminal tags to the pBbE8k RFP CyDisCo expression vibetgrlasmid

was digested using thddelendonucleae in tandem with Antarctiphosphatase (New England
Biolabs). Nerminal Hig, Hig -TEV and HisStags(Supplementary Information Table)%vith 15

bp overhangs, designed such that there was complementarity to those of digested backbone
and that theNdeINB & G NA OliA2y &aAdGS gFa NBaAG2NBR |G GKS
synthesised (Integrated DNA Technologies). Following gel electrophoresis and purification of the
linearised vectorusing a NucleoSpin Gel and PCR Qlgaiit (MachereyNagd), InFusion
Cloning (Clontech) was used to assemble the final tagged Ré&Btronic CyDisCo expression
cassette. Stellar competent cells (Clontech) were transformed with the InFusion reaction mixture
and the transformed cells grown on LB kanamyb®> 3 “Yplates 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 thiddelrestriction site inframe with the RFP coding sequence.

Select Wy coding sequeceswere PCR amplified using;MNdel Fw and ¥; Xhol Rwprimers
(Supplementary Tabl&) and PCR purifieds described previoushithe Vg insert and pBbE8k
RFPRCyDisCwector variant were digested usiddeland Xholendonucleases and subsequently

gel puified using the NucleoSpin kit, prior to ligation using T4 DNA ligase (New England BioLabs).
NEBvni OSffa 6SNBE NI YyaF2NN¥SR gA0GK GKS AT GA
1) plates supplemented with 1 mM Arabinose, such that instances of vector background could be
more easily identified by the presence of riigorescent protein producingolonies.Colony PCR
(cPCR) using pBbE8k Seq Fw & Rv pri(Bengplementary Tablé) 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 desjjed V

4.3.3. VuyProduction & Purification

Following cloning of selectedyyinto the pBbES8K variant&. coliwas transformed with the
resultant plasmid. The anbiLinS Wyamino acid sequences lacking@tminal tags can be found
in Supplematary Table 8 Strains used to evaluateyy production in this work included:
b9. mni press; $HuffleET7 Express and NiCo21 (DE3) (New England BioLabs). Fresh colonie:
GSNBE dzaSR (2 Ay20dZA I GS w Y[ [. 2@SNyiaBi Odz
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These starter cultures were incubated overnight at’@0with shaking at 200 rpmh@& following

RIFe& GKS adGl NISN) Odzf GdzNBa ¢ SNBE dza SR sl'Yay 2 O dz
a 1:100 dilution. The cultures were grown at @D with shaking (200 rpm) until an g§of 0.6

was reached. The cultures were then induced by ttdi#on of arabinose (0.1 mM 50 mM)

and the temperature subsequently altered according the experimental desigfid£630 °C)

(See Supplementary Tabdg. The induced cultures were then incubated for a further 24 h,
before centrifugation and removal dhe supernatant. Cell pellets were then flash frozen in

liquid nitrogen and stored at80°C or immediately taken forward for cell lysis.

Lysis buffer (25 mM TH4CI pH 7.4, 150 mM NaGImM MgGCl 5 % (v/v) glycerol).1 mg mt:
DNasé and0.1 mg mL lysozymé was added to the frozen pellet at 1/2®f the initial culture
volume and the cell pellet reuspended by vortexing. Three additional fre¢izaw cycles were
performed to ensure thorough lysis of cells. The lysate was then clarified by ceatidiugt
13,000 x g for 10 min at room temperature and the supernatant removed and retained for

further analysis/purification.

Vun were purified using immobilised metal affinity chromatography (IMAC). For small scale
cultures (< 5 mL) micro centrifuge sgiolumns or 96 well filter plates (BioBasic) in tandem with

a 96 well plate vacuum manifold (Phenomenex) were loaded witNT4 resin (Qiagen). For
larger cultures (> 5 mL) a 5 mL HisTrap column (GE Healthcare) was used. In each instance the
resin was preequilibrated in 5 column volumes (CV) of Equilibration Buffer (25 mMHTIpH

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 2B1an® (TrisHCI

pH 7.4, 150 mM NaCl, 5 % (v/v) glycerol with 50 mM, 75 mM and 100imitazole
respectively). Bund protein was eluted by the addition of 2 CV of Elution Buffer (25 mivHGis

pH 7.4, 50 mM NaCl, 5 % (v/v) glycer600 mM imidazole). Coeatration and desalting of the
purified protein into Buffer A (25 mM T#3CI pH 7.4, 150 mM NaCl, 5 % (v/v) glycerol, 5 mM
MgC}) was performed using Vivaspin 10 kDa MWCO concentrators (GE Healthcare).

Protein purity was monitored by SIPRAGE. Proteinoncentrdion was determined using both
the Bradford protein assagnd extinction coefficient methodolog¥xtinction coefficients were
calculated using the ProtParam todhttfs://web.expasy.org/protparamy (Gasteiger et al.,
2005)
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4.3.4. Enzyme Linked Immunosorbent Assays (ELISA)

The cytoplasmic production of functional ahinS \;was determined by ELISA. Nunc MaxiSorp

LX FG§Sa ¢gSNB 02 (S RiLEMPBS) ardl Balziated 400 oReknyght, Gewed 3

by a blocking step with 1 % BSA in PBS for 1 hour. Between each subsequent step the plates
were washed 4 timesvith PBS 0.1 % (v/v) Twe@0. Biotinylated Streptomyce<lavuligerus

linalool synthase (bLinS) (2 pg" in PBS, 1 % BSA, 5 mM MpQrepared as described in
Chapter 3) was added and incubated for an hour, before serial dilutions of clarified cell lysate in
25 mM TrisHCI pH 7.4, 150 mM NaGImM MgC), 5 % (v/v) glycerol were applied. BounghV

was revealed using MonoRab HE&Mjugaed 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
' YR  (AK.So cdlcubted. For the pilot series comparativ@roduction screening all
measurements were performed in biological duplicate (24 clones with one control well, n = 2)
with lysae added as a 1:10 dilution in 25 mM THE! pH 7.4, 150 mM NaCl, 5 niWgC}, 5 %

(viv) glycerol and the meankAgsa90 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)

Vi sampes (0.4 mg mit) were preparedn 10 mM phosphate buffer pH 7, 150 mM NaF using
CentriPure P5 columngFar UMCD (B0 nm ¢ 280 nm) was performed using an Applied
Phobphysics Chirascan qCD and ar@rh cuvete (Starna Scientific). Spectra were obtairad
25°C, 1® nm¢ 280 nm at 0.5nm steps withan acquisition time of 0.5 ger step for a total o8
repeats which were subsequently averaged and the buffer background subtrat&dLJi A OA G &
values werghen converted into mean molar residuéf eA LJ( A RAuSirgEQ® Whee ds the
protein concentration in mg mi, | is the pathway length in cm and MRW is the mass of the

protein in Daltms divided by A1 amino acidpresent in the proteifGreenfield, 2006)

2o — 8 Eq. 3

Analysis of CD spectravas performed usingBestSel (Micsonai et al., 2018, 2015)
(http://bestsel.elte.hu/). The Beta Structure Selection method utilised by BestSel reported eight
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secondary structure components, namely; Helix 1 (regular), Helix 2 (distorted), Anti-1 (left
twisted), Anti 2 (relaxed), Anti 3 (rightwisted), Parallel, Turn and Others. These predictions
were subsequently used by BestSel to predict the protein folth@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 immuneanti-bLinS V4 phage display libraries were constructed and
subsequetly enriched(Chapter 3) In order to utilise the resultant anbiLinS M for synthetic
biology applications, it was necessary to develop a platform that facilitated reliable, functional
production of correctly folded antibodies within the cytoplasmEo€oli. Given the large number

of bLIinS binders obtained following library enrichment it was decided to first find a series of
optimised conditions for a singleyyand subsequently test these on a wider subset gf M

order to determine the efficacy ohe production platforms. As the most commonly occurring
clone within the sequenced population dfd enriched libraries, the anliLinS 4y B2D C10 was

chosen for the initial development of the production system.

In order to optimise the production of B2D10 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 studiedata not included). When considering the
production of difficult to produe proteins inE. coli, typically one of the first factorghat 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 strairie be used in

this work the inclusionof the k3 2 NdxBkdouble knockout SHuffle T7 Express cells was
considered necessary. In an effort to understand éfifect of the double knokout systemon
disulphide bond formationthe regular T7 Express strain, with reducing pathways intaat
alsoincludedin the experimental design. Additionally NiCo21 (DE3) (New England Biolabs), a
BL21 strain commonly used for the production of recamabit proteins with hexanistidine

His0 GF 34X YR b9. wmni 6bS¢g 9y3AtLYyR .A2fl0av0
large plasmids, were also included in the experimental design. The next input variable included
in the design was the eprodudion of the CyDisCo catalysts yeast sulfhydryl oxidase, Ervlp, and
mature human PDO DN OA | NI S i , whithdvEre developedr userasaalternative
production strategyto k3 2 NXBidouble knockout strains. The final categorical input variable

explored inthis work was the addition di-terminal tags. ®lubility tagsare widely used when
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looking to improve the yields of difficult to produce proteifissposito and Chatterjee, 2006)
however thesetags are often largesuch aghe commonly used5 kDamaltose binding protein
(MBP) tag(Kapust and Waugh, 1999nd may therefore interfere with the function of the
protein of interest. When considering the relatively small size gf (¢ 15 kDa), and that
crystallographic data shows that the-tBkminus of the polypeptide chain is adjacent to the
interface between the CDR looEliseev et al., 2018; Hinz et al.,, 2Q1te use of large
solubility tags is likely to interfere with the antibodytigen interaction. Therefore in this
experimental design a series of short tags;i® amino acids), HISTEV (28 amino acids) and
Higs Stag (46 amino acids), were investigated for their ability to improve production of
functional B2D C10 (See Sigipentary Table for N-terminal tag sequences). Finallyducer
concentration and post induction temperature were included in the design as continuous
variables. Both factors are routinely variad hocwhen looking to optimise protein production

in an dfort to maximise the rate of protein synthesis whilst avoiding protein aggregation
(Larentis et al., 2014; Muhlmann et al., 201The factor levels for each input variable used in

the experimental design can be seen in Tdble

Table5: Input variables and associated factor levels chosen for this experimental design.

Input Variable Role Factor Level
Strain Categorical b9 . mni £ bA/ 2HM 05900X ¢T
CyDisCo Categorical NO, YES
N-terminal Tag Categorical None,His, His-TEVHis STag

Inducer Concentration (mM) Continuous 0.1¢ 50

Post Induction Temperatur(gag) Continuous 16¢ 30

Using the statistical software package JMP Pro 12 (SAS Instituteptma&l custom design was
constructed such that main order effects, second order interaction effects between all input
variables and squared power effects of the continuous variablees weestigated. The resultant
experimental design consisted of 42 experiments that were performed in biological triplicate.
The full experimental design can be seen in Supplementary #a¥len considering a suitable
output response for the experimentakesign it was decided that measuring the total amount of
Wy 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 YV, ELISAs using serially diluted cell lysate and NeutrAvidin captured
biotinylated bLinS were performed, with the resultarihding signa(k Asso490) Used as a means

of comparing the amounts of functionally active ¥resent.
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4.4.2. PLS Model Buildig & Interpretation

Following execution of the experimental designK S Y/&Rsbsgfvalites (n=3) were calculated
(Supplementary Tabléd ® ¢ KS AsghSvhliled dbtailked using lysate at1:1000 dilution

were then used to construct a partial leasfjuares (PLS) regression model using each of the
effects included in the custom design. Model validation was performed using-tesreut

cross validation (LOOCV) and the Statistically Inspired Modification of the PLS method (SIMPLS)
(de Jong, 1993lgaithm. The optimal number of factors (latent variables) within each model
was determined by choosing the fit which minimised the -RRESS statistic. For the first
iteration of the PLS model, which included all main effects, all interactions and powerad ter

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 YVhilst the cumulative # value 0f0.899 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’@alueof 0.437, suggested that the model could be further

improved.

Of the 67 terms incided 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 (Figliét vas possible to identify
influential terms and the effectthat they had on the predictive capabilities of thenodel The
term with the greatest effect on the first iteration of the.B model wathe interaction between

the addition of an Nerminal Hig tag and the presence of the BigCo catalystéscaled model
coefficient = 0.210, VIP = 2.43his synergistic intei@ion is therefore highly likely to be
significant when looking to optimise B2D C10 production in the futdfieen these terms were
examned individually bothfactors also had a positive effect on the model, with scaled model
coefficients of 0.106 an®.072and VIP scores of 1.55 and 1.®f N-terminal Hig tag and
CyDisCo [YES] respectiveljne second most influential term in the mod&IP = 2.12)vas
identified as theinteraction between inducer concentration and the use of the SHuffle T7
Expressstrain (scaled model coefficient =0.180) which indicatd that predicted B2D C10
production using the SHuffle T7 strain was significanfigcted by the final concentration of
arabinoseand as such should be monitoréu future optimisation experiments. The next most
influential term inthe model was the interaction ¢aled model coefficient = 0.204, VIP = 2.08)
between theuse of anN-terminal Hig Stag and SHuffle T7 Expregsyain the importance of

this interaction to the model suggested th#he use ofthis combinationof factors could
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facilitate significantly improvedly, productionin 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 lte negative effecof including noN-terminal tag (scaled model coefficient
=-0.077, VIP = 1.48nd 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 rtinear relationship with the response variable i.e. the
optimal post induction temperature lies at a poioh curved linebetween 16°C and 30°C.
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), wimclicated 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 tnedel (VIP = 0.75). These observations
were perhaps surprising, as typically when looking to improve the yieldgfwiult to produce
proteinsi KSaS FFOG2NAR IINB f iSNBSR a2 a G2 FAYR
functional productionLarentis et al., 2014; Muhlmann et al., 2017)
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Figurel9: Variable importance in projection (VIP) against model coefficients for centred and scaled dat:
Standardised coefficients indicate if the term has a positive or negative impact in the model. Terms witt
score > 0.8 (red dashed line) are deemedl iafluential in the explanatory model forny binding as
RSGSNNYAYSR dza Agyah (1i1009. Intea&ionlteEnS ark denoted by an asterisk ().
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In order to improve the predictive ability of the PLS model each of the terthsa VIP statistic

> 0.8 (Figure 9), including any nomignificant 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 factomgas again determined by minimising the FNRESS
statistic. The resultant model contained 3 factors (RRESS = 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 fit iteration of the PLS model. Furthermore, the predictive power of the
model was also improved as exemplified by a cumulatf®é \Rlue of 0.929 and an improved
cumulative G value of 0.702. To further demonstrate that the model was of sufficient quality
series of model diagnostic plots were generated (Fig@e Bhe actual by predicted plot (Figure
20A) confirms that the data are largely well predicted by the model. Whilst the residual by
predicted plot (Figure @B), residual by row (Figured@) and rsidual normal quantile (Figure
20D) show a balanced distribution, with the exception of the edge effect seen in the residual by

predicted plot (Figure® 0 ¥ 2 NJ S E LIS NR A4S vialties df 8 ite Onk boHnkd wask

detected.
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Figure20: Diagnostic plots assessing the fit and quality of the second iteration of the PLS model. A) /
predicted plot, B) Residual by predicted plot, C) Residual by row and D)Residual normal quantile plots
of the 42 experiments.
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Figure21: Interaction plots for the 2nd iteration of the partial least squares regression model.
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Following confirmation that the second iteration of the model was of sufficient quality, further
Fyrfeara O02dA R 0S8 LISNF2NYSRO® LydSNI Odoroy LI
(1:2000) (Figure Jlwere used to highlight interactions of interest and identify key factors for
maximising functional production of the adilinS \; B2D C10. Once again the interaction
between the ceproduction of the CyDisCo catalysts and the additid an Nterminal Higtag,

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 thproduction of the
CyDisCo catalysts resulted in increase@ S NJA:R.S (1R000) value for each strain used, with
GKAE STTFSOG o0SAy3a Y2a0G AAIAYATAOFLYy(d 6KSYy dzaAy
interaction plots also highlighted strong interactions between the choicl-td#rminal tag and

the production strain used. Most notably this could be observed for interactions between the
Hig Stag and the ue of SHuffle TExpress and the presence of a Hikag when used in
O2YOoOAYlIGA2Y B6AGK b9. wmni OStfaod hgk®@dcéntratidin2 § &
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 BEDO is not significantly burdensome to the

host metabolism and could be increased by using higher concentrations of arabinose. When
f221Ay3 +d GKS STFTFSOG 27T LIAdib (1AX190B)dréra dppegiredil S Y L
to be some interaction b&teen 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 theO2 Yo Ayl GGA2Yy 2F FIF O02NBR {0 Kehodo (1R00DE RSR
output, which were assigned a desirability score between 0 and 1 (F2@ur&he most desirable
TIEOG2NI O2Y0AYF(GA2YE ADSO (KS AQRWUAOY alicthadya & A G
score of 0.928. This combination utilised arekminal Hig tag, the ceproduction 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 Z&7ollowing 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 tReSktig in tandem with the
optimised conditions described abewhad a desirability score of 0.889 (Figaes). Whilst the
addition of an Nerminal Higtag and the cdlJNBR RdzOG A2y 2F (GKS /@&5Aal
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following induction with50 mM arabinose and incubatioat 26.6°C, had a desirability score of

0.874(Figure22C).

4.4.3. Evaluating Production of B2D C10 Using Optimised Conditions

In order to evaluate the improvement seen ipyyproduction, B2D C10 was produced using the
optimised conditions shown in Figure .2&fter 24 hours of growth the QE of cultures was
measured prior to centrifugation and the cell pellets subsequentigugpended in a suitable
volume of Lysis Buffer, so as to facilitate the comparison of the soluble protein between
cultures. SDPAGE analysis of the clarified, soluble lysate (Fig8yeclearly highlighted the
effect of the CyDisCo catalysts on the protion of soluble B2D C10, whilst significantly
improved production of soluble B2D C10 could also be observed when using laadiidis S

tags. These observations were consistent with the results obtained during the DoE optimisation
process as well as ¢hsubsequent 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 FigR2a 12.64 + 0.7Img L* of Hig B2D

C10 was obtained. Interestingly however, the highest yield of B2D16MB + 0.92ng L, was
obtained when using the conditions shown in FiglaB. Whilst8.60 + 0.82mg L of Hig B2D

C10 were obtained for the conditions described in FIi2RE. These titres represent significant
improvements over those obtained in the absence of argmMinal tags and CyDisCo catalysts

which were previously produced at 0.2@g L' and 0.79 mg L* when using T7 Express and

SHuffle T7 Express respectively.

NEB 108 SHuffle T7 Express
His His TEV His S-tag His His TEV His S-tag
A B2DC10  gypci0  B2DC10 B2DC10 B B2DC10  B2pci0  B2DC10 B2DC10

. )
-

75 kDa ? ¥ § %
<— PDI

50 kDa

37 kDa

25 kDa

20 kDa
<«—Ervlp

15 kDa
10 kDa

L e

CyDisCo

Figure23: SDSPAGE image comparison of the soluble cell lysate, including B2D C10 (highlighted by red box)
N-terminal tag in the presence arabsence of the CyDisCo chaperonesi(+/ dza A y 3 A) ared .SHufflen T7 Expr
(B) cells. Protein production was induced using 50 mM arabinose, following which the temperature was reduce

previously identified optimised temperature for that strain
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4.4.4. Monitoring the Secondary Structure Effects oftrminal 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 taggdtkestSel
(Micsonai et al., 2018, 201%jas chosen to perform secondary structure prediction due to the

RS ( I A &h8dR structural analysis that it provides. Unlike alternative predictive tools, BestSel
utilises reference sets consisting of a greater numberandX’ | 1 S NJ RdasfcdtiNdpestd,e 2 F
Fft26Ay3 F2NI oSGGSNI FAGOAY T 27T chhieet pradnmBRenO i A ¢
as antibodies. Furthermore, the use of BestSel facilitates protein fold prediction down to the
topology level of theCATH protein fold classification database, which allows comparison of the

protein of interest with structures in the PdBlicsonai et al., 2018, 2015)

Comparison of the fatlV CD spectra obtained for purified-tagged B2D C10, HB2D C10 and

His StagB2D C10 (Figur®d) revealed that both the Hisand Hig Stagged B2D C10 had similar
spectral properties, that appeared significantly different to that oftagged B2D C10. The
presence of large positive maxima at 202 nm observed for bogaHisHig Stagged B2D C10 is
consistent with the presence of parallel betaands, whilst the maximum observed at 195 nm
forund  33SR . W5 /mn O2dZ R 06S NBLINBaSyidl dx@S 2
TSI GdzNB a -bxiggesf berils) fap<or igelar regions of the structuréMicsonai et al.,

2015) For the tagged B2D C10 varigmsnima were observed at 217 nm ar230 nm, whilst

a single much broader minimum at around 220 nm was observed femgged B2D C10,
suggesting differing proportions of arxgarallel beta strand classes. The use of BestSel to predict
secondary structure content (Tab® appeared to confirnthese observations, with an increase

Ay LI NlstrahdScbntemt observed for both Hismnd Hig Stagged constructs~11 %
compared to 0 % for utagged B2D C10). Additionally, a reduction in the total-Arielaxed
anti-LJF NJ £ £ St 1 foinNS.59Rt0 156 2ywasSobseved 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 ¥, In each case the B2D C10 variants were all categorised as having

LINE R 2 Y A -gandWwicH agchitecture with immunoglobullike topology.

The use of fatJV CD, in tandem with ELISAs to confirm the retention of binding activity,
suggested that the additiorof N-terminal tags to the antbLinS Wy B2D C10 does not impaigy
¢ bLinS binding and facilitatelse correct formation of the diulphide bond necessary foative

folding. As such, the optimised production conditions could thenirvestigated for use on a
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series of alternative M, in order to establish whether the production platform was suitable for

wider use.

— His B2D C10
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Figure24: FarUV circular dichroism (CD) spectra comparison betweetagged B20C10, HigB2D C10 and HiS&
tag B2D C10 produced using SHuffle T7 Express.

Table6: Estimated secondary structure content of-tagged B2D C10, §B2D C10 and HiStag B2D C10 produced
using SHuffle T7 Express, as predicted using BestSel. Values are displayed as percentages of the total protein
secondary structure.

\m (gegllijalr) ( dli:?cl)ir)iez d) '?Ir;lt-l (rﬁlr:ij d) élr;]tllntsz Parallel Turn Others NRMSD
twisted) twisted)
B2D C10 0.4 0.0 6.0 19.5 19.3 0.0 13.7 411 0.045
His B2D C10 0.0 0.5 4.2 15.5 18.0 114 124 378 0.055
His Stag B2D C10 0.0 0.4 3.9 15.5 17.8 11.2 126 385 0.084

4.4.5. Evaluating the Production of OtheBelected Vi

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 arblLinS W Initially an additional two M, B1D G9

and B2D D6, were identified as suitable candidates to further test the production platforms. In
control experiments, utagged B1D G9 could be functionally produced in the absence of
CyDisCo catalysts using both N#@Bi i | y R { | dzF ¥t S 250)T CodvérdellBd & o
functionally active B2D D6 could be detected using either strain in the absencéeoinMal

tags and the CyDisCo catalysts (Fig2a). Therefore, the use of thesegyVshould provide
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insights intowhether the addition of an Nerminal 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 particuldrgrd to produce

Vunfragments (B2D D6).
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Figure25: ELISA lysate titrations of atLinS Yy B1D G9, B2D C10 and B2D D6 against NeutrAvidin captured
>3 '1){I/HHexpression was induced by the addition of 50 mM arab&and the temperature subsequently lowe
to that of the previously identified optimum for each strain, such that the effects of the optimised B2D C10 ex|

conditions could be evaluated for othep,Y

Small scale (1 mL) cultures®iID G9, B2D C10 and B2D D6 were grown using each of the three

optimised production conditions previously describ&hépter4.4.2, Figure 22 Cell lysate was

then used to perform a series of lysate titration ELI8Bsapter4.3.4 against NeutrAvidin
captured bLinS (Figurg50 @
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only. When using the {fierminal Hig Stag, increased antibody titres were again seen for each
Vs, with SHuffle T7 Express appearing to be the most favourable strain for functional antibody
production in each case (FigugsC). Each of the production conditions evaluated resulted in
the production of functionally active B2D D6, which had not beenvipusly observed.

LY dSNBalAY 3t Rgda \inldeS observedAifor kthiggell 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 antibodyantigen affinity the effect does not appear to be significant.

Once the functional production of B1D G9, B2D C10 and B2D D6 had been caninged

scale production trials (50 mL) were performed so as to quantify the amount of each V
produced using the optimised nditions. In addition to the three previously identified
optimised B2D C1froduction conditions Chapter4.4.2, Figure 22 the use of an Nerminal

Hig SGF 3 Ay b@aducingrihe CYDBCo catalysts was also included. Following IMAC
purification arl de-salting of the elution fractions, the purified;y¥were analysed by SEFAGE

(Figure 28\) and sbsequently quantified (Figure B§. For each of optimised production
conditions the elution fractions were of high purity, whilst the usage of dariinal Hig Stag

AY b9. wmni NBadzZ G§SR Ay | ritdtidR Bf $hejprofeth (Fo@rd B0 0 Ay
When comparing the yields of BID G9 and B2D D6 against those seen for B2D C10, it was
interesting to note that the purified yields were lowerah thoseobtained for B2D C1{Figure

26B). Importantly however, both B1D G9 and B2D D6 could be produced and purified at > 5 mg
L*, which represented significant improvements over previous titres. In order to compare each

of the production conditions theverage yield for each production mdition was calculated
(Figure 2€). Of the three optimised factor combinations, the use of a@ariinal Hig Stag and

the coproduction of the CyDisCo catalysts in SHuffle T7 Express had the highest average yield
(1194 + 3.84 mgh). This was in agreement with thgshte titration ELISAs (Figure@5which

KR YI Eﬁgm%Va[ues Rt a 31,250 fold dilution for eachyV
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Figure26: Evaluation of purified B1D G9, B2D C10 and B2D D6 produced using the optimised con@jtﬁiDSDAQ
image of IMAC purified¥,dz& Ay3 b9. wmnani omnl 0 | yR { |qcaHHiESTagsB)Yiold
(mg [*) of each purified My under each production conditionC) Mean \y, yield (mg [}) for each productio

condition.

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 antibodiéa the cytoplasma panel of 24 anbLinS MWy were
selected for screeningnder each of the optimised conditions (See Supplementary Taafie

the Clustal Omega sequence alignment gf; sed). Previously, in the absence of atelninal

tag or the CyDisCo catalysts, 5 of the 24 (20.8 %) selegtaobid be functionally produced as

RS U SNXYAY S RA:B> 09) whén!prodiided in SHuffle T7 Express (F@DteWhilst 6

of 24 (25%) could b JNP2 RdzOS R dza A y 3 ).WM®en utilising an &EOAInal#iNIBg H T
alongside the caoroduction of the CyDisCo catalysts, 9 out of 24 (37.5 %) and 12 out of 24 (50
%) of yuO2dzf R 65 LINEBRAZOSR 6KSy dzaAy 3 edtivelgzPHhénS ¢ 1
using an Nlerminal Hig Stag alongside the CyDisCo catalysts in SHuffle T7 Express, 12 out of 24
(50 %) of the M;could also bdunctionally produced (Figure 27In each instance the optimised
conditions represented an improvement ovehet control experiments, demonstrating that
whilst the production platforms were unable to universally produce functionally activethey

are a useful tool in order to maximise the number of clones that may later be screened for

activity.
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Figure 27: Heat map comparison for ‘pilot seriesiyVproduced using the optimised production conditi
FE2y3aARS {1 dZFFES ¢1 9 ELND &eiminkl Yag or ByDisConmatalystsO\2alids
' NB i K Se¥3dongs, dctual values and standard deviation can be found in Supplementan@Tabl

Comparison of thalignedamino acid sequencgSupplementary Tabl8) for each of the anti
bLinS My variantsinvestigated in the pilot series screenidgl 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 abkinS W, such as the remaining 237 affii.inS Wy
identified in Chapter 3gould 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 fagthte sequence based predictions ofyVproduction or for the
construction of universal framework sequences that may be used to construct novel synthetic

Vyylibraries.

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-bLinSVyy B2D C10. It was subsequently invesightwhether such

conditions could also be used to improve the production of a wider panel of anti blin®ith
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a view to determining whether these single domain antibodies could be utilised as synthetic

biology tools.

The addition of Nerminal tags, ceproduction of CyDisCo catalysisDQ OA F NI Sid, | f &3
the choice of production strain, the amount of inducer added and frodiiction temperature

were investigated to assess their importance when looking to produce functional B2D C10.
Following theexecution 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 termsjdwel ineeractions 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 cumulativ &d J scores of 0.899 and

0.437 respectively, indicating that whilst theodel 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 RY score of 0.929 and a significantly improved cumudal¥ 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 puri protein yield when using an-fdrminal Hig Stag
alongside the cgroduction of the CyDisCo catalysts in SHuffle T7 Express, when induced with

50 mM arabinose and the temperature subsequently lowered to 23.7

Further investigations into whether tise conditions also facilitated the improved production of
other iy were peformed using a panel of 24 adiLinS My Previous attempts to produce
these Vin the absence of the CyDisCo catalysts and-teriNinal tag resultedn 5 out of 24 (

20.8 %),and 6 out of 24 (25 %unctionally produced M; when using SHuffle T7 Express and
bo9. wmMni NBALISOUGADSTE § Stagrakirigdide CyDisCo Satatymiptbdutisn i K S
in SHuffle T7 Express saw thiisprove to 12 out of 24 (50 %), representingsignificant
improvement.As such, this work demonstrates that a DoE approach can be used to develop a
platform for the production of M, within the cytoplasm oE. coli Such a platform can facilitate

the development of \;as tools for potential synthetibiology applications, in which the ability

to functionally express thepyof interest in the cytoplasm is critical.
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4.7. Supplementary Information

Supplementary Tablek 9 ELISNA YSy i+t 5S8aiaday AyOfdzZRAy3I YSIy I @SNF IS
the lysate prior usage in the ELISA.
N-term - Inducer _ PosF Mean Mean Mean
Run Tag CyDisCao Conc Strain Induct|oon I k Ik I k
(mM) Temp('C) (1:10)  (1:100) (1:1000)

1 His TEV No 25.05 NEB10B 30 0.42 0.006 0.000
2 His Yes 0.1 NiCo21(DE3 30 0.2 0.002 0.001
3 His 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 His STag Yes 0.1 NiCo21(DE3 16 1.148 0.744 0.035
7 His TEV Yes 50 SHuffle T7 30 0.737 0.769 0.403
8 His TEV Yes 25.05 NiCo21(DE3 23 1.041 0.036 0.000
9 His TEV No 25.05 T7 Express 23 0.774 0.006 0.001
10 His 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 Higs TEV No 0.1 SHuffle T7 23 1.061 0.190 0.002
13 His 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 His Yes 0.1 T7 Express 16 0.913 0.422 0.003
16 HisSTag Yes 25.05 SHuffle T7 30 0.939 0.797 0.579
17 HisSTag No 0.1 NEB10B 23 1.164 0.221 0.002
18 His 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 HisSTag 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 Hiss 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 HisSTag No 50 T7 Express 30 0.556 0.022 0.001
26 HigsSTag No 0.1 SHuffle T7 16 1.007 0.792 0.049
27 HisSTag Yes 50 NEB10B 16 0.878 0.792 0.175
28 Hiss 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 His 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 HisSTag 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 HigsSTag No 50 SHuffle T7 23 0.924 0.889 0.759
35 HigTEV 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 His No 50 NEB10B 16 0.669 0.567 0.007
38 His TEV Yes 0.1 SHuffle T7 30 0.99 0.038 0.001
39 His No 0.1 SHuffle T7 30 0.639 0.601 0.008
40 None Yes 0.1 T7Express 30 0.054 0.002 0.001
41 His Yes 25.05 NEB10B 23 0.873 0.900 0.854
42 HigSTag Yes 50 NiCo21(DE3 23 1.101 0.705 0.298
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Supplementary Tabl&: Amino acid sequences of thetlrminal tags included in thexperimental design.

Tag Amino Acid Sequence Length (aa)
His MGSSHHHHHHSSGHM 15
His - TEV MKHHHHHHPMSDYDIPTTENLYFQGAHM 28

His Stag MHHHHHHSSGLVPRGSGMKETAAAKFERQHMDSPDLGTD 46

Supplementary Tabl&: 5 b! &S1jdzSy 0Sas Ay Of dzRA y SacohaomnydesicSevigis@fhydrglw | y R
oxidase Ervlp and mature human protein disulphide isomerase (PDI). Start codons for the cqdengres are in
bold and are underlined

Saccharomyces cerevisi&gvlp

>CTCGAGTAAGGATCTCCAGGCATGAAAGAACTTATAAGGAGAIAARMS CTATCGACAAAATGACAGATAL
CACCTCAAGAGGGCCTGAGCGGACGTAAGATTATCTACGACGAGGACGGAAAGCCTTGCCGTTCCTGCA
GATTTCCAGTATGTAACGGGCAAAATTTCTAACGGTCTTAAAAATCTGTCGTCGAATGGGAAACTGGCGGC
TCTTACTGGCGAGGCAAGCGAGTTGATGCCAGGATCGCGCACGTATCGTAAGGTTGACTABAAGEATB.C
GCCGCTCATCTTGGACTTTGTTGCATAGTGTAGCCGCAAGCTACCCAGCGCAACCAACCGACCAGCAAAA
AAGCAATTTCTTAACATCTTTTCCCACATTTATCCCTGTAATTGGTGCGCAAAGGACTTCGAAAAGTATATC
TGCACCCCAGGTAGAAAGTCGTGAGGAGCTTGGACGTTGGATGTGCGAAGCCCACAATAAGGTTAATAAA
AACRAAATTTGACTGTAATTTCTGGGAAAAGCGCTGGAAAGATGGGTGGGATGAGTGA

Mature Human PDI

>GCCACTGCAGCAAAGAGATTACATATAAGGAGAPIIACGCGCCGGAGGAGGAGGACCACGTTCTGGTC
CAAAAGTAATTTTGCAGAGGCATTAGCAGCCCATAAGTATTTGTTGGTGGAGTTTTATGCTCCGTGGTGCC
AAGCACTGGCGCCCGAGTATGCCAAGGCAGCAGGGAAGTTGAAAGCTGAAGGGAGCGAGATTCGCCTG(
GCAACCGAGGAATCCGACCTTGCCCAGCAGTATGGAGTGCGTGGCTACCBGATGAIITBGCAACGGTGAT.
TGCGAGCCCAAAAGAGTATACTGCCGGTCGTGAAGCAGATGACATTGTAAATTGGTTAAAGAAGCGCACC
CTACTACTTTGCCAGATGGGGCCGCTGCGGAGTCTTTGGTTGAGTCATCTGAAGTCGCTGTGATTGGCTT
GTTGAGTCTGATTCAGCCAAACAGTTCTTGCAAGCGGCGGAGGCAATCGATGATATCCCCTTCGGEXTT®!
GGATGTATTTTCTAAGTATCAGTTGGACAAAGATGGCGTTGTCTTATTCAAGAAATTCGACGAAGGTCGCA
AAGGCGAAGTGACCAAGGAAAACTTGCTGGATTTTATCAAGCATAACCAGCTTCCGCTGGTTATTGAATTT
ACTGCGCCGAAGATTTTCGGCGGGGAGATTAAAACCCATATCTTACTTTTTTTACCCAAATCCGTTTCTGAT
GAAGCTGTQYACTTTAAGACTGCCGCTGAATCATTCAAAGGAAAAATTCTGTTCATCTTCATTGACAGTGAT
ATAACCAGCGTATTTTAGAGTTCTTTGGGCTGAAAAAGGAAGAGTGCCCAGCCGTCCGTTTGATCACACTC
ATGACAAAGTATAAACCGGAGTCAGAAGAATTAACGGCTGAACGCATTACGGAATTCTGTCATCGCTTCTT
AATTAAACCACATCTTATGAGCCABGTTCCTGAGGATTGGGATAAACAGCCTGTGAAGGTGTTAGTCGGTA
TCGAAGACGTTGCCTTTGACGAGAAAAAAAATGTGTTTGTAGAGTTCTATGCCCCCTGGTGTGGTCATTGT
GCTCCGATCTGGGATAAGCTTGGAGAGACTTACAAAGACCACGAAAACATTGTAATTGCTAAAATGGATTC
TGAAGTCGAGGCTGTGAAAGTCCACTCTTTTCCGACBTTAAACCCGGCCAGCGCGGATCGTACCGTGATT
ATAATGGCGAGCGTACATTGGATGGGTTTAAAAAGTTCCTTGAATCGGGTGGGCAAGATGGAGCCGGTGA
TTAGAAGACTTAGAGGAGGCTGAAGAACCAGACATGGAAGAGGATGACGACCAAAAAGCAGTGAAGGATI(

Supplementary Tabl&: PCR primers used in Chapter 4

Primer Sequence (5 3")
pBbE8k CyDisCo Open Fw CCAGGAACCGTAAAAAGG
pBbE8k CyDisCo Open Rv CTTTGAGTGAGCTGATACCG

pBbE8k CyDisCo TTistronic Fw GGAGGTAATTAATGAAAGCTATCGACAAAATGAC
pBbE8k CyDisCo Tistronic Rv TTATAAGTTCTTTCATGCCTGGAGATCCTTACTCG

VunNdel Fw TATACATATGGAGGTGCAGCTGGTG

Vun Xhol Rv GATCCTCGAGTTAGTGATGGTGATGGTGATG
pBbE8k Seq Fw GCGGATTCTACCTGACGCTT

pBbE8k Seq Rv TGCCTGGAGATCCTTACTCGA
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Supplementary Tabl®: Clustal Omega Sequence alignments for the 24lantiS M, selected for use ihapter 4in
order to assess the broader effectiveness of the improved production conditions.

B2DD8 EVOQLVESGGDLVQAGGSLRLSCAASGFNRAYYAIGWFRQAPGKEREGVSCISNSEGT 57
B2DC10 EVQLVESGGGLVQAGGSLRVSCAASGRTESLAMGWFRQAPGKEREFVTYITWSGDS 57

BIMC12 EVQLVESGGGLVLPGGSLRLSCAASGRTISALGMGWFRRAPGNEREYVAABER 56
BIDC8  QVQLVESGGGLVQAGGSLRLSCVASGVTSDKTVNWYRQGPGKRRELVAWMAY 56
B2DA7  QVQLVESGGGLVQAGGSLTLSCVASGGIISLDTMGWYRQAPGKQRELVAQDEK 56
B2MB8  EVQLVESGGGLVQAGGSLRLSCVASGRIFYINSMAWYRQTPGKDRELVAIABGS 56
B2DF6  QVQLVESGGGLVQAGGSLTLSCAASGSIFSINGWGWYRQAPGKQRELVAQIAGED 56
B2MB9  QVQLVESGGDLVQAGGSLRLSCLVSGSIASIGNMGWYRRPPGKQRELVAGIBGT 56
B2DD10  QVQLVESGGGLVQAGGSLRLSCTASGRIIGIRTMGWYRQAPGNQRDLVATSIGT 56
B2MB3  QVQLVESGGGLVQAGGSLRLSCAASGSIVINAMGWYRQAPGKQRELVARTIIG 55
BIMF5  EVQLVESGGGLVQAGGSLRLSCAASGPIFYIRRMAWYRQAPGQQRELVAEVGS 54
B2DE6  QVQLVESGGGSVQAGGSLRLSCVASGSTEINSMGWYRQAPGKQRELVAVUGE 56
BIMG8  QVQLVESGGGLVQAGKSLRLSCAASGSISSIIVMGWYRQAPGKEREFVAAIPSGS 56
B2DH6  QVQLVESGGGLVQAGGSLRLTCAAHGSIFINTMAWYRQAPGEQRELVADITSGS 56
BIDE6  QVQLVESGGGLVQAGGSLRLSCAASGSISIIHV GWYRQAPGQQREFIAGHSGS 56
B2MF9  EVQLVESGGGLVQPGGSLRLSCAASGSIFSIGAMGWYRQAPGEQRELVASITGGS 56

B2DB11 EVQLVESGGGLVQPGGSLTLSCTASGFSBWRSAMTWVRQAPGKGLEWVAAITIGGDY 57
B1DG9 EVOLVESGGGLVQAGGSLRLSCSASGHTINYAMGWFRRAPGKEREFVAAITVTPTE 57
B2DB8 QVQLVESGGGLVQPGGSLRLSCVASGFABTFAMSWVRQAPGKGRERVAYISSLGGT 57
B2MA5 QVQLVESGGGLVQPGGSLRLSCEASGFTESYRMYWARQGPGKGLEWVSSISPLGES 57
B2DD7 QVQLVESGGGSVQAGDSLRLSCAASGLTFSSFSDYAMAWFRQAPGKERESVAAISWNFGA0
B2DD12 QVQLVESGGGSVQAGDSLRLSCASSGHTAGYGVSWSRQAPGKRREFVATIDSSGGW 57
B2MH9 QVQLVESGGGSVQAGDSLRLSCVASGHTFGYGVSWSRQAPGKRREFVATISSSGDW 57
B2MF2 EVOLVESGGGSVQAGDSLRLACVASGHTFGYGVSWSRQAPGKRREFVATISSRGDW 57
* .

rkkkkkkkk ok * Kk ook * ke kke .

B2DD8 TDYAESVKGRFTISSDNANTVYLQMNSLKPEDTAVYYCAAVGLGE CRDNDYD 110
B2DC10 THYADSVKGRFTISRDNAAVNTVYLQMNSLKVDDTAVYYCAGFFGWGETLSSGYE 112
BIMC12 RIYADSVKDRFTISRDTAKNTMYLQMNSLKPEDTAVYYCAADYVPFGTMWLSSQERDFH 115
B1DC8 TNYNFKVKGRFTISREA- ENMVYLQMDNLRPEDTAVYY GNY---------- LD 99

B2DA7 TNYADSVKGRFTISRDNANMVHLOMRGLEQEDAAVYYCHAVLETDB--- MRRPLP 109
B2MB8 TNYADSVKGRFTVSMDNENTMSLOMNTLKPEDAGVYYCKADVBSRE------ RLV 106
B2DF6 INYADSVKGRFTISRDNARHTVTLQMNSLKPEDTAVYYCKADGVAGDR PSWGID 111
B2MB9 TNYADAVKGRFTVSRDNANTVTLQMDSLKPEDTAVYYCYADLRVGIR- DYFSMP 110
B2DD10 TNYADSVKGRFTTSRDNANTVYLQMNSLKPEDTAVYYCKADIWG®FGTDRLTT 111
B2MB3 INYADSVKGRFTISMDNAXNTVYLQMNSLKPEDTAVYYCNAKVVYSTSD-- SIREWS 109
B1MF5 TNYADSVKGRHFRDNA- KNTMYLOMNSLKPEDTAVYLCNADVESMYS SRREFR 109
B2DEG6 TNYADSVKGRFTISRDNANIVYLEMNSLKPEDTAVYYCNAQVAYGNR- DYFGMD 110
B1IMGS8 AHYAVSVKDRFTISRDNANTVYLQMSSLKSEDTAVYYCNAGLRSY  SVRY PE 108
B2DH6 TNYADSVKGRFTISRDNANTVFLOQMNSLKPEDTAVYYCRADRVATQDPTRYEYG 112
B1DEG6 TNYADSVKGRFTISRDGANTVYLQMNNLKPEDTAVYYCNTAGAY-------- 101
B2MF9 TNYADSVKGRFTISRDNANTVYLQMNSLKPEDTAVYYCNADAAMPYMGYRYLP 111
B2DB11  INYADSVKGRFTISRDEGKDTLYLQMNSLKHETAIYSCARGYRN--------- TGR 105
B1DG9 TYYGDSVKGRFAISRDBANMVSLQMYSLEPVDTAIYYCAAAQSTVRL RFNRMID 112
B2DB8 TIYADSVKGRFNISRNNANNTLYLQMSSLTPEDTAVYYCSKGES------ IDSD 105
B2MA5 TLYADSVKGRFTISRDNANTVFLOQMTLLKPEDTAVYYCGRGQFSES- ARDSG 109
B2DD7 THFSDSVKGRFTISRDNANTVYLQMNSLKPEDTAVYFCAASRMWP- VHTAL 111
B2DD12 TSYSDSVKGRFTISRDN&NVVYLQMSSLKPEDTALYYCVSGEFRG- V---- 104
B2MH9 TSYSDSVKGRFTISRDNANVVYLQMSSLKPEDTALYYCVAGEFRG-- V---- 104
B2MF2 TSYSDSVKGRFTISRDNANVVYIQMNSLKPEDTALYYCVAGDFRG-- V---- 104

. . kek

**.** * ** *

B2DDS8 YWGQGTLVTVSSAAAHHHHHH 131
B2DC10 YWGQGTQVTVSSAAAHHHHHH133
B1IMC12 YWGQGTQVTVSSAAAHHHHHH136
B1DC8 YWGQGTQVTVSSAAAHHHHHH120
B2DA7 YWGQGTQVTVSSAAAHHHHHH130
B2MB8 YWGQGTQVTVSSAAAHHHHHH127
B2DF6 YWGKGTQVTVSSAAAHHHHHH 132
B2MB9 YWGKGTLVTVSSAAAHHHHHH 131
B2DD10 YWGQGTLVTVSSAAAHHHHHH 132
B2MB3 YWGQGTQVTVSSAAAHHHHHH130
B1MF5 YWGQGTQVTVSSAAAHHHHHH130
B2DEG6 YWGRGTQVSSAAAHHHHHH 131
B1MGS8 VWGQGTQVTVSSAAAHHHHHH129
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B2DH6 YWGQGTQVTVSSAAAHHHHHH133
B1DE6 RWGQGTQVTVSSAAAHHHHHH122
B2MF9 LWGQGTQVTVSSAAAHHHHHH 132
B2DB11 PRGQGTLVTVSSAAAHHHHHH 126
B1DG9 YWGQGTQVTVSSAAAHHHHHH133
B2DB8 FLGHGTQVTVSSAAAHHHHHH 126
B2MA5 FWGQGTQVTVSSAAAHHHHHH130
B2DD7 YWGQGTQVTVSSAAAHHHHHH132

B2DD12  ---- GTQVTVSSAAAHHHHHH 121
B2MH9 --- GTQVTVSSAAAHHHHHH 121
B2MF2 ----  GTLVTVSSAAAHHHHHH 121

*k kkkkkkkkkkkkkk

Supplementary Table®: Pilot series mean ELISA values for 'pilot serigs’pvoduced using the optimised B2D C10
LINE RdzOG A2y O2yRAGA2Yy A |f2y3aAiARS {1 dzF T fefnindl tag @ EyDNGoa a
catalysts.

His SHuffle T7  His Stag SHuffle SHuffle T7

Hisb 9 . Express T7 Express Express

bo. M N

Mean Std Mean Std Mean Std Mean Std Mean Std
KAszoas0 D€V KAszpaso Dev  KAgzougo Dev KAgzpaso DeV KAszoago  Dev
B2D C10 1.043 0.103 0.988 0.147 0.960 0.212 0.263 0.027 0.380 0.008

BIDE6 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
B2DF6 0.314 0.157 0.024 0.000 0.120 0.118 0.000 0.002 0.013 0.001
B2DB11 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
B2DH6 1.032 0.006 1245 0.009 0.749 0.360 0.000 0.001 0.001 0.001
BIMF5 0.030 0.004 0.049 0.001 0.009 0.000 0.000 0.001 -0.001 0.000
B2DB8 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
B2MF2 0.126 0.001 0.186 0.000 0.050 0.000 0.000 0.000 0.003 0.002
BIDC8 0976 0.022 0971 0.012 1.030 0.111 0.088 0.023 0.036 0.001
BIDGY9 1.061 0.022 0.751 0.037 0.621 0.043 0.882 0.044 1.015 0.028
BIMC12 0.994 0.024 0870 0.083 0.024 0.021 0.060 0.054 0.303 0.010
BIMG8 0429 0.062 0.141 0.063 1.030 0.011 0.743 0.139 0.845 0.029
B2DbD8 0.136 0.010 0.154 0.026 0.773 0.006 0.780 0.130 0.959 0.019
B2DE6 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
B2MB9 0.009 0.000 0.008 0.001 0.010 0.000 0.000 0.002 0.010 0.000
B2MF9 0.072 0.000 0.049 0.001 0981 0.000 0.000 0.000 0.001 0.002
B2MH9 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

Vi
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5. Investigating Synthetic Biology Applications of affitiinS Wy

Authors: Jonathan Wilkes, Anthony Scdatticker, 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 monaeqgids. In order to
implement synthetic biology as a means of chemical biosynthesis, high quality parts and
pathways are required. When considering the development and fis@weel synthetic biology
parts andtools, single domain antibodies (sdAb) sucltamelid heavy chain variable fragments
(V4 represent an intriguing avenue for investigation. In this work thrggavitibodies, raised

by immune response againsBtreptomyces clavuligeruinalool synthase (bLinS), were
investigated for their ability to modulate linalool production Escherichia coliln vitro
characterisation revealed that the adiLinS W;B2D C10 functioned as an inhibitor of bLinS,
whilst B1D G9 and B2D D6 facilitatewtreased linalool production, likely as a result of the
stabilising effect othe V4 ¢ bLinS interactionE. colicontaining a heterologous mevalonate
(MVA) pathwayAbies grandigieranyl pyrophosphate synthase (GPBSxlavuligerubLinS and

the previously optimised pBbE8k g, CyDisCo system, revealed that the modulation of bLinS
activity was also observad vivo.Further GEMS analysis of the product profiles obtained also
revealed variation in the titres of geraniol, nerolidol and indole, odog as a result of anti
bLinS My production. These results suggest that thg,Vhvestigated herein are capable of
modulating the activity of bLinia vivowhich in turn alters the flux of the biosynthetic pathway.
This work serves as a proof of prireigndicating that W, 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 thedbegel 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 respor{3éoll, 2015) Additionally, many terpenoids

possess significant commercial and therapeutic value. The sesquiterpenoid artemisinin, for
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example, has been shown to exhibit antalarial propertiegMiller and Su, 2011)whilst other
applications of terpendais include flavourings, fragrances, antimicrobials, pesticides and biofuels
(Leferink et al., 2019)All terpenoids are synthesised from thes @soprenoid precursors
isopentenyl diphosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). These precursors
undergo a prenyltransferase catalysed condensation reaction to form lingaGg Go and Gs

prenyl diphosphates, which can in turn be converted to terpenoids by terpgakse/synthases
(TC/S) (Figure8) (Christianson, 2006)

MEP pathway or MVA pathway
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Figure28: An overview of the monoterpenoid production pathways. The universal terpenoigymsors IP
and DMAPP produced via the MEP and/or MVA pathways are converted to geranyl pyrophosphate (C
condensation reaction. Followgnthe loss of pyrophosphate, the geranyl cation can undergo a ser
isomerisation and cyclisation reactions catalysed by monoterpene synthase/cyclases (mTS/C), yieldin¢
of linear, cyclic and bicyclic products.
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Typically, terpenoids that are to be sold commercially are extracted from their natural source or
are manufactured by chemical synthefiBuetz et al., 2003)Extracting these compounds from
natural sources can often prove to be low yielding, costly arghlhi dependent on the
availability of raw materia(Duetz et al., 2003whilst chemical synthesis methods can require
the use of heavy metal catalysts or reaction conditions prohibitive to large scale production.
{@YyGKSGAO o0A2ft 23 ativeoF théSpaBuction oftBEeBEh§y valuelcdmipdbimty. |
The construction and development of precursor pathways in tandem with a TS/C in a microbial
chassis, such aBscherichia colihave been used to produce a wide variety of terpenoids
including artemisim, farnesene and limonenéGeorge et al., 2015)The production of £
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., 2Q1®his 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 otaiore

termination of the reaction by deprotonation or water capture (FigR8p (Leferink et al., 2016)

Alongside efforts to further improve the production of monoterpenoids by the engineering of
precursor pathwaysor chassis engineering to confer inased terpenoid tolerance, synthetic
biology can also be used to create and explore further product divdiilyec et al., 2016The
modularity of class | and class Il diterpene synthasg®@lhas been exploited, resulting in a
AaSNASa 2F WySg G2 yIiGdNBQ Syl evyS O2YoAyl A2y
diversity (AnderserRanberg et al., 2016Diversification of monoterpenoid products can be
achieved through oxyfunctionaiion using cytochrome P450 monooxygenasas;h asthe
conversion of limonene to perillyl alcohol describedMgnseGutierrez et al(2013) The power

of this approach was recently demonstrated HgrnandezOrtega et al(2018) who described a
scalablesynthetic biology pipeline for expanding chemical diversitybimsynthetic terpene
productionthrough controlled oxyfunctionalisation via natural and engineered P450s. This work
highlights the importance of synthetic biology toolboxes; containing wefindd re-usable
WLIF NI AQ 6AGK OFNASR LILX AOFGAZYa®

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 inkerent 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, ibonéit active or
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allosteric sites, stabilising active conformations, promoting profeistein interactions or by
functioning as biocatalysts in their own rigftiarmansa and Affolter, 2018; Li et al., 2012)
Antibodies therefore represent a valuable, unpma resource for use in synthetic biology
applications. The development of recombinant antibody technologies such as ehai
variable fragments (sclantigen binding fragments (Faland single domain antibodies (sdAb)
facilitates the production of lge libraries of antibodies(Hoogenboom, 2005) These
recombinant antibody libraries can subsequently be enriched using techniques such as phage
display biepanning in order to identify high affinity antibodies to a chosen tafgtogenboom,
2005) which may then be screened for activity/functionality. As demonstrated herein, the
availability of well established, tractable techniques to generate high quality, iGuadt
antibodies highlightshe potential of Vy antibodies and their incorporation into theynthetic

biology toolkit.

When developing recombinant antibodies for synthetic biology applications, the inability of
commonly used microbial chassis to perform the pwanhslational modifications necessary to
ensure functional production of the antibgdremains the greatest challenge. The use of
antibody fragments such as scFv, Fab and seéhiminates the need for N; glycosylation;
however the correct formation of dulphide bonds remains necessary to ensure proper folding
of the antibody, and thus theetention of desired functionalitp DR OA I NJ . Bylusitgla ®=
eukaryotic chassis such &accharomyces cerevisiag Pichia pastoris the formation of
disulphide bonds can be accommodated due to the presence of protein disulphide isomerase
(PDI) ad sulfhydryl oxidase enzymes in the endoplasmic reticulum (ER) and mitochondrial
intermembrane space (IM$Riemer et al., 2009)These enzymes facilitate the oxtion of the
cysteine residues and subsequent disulphide shuffling in order to ensure thectformation

of disulphide bondgRiemer et al., 2009 However,E. coliremains the most commonly used
host for synthetic biology applicationg\dams, 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 prodciaiss,

2016) makesE. colian atractive 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
environmert of the periplasmic space, where the Dsb protein family facilitates the catalysis of
disulphide bond formatior{Collet and Bardwell, 2002As most synthetic biology applications

are likely to require activity within the cytoplasm, alternative productistrategies to
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periplasmic export must be exploreth order to ensure that nativefolding, and thus

functionality, is retained for antibodies produced in the cytoplasm.

To highlight the potential of antibodies for synthetic biologgplications the currentwork
describes how camelid heavy chain variable domaing) (d&n be employed as modulators of
Streptomyces clavuligerilisalool synthase (bLinS) activityHi coli.The cytoplasmic production
of a selection of arMbLinS My was previouslyoptimised uing a Design of Experiments (DoE)
methodology and the subsequent construction of a partial least squares regmg$diSR) model
(Chapter 4. The addition of an ferminal Hig/Stag alongside the eproduction of the CyDisCo
catalysts, S. cerevisiaesulfhydryl oxidase Ervlp and the mature human protein disulphide
isomerase (PDIp DNOA I NI S , wdsdBownHta fadilifate significantly improved
functional production of a panel anliLinS My (Chapter 4)Herein, three othese Vi antibodies
have been characterised in a seriesiafvitro and in vivoassays 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 im vitro assays the vector pETM11 bLinS was used. This
construct contained the codon optimiseBtreptomyces clavuligerdsalool synthase (bLinS)
gene toned between the Ncol and Xhol restiist sites (Supplementary Table)XBaruppiah et

al., 2017)

For the praluction of linaloolin vivo,bLinS was cloned into the pJBRALO vector(Alonse
Gutierrez et al., 2013)pJBEB41Q, a gift from Taek Soon Lee (Addgene plasmidi7049;
http:/n2t.net/addgene:47049, was PCRnigarised using primers pJBEEn mn g { @ y ¢ 2 LISy
PIBEE nmnY{ ey p2LISy pp Q di).d2bdoli dpiimBetiblingls PCR ainplified

from pETM11 bLinS, using primers LinS+6410_Fw and LinS+6410_Rv (Supplementady. Table

Following agarose gel eleophoresis, the PCR products were excised from the gel and purified
using aNucleoSpirGel and PCR Cleap Kit (MachereyNagel).The purified PCR products were

then cloned using an InFusion Cloning Kit (Clontech). Following transformation of Stellar
Compeent cells (Clontech), cPCR using Syn_Seq_Fw and Syn_Seq_Rv primers (Supplementan
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 pI&EIO bLinS.
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Anti-bLinS Wy B1D G9, B2D C10 and B2D D6 were clonedpgBtiE8k HisRFP CyDisCo as
described previouslyChapter 4.3.2 Amino acid sequences of 4,y fusions can be found in
Supplementary Tablé2. Briefly, V4 were amplified from the phage display pTAPMID vector
usingVyy Ndel Fw and M, Xhol Ryprimers(Supplementary Tablel). Following PCR purification

using aNucleoSpirGel and PCR Cleap Kit (MachereyNagel), the W, insert andpBbE8k His
RFPCyDisCo vector were digested using the Ndel and Xhol restriction endonucleases (New
England BioLabs)he digested products wengurified following excision from a 1 % agarose gel
before ligationof the puified fragmentsusing T4 DNA ligase (New England BioLabs). Following
GNF yaF2NXYIFGA2Y 2F b9. wmni $AGK GKS fAIlLIGAZY
the Wy insert by colony PCR using pBbE8k Seq Fw and pBbE8k Seq Rv primers (Supplementary

Tablell) and subsequently sent for sequencing to confirm the expected coding sequence.

5.3.2. Protein Production

bLinS was produced and purified assdribed in Chapter 3rctic Express (DEBscherichia 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 inoculates x 1L of2X YT mediund C2 NA SRA dzY 0 & dzLJLJ SYSY G SR ¢
mL?") as a 1:100 dilution. The culture was incubated with shaking (190 rpm) %E,37htil an

ODyg Of 0.5 was reached, at which point the temperature was reduced td 16 Y R A & 2 LINEP
D-1-thiogalactopyraoside (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 1®uspended in Buffer A (25 mM Tris pH 8.0, 150 mM NaCl, 1 miM D

5 % (v/v)glycerol and 5nM MgC}) supplemented with DNasel (0.1 mg Hillysozyme (0.1 mg

mL?) and 2x EDTA free protease inhibitor tablets. The resultant slurry was lysed by sonication
(Bandelin Sonoplus) on ice wiplulses of 20 s on, 40ddf, for a total of 20 min. Lysed cells were
centrifuged at 30,000 x g for 1 h at’@, and the supernatartvice ¥ Af § SNBR o n®np
pum) prior to being loaded on a 5 mL HisTrap column (GE Healthcarexpidbrated with

Buffer A supplemented with 10 mNhidazole (Binding Buffer A). The column was then washed
with 10 column volume$CV)of Buffer A supplemented with 40 mM imidazole (Wash Buffer A),
before elution of the Hidagged protein using 5 CWf Buffer A supplemented with 250 mM
imidazole (Elution &fer A). The eluted protein was then dalted using a Centripure P100
column (EMPBiotech 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 unless otherwise stated.
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In order to remove the Merminal Histag from bLinS, Higgged TEV protease was added at a
ratio of 1:1000 (w/w) to the purified protein and the mixture incubated &iCGiovernight. The
TEVprotease was removed from solution by an additional run through a 5 mL HisTrap column
that had been preequilibrated with Buffer A, followed by an additial wash with 10 Cdf

Buffer A.CleavedbLinS was collected iboth the flow through and wash fractie andwas
subsequently concentrated using a Vivaspin 20 centrifugal concentrator (Sartorius). Remaining
un-cleaved bLinS and Hisgged TEV protease was removed frone tcolumn using 5 Cof
Elution Buffer A.

Construction of a plasmid for thie vivo praduction of biotinylated bLinS was achieved using

[ dzOA3Sy Qa4 9ELINB&a&z . A20AYy [ f2yAy3 |.32RBioMnE LING
-/ Sttt CQ OKSYAOIftfe& O2YLISGSy the rosblifaritphAviTad O A 3 Sy
bLinS vector. Aingle colony was subsequently usedrioculate small scale cultures bB broth
(ForMedium) supplemented with kanamycin (30 pg™jmlwhich were incubated at 37C
overnight. These were used to inoculgte100) 6 x 1 kultures which were grown in LBdih
(ForMedium) containing kanamycin (30 ugthand incubated at 37C with 190 rpm shaking,

until an ORy 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 solsitito obtain final
O2yOSYUGNI GA2YyA 2F ndH 22 06KOBLI ndnm 32 O0GKGDU
harvested by centrifugation at 6000 x g, ’@for 10 minutes, and the pellet rsuspended in

Buffer A supplemented with DNase (0.1 mgnlysozyme (0.1 mg i) and an EDTA free
protease inhibitor tablet. The harvested cells were then lysed and purified as desaliose

for the nonbiotinylated LinS.

For the production of arMbLinS M, b 9 .  oeells weretransformed withthe pBbE8K HigViy
CyDisCo variantsSingle colonies were used to inoculate 2 mL LB overnight cultures
ddzLILX SYSy i SR 4 A G K™).{Thege stareOculyiresovera incubiitedYofernight at
30 °C with shaking at 200 rpm. The following day the starter cultures wsed to inoculate TB
addzLJLX SYSyYy G SR 6 A (K™ aslay:10¥ @l@idny Thécpltaressware ofdwn aG0
with shaking (200 rpm) until an @20.6 was reached. The cultures were then induced by the
addition of arabinose to a final concentratimf 50 mM and the temperature subsequently
altered to 26.6°C. 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 a#80°C orimmediately taken forward for cell lysis.
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Lysis bufferd5 mM TrisHCI pH 7.4, 150 mM NaCl, 5 % (v/v) glycerol, 0.1 rifgdNBsel and 0.1
mg mL* lysozyme) was added to the frozen pellet at 174d¥ the initial culture volume and the
cell pellet resusgended by vortexing. Three additional freettew 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-bLinSV were purified using immobilised metal affinity chromatography (IMAC). A 5 mL
HisTrap column (GE Healthcare)paiilibrated in 5 C\6f equilibration buffer 25 mM TrisHCI

pH 7.4, 150 mM NacCl, 5 % (v/v) glycerol, 25 mM imidazole) prioratting of the clarified
lysate. The resin was then washed sequentially with 5 CV of Wash Buffers B, C2&nchlid (
TrisHCI 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 additmf 2 CV of Elution Buffer BS mM Tris

HCI pH 7.4, 150 mM NacCl, 5 % (v/v) glycerol, 500 mM imidazole). Concentrationsaitingeof

the purified protein into Buffer B26 mM TrisHCI pH 7.4, 150 mM NacCl, 5 % (v/v) glycerol) was
performed using Vivasp 10 kDa MWCO concentrators (GE Healthcare).

Protein purity was monitored by SIPRAGE. Protein concentration was determined using both

the Bradford protein assay (B®ad) and extinction coefficient methodology.

5.3.3. Titration ELISA

Determination of E values was performed using titration ELISA. Wash steps utilised PBS 0.1 %
(viv) Tween20, 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 pL
NeutrAvdin (1 pg mt PBS) and incubated at°€ overnightThe following day laplates were
washed and blocked for 1 h at room temperature usirig BSA in PBBheblockedNeutrAvidin
coated plates wereagainwashed and 50 pL biotinylated bLinS (1 pg'riLPBS, 3% (v/v)
glycerol and 5 mMMgC}) added prior to an additional incubation period. After a further
washing step, purified Higagged Y4 (B1D G9, B2D C10 and B2D D6) were added in triplicate (n
= 3) as a series of @1000 nM dilutions in Buffer A tthe blocked plates. The titration plates
were incubated for 1 h before being washed. Boung, Was revealed using MonoRab HRP
conjugated monoclonal antibody (GenScript) dt:%,000 dilution in PBS. Following the addition

of 1 Step Ultra TMB ELISA Sulist(@hermoFisher) 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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subsequently fitting an asymmetric 5 point logistic equation (5PL) (GraphPad Prism 7).

5.3.4. In vitro Biotransformation Reactions

In vitro biotransformation reactionsvere set up in 2 mL glass @4S sample vials and were
LISNF2NYSR AY | Htom volunfie Al hiaizdngfatmatioNIeactdns were
established in biological triplicate (n =3). Purified bLinS (256 X0 M) was preequilibrated
with purified Wy (0 nM - 1000 nM)at 30°Cfor 30 min or 24 h in Buffer A. The reaction was
initiated by the addition of 1 mM geranyl pyrophosphate (GPP) and a 20 %nfwbenane
overlay. Theeactions were incubated with shakiifg70 rpm)at 30°C for30 min or 24 h. After
incubation the organic layer was collected and dried using anhydrous Mdg®@re being
mixed at a 1:1 ratio witrethyl acetate containing 0.01 % seatyl benzene as an internal

standard.The samples were then analysed by-I3E.

5.3.5. Production of Monoterpenoisin vivo

For the production of monoterpenoid® vivob 9 . Mni X b9. phX . [HM 06!
SHuffle T7 Express were transformed with pdBED bLinS. Freshly transformed colonies were
then used to inoculate LEForMedium)supplemented with 100 mgnL* carbenicillin, which
were grown overnight at 30C. The following day the overnight cultures were used to inoculate
(1:100 dilution) TRForMedium)supplemented with 1% (v/v)glucose or glycerol and 100 mg
mL* carbenicillin in glass screw cappedisié2 mL reaction volume) which were incubated at 30
°C with shaking at 200 rpm. Once an optical densitysfpPDf 0.6 was reached linalool
production was induced with 100 uMPTG. Following induction a 20 % (wiw)onane overlay
was also added so as wapture the volatile monoterpenoids produced. The cultures were
incubated for a further 72 hhefore the organidayer was collected and dried using anhydrous
MgSQ. The dried organic phase was then mixed at a 1:1 ratio etiityl acetate containing 0.01

%sechutyl benzene as an internal standaiithe samples were then analysed by-Ka§.

When looking to assess the modulatory effect afyVWh vivo, competent cells were co
transformed with pJBE8410 bLinS and pBbE8k g CyDisCo. Single colonies werediso
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 mi* kanamycin. Once an Q@ of ~ 0.6 was reached monoterpeid production was
induced by the addition of 100 uNPTG whilst M; production was induced using 2 mM

arabinose. The remaining steps were performed as described above.
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5.3.6. GCMS Analysis

Samples were injected onto algilent Technologie890A GC coupled to an Agile®975A

MSD. The products were separateding a DB ! - O2f dzvy 6on YT ndoH
thickness, JW Scientifi. KS Ay 2SOG2NJ G§SYLISNY G§dzNE 61 & HHA
injection). The carrier gas was helium wittflow rate of 3 mL mfthand a pressure of 8.3 psi.
Theovenprogram 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/mim with afinal hold at 210 °C for 2 mirifhe ion source temperature of the mass
spectrometer was set t810 °C and spectra recorded form/z 50 tom/z 250.The mass spectra
fragmentation patterns that were obtained were entered into the NIST mass spéibtaly 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 AHLINS Vi,

The production and purification of bLinS and biotinylated bLinS uséd witro experiments
described henceforth was conducted during the construction of the-aotiS MW phage dsplay
library described itChaptes 3.4.1 and 3.4.2. Similarly the production and purification of the His
tagged antibLinS \{, B1D G9, B2D C10 and B2D D6 was performed during the optimisation of
cytoplasmic production of these \described irChapter 44.5.

5.4.2. Pathway Construction

The production of monoterpenoids 8. colihas been widely reporte@AlonseGutierrez et al.,
2013; Leferink et al., 2016; Mend@erez et al., 2017)In each instance, the endogenous
methylerythritol 4phosphate(MEB pathway ofE. coliwas supplemented by the heterologous
expression of thamevalonate MVA) pathway in order to increase the availability of tia
terpenoid precursorsisopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP)hereby resultng in increased monoterpene titres. In the current study the codon
optimised bLinS gene (8lavuligeruy (Supplementary TableO)l (Karuppiah et al., 2014Ayas
inserted into pJBEB410, replacing the limonene synthase geidefitha spicata)utilised by
Alornso-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

(Figure29). The first operon, under the control of a LacUV5 promoter, ctatsisf the E. coli
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acetylCoA acetyltransferasatoB), StaphylococcuaureushydroxymethylglutarylCoA synthase
(HMG$ andS. aureusiydroxymethylglutarylCoA reductase (HMGR) genes. The second operon
contained the S. cerevisiaemevalonate kinase MK), phosphomevalonate kinasePMK),
phosphomevalonate decarboxylaseMD andE. coliisopentenyl diphosphate isomerasulif
placed under the control of &rc promoter. The third operon, also under the control otra
promoter, included theAbies grandigeranyl pyrophosphate synthas@ PPpand Sclavuligerus
bLinS.

atoB HMGS HMGR MK PMK PMD idi GPPS bLinS
L)_' L)_| L)_c L)_| L)_| L)_| N
lacUV5 V v Y 4 v v Y b, 14

pJBEI-6410 bLinS

p15A ori

|:> E. coli I:> S. cerevisiae
— —

S. aureus A. grandis

‘ S. clavuligerus

Figure 29: Diagrammatic representation of the pJBRI10 bLinS plasmid containing the heterologous mevalc
(MVA) pathway,Abies grandisgeranyl pyrophosphate ysithase (GPPS) an8treptomyces clavuligerutnaloo
synthase (bLinS) required for the production of linalodEircoli.The genes contained within the heterologous M
pathway are as follows: acetfloA acetyltransferaseatpB), hydroxymethylglutaryCoA synthase HMGS,
hydroxymethylglutarylCoA reductase (HMGR), mevalonate kina#éK)( phosphomevalonate kinasePNIK),
phosphomevalonate decarboxylageMD and isopentenyl diphosphate isomeraggi)(

5.4.3. Strain Comparison olfin vivoLinalool Production

As demonstrated byVillrodt et al. (2014) the production strain and choice of carbon source
have a significant effect on the limonene titres obtained when uBingolias a production host.

They showed that the use of glycerol as a sole carbon sourcétedsn 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, limame 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 arbLinS My production inE. coli usingthe Design ofExpeiments

(DoE) methodologgescribed previously (Chapter 4), the most suitable strains were found to be

{1 dFFES ¢1 9ELINBaAa |yR b9. wmni ® DAGSYy GKI
balance within the cell have been shown to affect limonene pobida, the ability of SHuffle T7
9ELINB&a FYyR b9. wmni OSf f a-64i@bLinShBsSRiar(FBurt)2hkay | 2 2
first investigated in order tosablish which strain was most suitéat linalool production in the
absence of antbLinS M@ ¢ KS O2YY2y LINRPRdzOGA2Y &GN} Aya b

were also included for comparison.

Following transformation of the cells with pJB&ILO bLinSindividual colonies were picked and
used to establish overnight cultures which were subsequently used to inoculate TB medium
supplemented with either 1 %) glucose or glycerol. Of the production strains evaluated, NEB
Mni  LINPRdzOSR G KS 3INBI G 6).0Theljusielof/1(4 {1/ ghzeFol ds thg | f
primary carbon source facilitated the production of 87.1 + 6.1 g bf linalool, whilstl %

(v/v) glucose resulted in 82.8 + 35.4 mgL SHuffle T7 Express produced the least linalool of
the production strains evaluated, achieving linalool titres of 0.2 + 0.1 4gbdnd 0.2 + 0.3 mg

Lorg,'1 when utilising glucose and glycerol (1 % vag the carbon source respectivelyhe
relatively poor linalool titres produced by SHuffle T7 Express may be due to the altered redox
pathways present in this straifLobstein et al., 2012)which facilitated improved antibody
production in Chapter 4.

-

(5]

o
I

mm 1% Glucose

== 1 % Glycerol
100-

3]
o
1

o
1

Average Linalool Titre (mg Lorg'1)

NEB 108 NEB 5¢ BL21 T7 SHuffle T7
(DE3) Express Express
Figure 30: Strain comparison for the production of linalool using eithe¥1(v/v) glycerol or glucose as
primary carbon source in phosphate buffered TB. Monoterpenoid production was induced by the adc
Man >a Lt 0.6 Gultureg weneSncubated at 30 for 72h following induction. All measureme
were oltained in biological triplicate (n =3).
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Asb9. wmMni gl a | adzh 01 oHlnS MR RidzCtiieibsy at cRldcing F 2 |
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 atalthe modulatory

effects of antibLinS Myon the production of linalool, conditions that were developed to favour

the production of antbLinS My (Chapter 4.4.2HigG I 3 /[ &@5Aa/ 2 OF Gl fe&ad
arabinose and 26.8C post induction temperate) were used for all furthein vivoexperiments,

whilstin vitroassays were performed using Hsgged Viyproduced using those conditions.

5.4.4. Determining EG; values of antibLinS {4B1D G9, B2D C10 & B2D D6

Following the identification of experimentalonditions that suited both the production of
linalool and antbLinS \{, characterisation of the binding interaction between bLinS and B1D

G9, B2D C10 and B2D D6 could begin. The relative affinities of BAD G9, B2D C10 and B2D D
were calculated using th&G, value, the antibody concentration at half maximal binding,
RSGSNN¥AYSR o6& GAGNYXdA2y 9[L{! dzaAy3d bYSaddi NI @)
IMAC purified HigVun (0 ¢ 1000 nM). Of the three Y, tested here,His-B1D G9 demonstrated

the greatest potency with an Egbf 3.3 nM, whilst HisB2D C10 and Hi82D D6 were shown to

have potencies of 18.0 nM and 163.8 nM, respectively (Fi@l)e The nanomolar values
obtained were consistent with commonly reported values for llamaadbtainedas a result of

donor immunisationSaerens et al., 2005; Shinozaki et al., 2017; van der Linden et al., 1999)

— B1DG9 — B2DC10 — B2D D6
1.5+

AA (Ag30-A490)

-1 0 1 2 3 4
log[VHH]

Figure31: Titration ELISA for the determination of abtiinS 4 EGg values. Streptavidin coated microtiter pla
GSNB dzaSR G2 OF L dzNB "Yowhighivery iadubbatéSwith abtjLihS/ M, B16 169, BZD C
and B2D D6. Boundy)was revealed using MonoRab H&dhjugated monoclonal antibody (GenScript) «
1:5,000 dilution in PBS.
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5.4.5. In vitro modulation of bLinS using anbLinS Wy

The modulatory capabilities of Hitagged B1D G9, B2D C10 and B2D D6 were subsequently
investigated by performing vitro biotransformation reactions in which purified bLinS @28V)

was preequilibrated with varying concentrations of the purified 4tisgged Vi prior to the
addition of GPP and a 20 % (vinonane organic overlay. Following incubation tbg
biotransformation reaction mixture, the organic overlay was extractdded and an equal
volume of EtOAc containing an internal standard added. Monoterpene production was
measured by G®IS analysis and the products quantified by calculating the ratios between the
internal standard and an authentistandard of known concenation. Relative activity (%),
comparing linalool titres in the presence and absencepf Was reported. Titration of purified
V(0 ¢ 1000 nM) against bLIinS (FiguB2A) revealed that B2D C10 has an inhibitory effect on
bLinS, with an kg 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 (B&)re

with B2D C10 demonstrating 46 34.3 % relative activity in comparison to the bLinS only
control. BAD G9 and B2D D6 again facilitated increased relative activities, 145.0 + 15.8 % and
141.2 + 10.9 % respectively, whilst the contrgl,EH81 displayed 88 + 13.0 % relative activity
when compared to the bLinS only control. In each case linalool was the only monoterpene
product identified by GBS, indicating that the binding of B1D G9, B2D C10 and B2D D6 does

not alter the product profile of bLini@ vitro.

>
w

150+ 200+
A e B1DG9

L ]

i = B2DC10

L T

21004 B + B2DD6
A

150+

100+

HH

50+

Relative Activity (%)
L}
Relative Activity (%)

10 160 10I00 10600 bLinS B1DG9 B2DC10 B2D D6 EHI81
[VHH] (I‘IM} Control bLinS bLinS bLinS bLinS

Figure32: Biotransformation reactions for the conversion of geranyl pyrophosphate (GPP) to linalool using (&
clavuligerusbLinS in the presence of afftLinS \{,B1D G9, B2D C10 and B2DA)®Relative activities dbLinS in th
presence of purified arbLinS \,(0-1000 nM). Reactions were run for 30 min prior to extraction of monoterpe
products.B) Relative activities of bLinS in the presence of-AhtnS \{yand the control Y, EH81 for reactions run f
24 h prior to extraction of monoterpenoid products.
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In order to further investigate the potential stabilising effects of @itinS W, on bLinSan
additionalin vitro biotransformation reaction was performed in which bLinS was incubated with
an equimolar amount of purified Hisagged V,for 24 h at 30°C prior to the addition of GPP
(Figure33). When compared to the 0 h control incubation, bLinS that had been inedidat 24

h retained only 4.7 £ 0.4 % activity. However in each instancmcetation with an antbLinS
Vynresulted in an increased relative activity of bLinS in comparison to the bLinS only control. In
the presence of the previously identified inhimiy \,y 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, cancubation of bLinS alongside B2D D6 resulted in the retention of 37.7 £ 2.7 %
relative activity. Thee results suggest that the binding interaction between, ¥ind 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 aiLinS W;B2D C10. It is not clear, howeyép what
extent the increased relative activities observed for B1D G9 and B2D D6 (B&e33 are as

a result of bLinS stabilisation or due to allosteric activation of bLinS dug,twriding.

150+

Relative Activity (%)

bLinS bLinS B1DG9 B2D C10 B2D Dé
Oh 24h bLinS bLinS bLinS
24h 24h 24h

Figure33: Relativeactivities of bLinS as determined by biotransformation reactions following the incul
of bLinS alongside arbLinS \{;B1D G9, B2D C10 and B2D D6 for 24 h %ﬁ?Sprior to the addition of GPI

5.4.6. In vivomodulation of bLinS using anbLinS Wy

Following the characterisation of bLin8y interactionsin vitro, the modulatory effects of anti

bLinS My in vivo were investigated. Based on the strain comparisons described previously
(Chapter5.4.3) = b 9. mni -tradsSotnfediwitis BNIBBER!20 bLINS and pBbESkK ¢His

Vun 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
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induction and subsequent addition of an onya overlay cultures were grown for 72 prior to
product extraction. Cgroduction of B1D G9 and B2D D6 resulted in increased linalool titres
relative to the pJBE3410 bLinS only control, 247.4 + 19.0 rﬁggL(132.1 +10.2 %) and 218.2

14.3 mg I;lorg (116.5 + 7.7 %) respectively (TablgFigure 3A), which was consistent with
observations fronin vitro experiments. Cgoroduction of B2D C10 resulted in a titre of 171.9 +
22.2 mg Ly (91.8 + 11.8 %) linalool compared to 187.3 + 19.4 g (100+ 10.35 %) that was
obtained for the pJBE3410 bLinS only control. This indicates timavivoover 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 biS.

In addition to the production of linalool a series of other compounds, geraniol, nerolidol and
indole, were #s0 detected by GMS (Figures 34B & C, Tab)eTheS. clavuligerubLinS utilised

in this study also demonstrates nerolidol synthase agtiin the presence of the ;€
sesquiterpenoid precursor farnesyl pyrophosphate (FBRRJruppiah et al., 2017)It has
previously been reported that strains d&. coliare capable of producing FPP using native
enzymegqFujisaki et al., 1986¢xplaining thenerolidol production observed here. Interestingly,
however, nerolidol titres were reduced in the presence of each of thelaritiS 4y investigated

in this study (Tabl&, Fgures 38 & C). This could suggest that B1D G9, B2D C10 and B2D D6
interact with bLinS around the active site, impairing the access of the longesu@strate. The
reduction of nerolidol titres was most significant in the presence of B2D C10 yielding 20.5 + 6.9

mg L',y compared to the 58.5 + 6.6 m{d, produced by the pJBEK10bLINS only control.

The production of geraniol by. colicontaining 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 phosphataBhd@A)(Leferink et al., 2016; Liu et al., 201Bpwever

in this study, geraniol productioim vivowas significantly increased in the presence of-#hinS
Vun(Table 7 Figure34B & C). Following eproduction of B2D C10 and B2D D6 geraniol titres of
329 + 1.1 mg L,y and 30.2 + 6.3 mg't,, were obtained, representing a 12 fold increase in
geraniol titre compared to that of the pJB&10 bLinS only control (2.6 + 0.6 mig,J. In
isolation this result could suggest that the binding of thesg % 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 duringn vitro biotransformation reactions, ), binding does not
appear to be directly responsible for altering the reaction chemistry of bLinS. Instead, increased

geraniol productionn vivois likely a result of the changing flux within the biosynthetic pathway
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occurting in response to ¥ ¢ bLinS binding. When considering the B2D €hRinS interaction,
for example, the inhibitory effect of the arbiLinS \Myis likely to create a bottleneck within the
pathway. As a result the accumulation of GPP and its precuratiish havebeen shown to

result in cytotoxicity irE. colj occurs within the cell§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 de to B2D C10 binding, it is proposed that GPP is instead converted to

geraniol by PhoA and other unidentified endogenous pathwaggerink et al., 2016hereby

alleviating the toxic effects of the isoprenoid precursor accumulation.

Indole is produced Y a variety of Granpositive and Grammegative bacteria as an intracellular

signalling compoundgHan et al., 2011)The production of indole i&. colihas been linked to a

variety of processes including biofilm formation, motility, virulence, plasmid stability,

antimicrobial resistance and as a cell survival mechanism during stress regptarsest al.,

2011; Kim and Park, 2018)hen considering the pduction of terpenoids irE .colijndole has

been identified as a potential inhibitor of isoprenoid pathway activity via an as yet unidentified

mechanism(Ajikumar et al., 2010Here, indole production was significantly decreased following

the productionof anti-bLinS \y alongside the biosynthetic pathway with a low of 185.8 + 17.9

mg L', measured in the presence of B2D D6 compared to 455.9 + 1.8'sgolserved for the
pJBEB410 bLinS control (Tablke Figure 3€). This would again suggest thag¢ thoproduction

of anti-bLinS My 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 @itithe biosynthetic pathway occurring

as a result of \;- bLinS binding; however a mechanism for the process remains unclear.

Table 7: Products isolated following ed NI y & F2 NI A2y

2 F641D BLInS and ipBbEBR JN4,

LIW. 9

CyDisCo. Following induction of the production pathways, cultures were grown for 72 h prior to product extraction
and GEMS analysis. Products quantified by calculating the ratios between the internal standard and an authentic of

known concentration

Bxperiment Linaloo_llTitre Gerani(_nllTitre Nerolid(?ll Titre Indole_]'itre
(Mg Lorg) (Mg Lo (mg Lo (Mg Lorg)
B1D G9 + bLinS 247.4 + 19.0 12.0+ 3.0 42.4+ 2.8 206.7+ 16.6
B2D C10 + bLinS  171.9+ 22.2 329+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 2.6x0.6 58.5+ 6.6 4559+ 1.8
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Figure34: InvivoY2 Rdzf G A2y 27F 0] Ay { -bhinS WhBAD GOMBRD Cldzank BZD D&. KRBl
induction of the production pathways, cultures were grown for 72 h prior to product extraction arfd &&nalysisA)
wStFGAGS tAYLFf22f LINE RuzdictioR of bLnG and &iLinSvivi in vivé B)Contharidoy ¢
terpenoid products isolated following garoduction of bLinS and arbLinS M, in vivo. C) GGMS chromatograrn
obtained following ceproduction of bLinS and adAbLinS My in vivo.Annotated peaks correspond to sbatyl benzen
internal standard (1), linalool (1), geraniol (lll), nerolidol (1V) and indole (V).

5.5. Conclusions

In summary, this chapter describéns vitro and in vivo investigations into the potential
modulatory capabilities of three anbiLinS \y antibodies;B1D G9, B2D C10 and B2D D6 on
bLinS. Of the ) investigated, B1D G9 demonstrated the greatest potency against biotinylated
bLinSin vitrowith an EG of 3.3 nM, whilst B2D C10 and B2D D6 were shown to have potencies
of 18.0 nM and 163.8 nM respectively vitro biotransformation reactions, in which purified
His-Vun was coeincubated 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 shot 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 \{ - bLIinS binding, as evidenced by the retention of catalytitviac following a 24 h
equilibration period in the presence of a,Morior to addition of GPP when compared to the

retained activity in the absence of an abliinS MWy Heterologous expression of an MVA
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pathway, A. grandis GPPS and th&. clavuligerudlinS alongside the previously optimised
pBbE8K HisViyy CyDisCo system (Chapter 4) revealed that the production of thesesulted

in changes to the product profiles obtained. In each instance the production cbams Wy
alongside the biosyntheticgthway yielded increased titres of geraniol and indole, indicating
changes in pathway flux resulting fromabLINS binding. Additionally, the amount of nerolidol
produced was reduced, potentially indicating a reduced ability of bLinS to accommodatg the C

substrate FPP following,¥q bLinS binding.

This work demonstrates that sdAb, specifically llama ¥an be utilised withitk. colias tools for
modulating biosynthetic pathways. The ability to control and/or disturb the flux of biosynthetic
pathways ould 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 characterisatiord anvestigation into

the bLin; Vunbinding 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 theesign and/or engineering of novel,Ywith altered

functionalities.

Additionally, the M, characterised in this chapter could be taken forward in order to develop
alternative tools with synthetic biology applications. Previously, inhibitgphslve been used as

a means to generate novel antibody catalysts (abzymes) viadiotlypic mimicry of a target
enzyme(Li et al., 2012)Using the inhibitory ar#bLinS Wy B2D C10 described in this work, it
could be possible to isolate abzymes capablehe production of monoterpenoids such as
linalool, and subsequently investigate their suitability for inclusion in alternative biosynthetic
pathways. Alternatively, high affinity binders such as the-BhihS My B1DG9could be used as

a scaffold or tg to facilitate cedocalisation of GPPS and the mTS/C, both of which have
previously been identified as the rate limiting enzymes in the monoterpenoid production
pathways(AlonseGutierrez et al., 2014; Zhou et al., 2018)previous effort to céocaliseGPPS
with pinene synthase (PS) resulted in g ®Id improvement in pinene titre obtained usirig
coli(Sarria et al., 2014However, the use of Nind C terminal fusions reported bgarria et al.
(2014) was constrained to two potential enzyme conforioms. 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 wd described herein deonstratedthat the coproduction of antibLinS Wy

alongside a biosynthetipathway containing bLinS resultéd 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 inlbition that subsequently alteredhe flux of the pathway. As a proof of principle
study, these results demonstrate that the use qfy\s tools for potential synthetic biology
applications irkE. colis feasible. With continued development, the generation of stbAits with

a variety of functionalities is a possibility.
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5.7. Supplementary Information

Supplementary Tabld.0: Codon optimised DNA sequence for tBeeptomyces clavuligerlisalool synthase used in
Chapter 5

Streptomyces clavuligerusLinS (Codon Optimised)

ATGCAAGAATTTGAATTTGCAGTTCCGGCACCGAGCCGTGTTAGTCCGGATCTGGCAL
TGCACGTCATCTGGATTGGGTTCATGCAATGGATCTGGTTCGTGGTGAAGAGGCACG
ATGAATTTAGCTGTGTTGCAGATATTGGTGCCTATGGTTATCCGCATGCAACCGGTGC
GATCTGTGTGTTGATGTTCTGGGTTGGACCTTTCTGTTTGATGATCAGTTTGATAEG!
TCGTGAACGTGATGCACTGGCAGTTTGTGCAGAACTGACCGATCTGCTGTGGAAAGG
CAACCGCAGCAAGCCCTCCGATTGTTGTTGCATTTAGCGATTGTTGGGAACGTATGC(
ATGAGTGATGCATGGCGTCGTCGTACCGTTCATGAATGGGTTGATTATCTGGCAGGT"
CAAACTGGCAGATCGTGCACATGGTGCCGTTCTGGATCCGGCAGCACATRIGEUIGAKEL
GTACCATTTGTTGTCGTCCGCTGTTTGCACTGGCCGAACGTGTTGGTGGTTATGAAGI
CGTGCATGGCATAGCAGCCGTCTGGATGGTATGCGTTTTACCACCAGTGATGCAGTT.
GAATGAACTGCACAGCTTTGAAAAAGATCGTGCCCAGGGTCATGCAAATCTGGTTCTC
TTCATCATGGTGGTCTGACCGGTCCGGAAGCAGTTACCCGTGTTTGIBATAGGGTAG!
ATTGAAAGTTTTCTGCGTCTGCGTAGCGGTCTGCCTGAACTGGGTCGTGCACTGGGT!
TGCAGTGCTGGATCGTTATGCAGATGCACTGAGCGCATTTTGTCGTGGTTATCATGAT
GTGGTGCAAGCCGTTATACCACACGTGATCATCCGGGTGATCTGGGTCTGGAAAATC
CGTAGCAGCGGTTAA

Supplementary Tabld 1: Primers usedn Chapter 5

Primer Sequence (5 3")

pJBEKG410 CTTAAAAGATCCTTAATTCTGACGA
_Syn_open_5'
pJBEKG410 GGATCCAAACTCGAGTAAGGA
_Syn_open_3'

. TCAGAATTAAGGATCTTTTAAGAAGGAGATATACATGCAGGA/
LinS+6410_ Fw TGCG
LinS+6410_Rv TCCTTACTCGAGTTTGGATCCTTAACCGCTGCTACGTGCCA
Syn_Seq_Fw GAACTGTCCTGCTTCGACC
Syn_Seq_Rv GCGAGGAAGCGGAATATATC
Vun Ndel Fw TATACATATGGAGGTGCAGCTGGTG
Vun Xhol Rv GATCCTCGAGTTAGTGATGGTGATGGTGATG

Supplementary Tabld2: Amino acid sequences of kisgged V,jninvestigated in Chapter.5

His-B1DG9
MGSSHHHHHHSSGHMEVQLVESGGGLVQAGGSLRLSCSASGHTLTNYAMGWFRRAPC
TETYYGDSVKGRFAISRDDAKNMVSLQMYSLEPVDTAIYYCAAAQSTVRLRFNRMIDYW(
AHHHHHH*

His-B2D C10
MGSSHHHHHHSSGHMEVQLVESGGGLVQAGGSLRVSCAASGRTFSSLAMGWFRQAPC
GDSTHYADSVKGRAIMGRAVNTVYLQMNSLKVDDTAVYYCAGTTGWGSTLSSGYEYWGG
AAHHHHHH*

His-B2D D6
MGSSHHHHHHSSGHMEVQLVESGGGLAQPGGSLRLTCAASGSIISINDMAWYRQAPGK
TSYTDSVKNRFTISRDNAKNTVYLQMNSLKPEDTAVYYCNAEVFDLQMGHRYLKLWGQG
HHHH*
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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 wittictionalities relating to the
production of monoterpenoids iEscherichiaoliwere 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 i. colithe 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 cytoplasnD D OA | NI . &fortsltaf © = |
circumvent these issues include the use of recombinant antibody fragments, such as scFv and
Fab, which provide greater flexibility in the choice of production stfamenzekt al., 2013) This

is due to the absence of an Fc domain in these recombinanb@hti 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 onhtibodies (HCAR)HamersCasterman et al., 1993)

and immunoglobulin new antigen receptors-{lg\R) in cartilaginous fisfbooley and Flajnik,

2006) which were reviewed in Chapter 1.3.1, resulted in the development of novel single
domain antibodies (sdAbYhese 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) ¢ KSaS SEGSYRSR 2213 FFOAtAG!
clefts or cavities on the antigen surface, further broadening the edop potential applications

of these novel ecombinant antibody fragments, whilst also contributing to the increased
stability of the antibody fragmenfHelma et al., 2015)t was therefore decided that the use of
sdAb domain antibodies such a camelidate chain variable domains (Y 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 thg, ¥at would later be

investigated. The second phase of the patjfocused on developing a robust platform for the
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production of theseVyy within the cytoplasm ofE. coli which would in turn facilitate the final
phase of the project in which the caphties and functionalities of seleaty, would be tested.
Theseobjectivesalign with the experimental chapters discussed in this thesis (Chapters 3, 4 and
5).

When considering the development of antibodies as tools with-th@mapeutic applications,

two main strategies are typically adoptdtiarmansa and Affolter, 2018The 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 specifigatarget a protein of interest. The use of tag binders
typically provides greater flexibility, as following validation of the antibtady interaction a
relatively small panel of antibodies can be used to create a large suite of tools, such as those
descibed byProle and Taylo2019) 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 demonstraiedulatory 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 withagnti
antibodies. Therefore, for this pregt it was decided that the direct targeting of an enzyme
within the monoterpenoid production pathway would maximise the potential functionalities of
the W obtained and thus represented the correct strategy to pursue. Given the critical
importance of themonoterpene synthase/cyclase (mTS/C) in monoterpenoid production, the
mTS/C enzyme in the pathway was the logical choice to tavghen considering which mTS/C

to utilise in this studyStreptomyces clavuligerdimalool synthase (bLinS) ahdentha spicéa
limonene synthase (LImS) were identified as suitable candidates. LimS represented an
AYGSNBadGAy3a GFNBSG RdzS G2 GKS LROGSYOGAFE LINE
terpinyl cation that is stabilised within the active site (Chapter 2, Fidyrd-urthermore, the
production of limonene using this system is well characterised and understood, with high titres
of limonene produced ifE. coli(~ 605mg L") (AlonseGutierrezet al., 2015, 2013)Similarly, the

use of bLinS to produce linalool i coliis established, with relatively high levels of linalool
production (363.3 £ 57.9 mg,rg;l) achieved to datéKaruppiahet al,, 2017) Comparison of the
crystallographic data for these enzymityattet al., 2007; Karuppiabt al.,2017) revealed hat

LimS undergoes more significant structural changes upon substrate binding, potentially
increasing the scope for identification ofy\Vbinders that alter the monoterpenoid product
profile. However, the presence of a nfunctional Nterminal domain, and y | OG A @S & A

thought to protect the active site from solvent, could reduce the likelihood of identifying
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functional \jythat interact with the target enzyme around the active sftdyatt et al, 2007)
Conversely, the single domain bLinS undergasatively little conformational change upon
substrate binding, whilst also possessing a more easily accessed actiyKasiippiahet al.,

2017) It was therefore reasoned that raising sdAb against bLinS would result in the generation
of antibodybinders 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, thedpation 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 enrigtimf two antibLinS My 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 functionahnti-bLinS My 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 wadhoped, reveal higér affinity binders Following five immunisations of a llama
with purified bLinS, two libraries were constructed. The Bleed 1 library, constructed uséils B
obtained following the ¥ immunisation, and the Bleed 2 library, which wasistructed using B

cells isolated following the"™sand final immunisation, contained 1 x 18nd 5 x 10 clones
respectively. Both libraries were enriched by phage displaypaiming utilising two different

gl aK O2yRAGAZ2YAS Wa lah efftttdNdRurelayviter Spactrudiiof/EiBS/ i Q .
binding affinities. Following the first round of b@nning for each library and wash condition,

95 colonies from each were picked for monoclonal phage rescue and subsequent screening to
determine the efficay of enrichment. Of the 380 total colonies screened, 93 % were identified
as bLinS binders by ELISA. Sequencing of these clones yielded 261 ynspgrdhcesand 158
unique CDR3 sequencagthin the enriched populations. Further analysis of the reslta
sequences indicated the emergence of a number of clusters displaying sequence similarity
indicating successful enrichment of the librarigsan effort to maximise the sequence diversity

of the antibLinS \y and thus potential functionality, it was di&ed that no further rounds of
enrichment should be performed. The diversity obtained within the immunelaitS libraries
constructed in this work indicates that the quality of both the immune response and resultant
libraries was high. As such, thegsiwaries represent high quality platforms from which,With

novel functionality relevant to the production of monoterpenoids can be isolated.
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Following the construction and subsequent enrichment of the-bBhthS MWy libraries, the next
stage of the pract required the development of a robust platform for the cytoplasmic
expression of M, 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 occurgipg\the
enriched populations obtained in Chapter 3, the aitinS 4y B2D C10. The structured nature

of DoE provides statistical insights into, and facilitates the modelling and subsequent
optimisation of, complex multifactor systems. Traditional experimentgraaches, in which
factors are sequentially alterechd hoc, can overlook key interactions between factors
potentially resulting in sulmptimal factor combinations being taken forwal@rown et al.,
2018) The factors investigated in Chapter 4 included theice of production strain, the eo
production of the CyDisCo catalystD D OA I NI S (i, the thoice ofiMerminaktagutimem ¢ 0
concentration of inducer added and the post induction temperature. Following execution of the
experimental design, theesets 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 2BLamd M, identified in
Chapter 3. Of the 24,)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 abliinS \y as tools in the production of

monoterpenoids.

Chapter 5 describes the initial investigations into the functionalities of threebdmtiS \, B1D

G9, B2D C10 and B2D D6. Initialvitro assayswere used to determine EgEvalues and to
investigate the effects of W-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 the and improved linalool titres. Conversely, B2D C10 was identified as an
inhibitor of bLinS. Cexpression of a heterologous MVA pathway, geranyl pyrophosphate
synthase (GPPS) and bLinS genes alongside thbLam8 revealed that these effects, although
reduced, could also be observedvivo.Furthermore the ceproduction of the antibLinS Wy not

only resulted in altered linalool titres, but also varying ratios of the terpenoid side products
geraniol and nerolidol, as well as significantly reduced art®wh indole, a molecule with a
number of roles in stress responselncoliHanet al, 2011; Kim and Park, 2019)hese results
indicate that the antbLinS My evaluated in this chapter are capable of modulating the activity

of bLinSn vivoand subsquently altering the flux within the biosynthetic pathway. The effects
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of the B1D G9, B2D C10 and B2DcA.inS interactions observed vivoserve as a proof of
principle that sdAb can be used as tools to modulate monoterpenoid productida. icoli.
Theefore, with continued investigation it is possible that the wide variety of-BhinS Wy
identified in Chapter 3, in tandem with the robust cytoplasmic production platform developed in

Chapter 4, could facilitate the development of powerfyl;¥ools.

6.1. Future Perspectives

Regarding avenues for further investigation in relation to this project, the remaining 258 unique
anti-bLinS W, variants that as yet have not been characterised remain a priority. In order to
effectively screen this number of varian@ternative strategies to evaluate the effect of the
bLinS¢ Vyn interaction on monoterpenoid production are required. Both timevitro andin vivo
analysis performed in Chapter 5 utilised-8G to identify compounds present in the organic
solvent overlay of a twghase system, as first described Byennanet al (2012) Whilst this
strategy facilitates the identification and subsequent quantificataf the products relevant to

the monoterpenoid biosynthesis pathway, the extraction process as performed in Chapter 5 can
prove time consuming and is not sufficiently hifinoughput to efficiently screen each of the

Vyn Variants. In order to improve thrghput of the GEMS based approach, the use of robotics
platforms during the sample preparation, extraction and-K8€ steps, such as those as
described bylLeferink et al (2019) could be explored. This automation could be further
extended to the preparatin of purified protein/cell lysate inn vitro experiments, and the
growth and subsequent induction of cultures in vivo experiments. When considering
alternative strategies to characterise the bLi%, interactionin vitro, the use of the malachite
green assay as a means of measuring pyrophosphate release following conversion of GPP to
terpenoid products, as described Mardakouet al. (2014) represents a viable option. Initial
efforts to utilise the malachite green assay as a means to identify tatmy antibLinS Wy 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 renms a possibility.

In order to further investigate the mechanisms by which the-bhinS \,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 interaction¥he 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;Wariants for further evaluation. Alternatively, this
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knowledge could inform the design of novel variant;\libraries with improved or altered

functionalities.

Alternative applications of the antiLinS MWy obtained during this project include the use of high
affinity binders, such as B1D G9, as tools tdocalise ®PS and bLinS. As discussed in Chapter
5.5, fusion of both GPPS and pinene synthase (PS) resulted -folc iGhprovement in the
pinene titres obtained using. col(Sarriaet al., 2014) Placing the GPPS at theé¥minus of the

fusion resulted in the awve 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 PSwegsGPP
exacerbatedSarriaet al,, 2014) The use of antibodies fragments such gst¥ 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. Theoreticalyntimber 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-GRRSions,

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 afti.inS MWy isolated in this work ithe generation

of catalyticantibodies. The development afatalytic antibodes typically involves one of two
approachegPadiollead_efévreet al, 2014) Chemical approaches utilispecifically designed
hapters that typically mimic a transition state @for 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 ishen screened for variants thgiossesshe appropriate electronic and
steric compementarity to confer catalytic activitfCesareTadic et al., 2003; Takahashi et al.,
2001) A biological strategy for the development of catalytic antibodies isidiatiypic mimicry.

This is achieved by creating and subsequently enriching an antibody library against a target
enzyme, such that populationof antibodies (Ab1l) that bind to the active site of the enzyme are
obtained. Following the identification of ahbl active site binder, the Abl antibody is used as
the antigen in a additional library enrichment steplhis resultsn the isolation of a second
population of antibodies (AbP which are subsequently screened to identify variants with
catalytic activity. The dnidiotypic approach has been successfully implemented_bgt al.
(2012)to obtain a selection of camelidyythat possessed the activity of allinase, an enzyme

found in garlic which catalyses the conversion of alliin to allicin. Using the inhibittiFplanS
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Vun 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 novebbynthetic pathways.

6.2. Alternative Strategies for the Development of Monoterpenoid Binders

Whilst the immune antbLinS W libraries constructed in this project have proven to be of high
quality and yielded a significant diversity of bLinS binders, theofisgnthetic 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 avoidingtential ethical issues, but would also eliminate the lengthy
immunisation process, facilitate the production of a larggp Nbrary and also provide greater
control over the content of the librargHoogenboom, 2005; Suzuki et al., 2018ynthetic and
semi-synthetic V libraries typically utilise optimised or universal framework regions (FR) that
demonstrate sufficient stability to accommodate synthetic complementarity determining
regions (CDRSaerens et al., 2005; Suzuki et al., 2018; Wagner €Ml8. When considering

the aims of this project, the construction of a synthetig,\ibrary utilising stable frameworks
that have previously demonstrated stability and functionality when produced in the cytoplasm
of E. coli(such as the cAbBCII10 framawadescribedby Saerens et al(2005) could have
bypassed many of the early challenges faced when producing and subsequently scregfing V
functionality. It was initially decided, however, that the use of an immune library was more likely
to yield a @nel of antibLinS MWy 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 constmicof novel synthetic M,
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 dewepment of 4y antibodies with synthetic biology

applications irk. colin 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 frankealtogether
and instead utilising alternative designed protein scaffo{tarmansa and Affolter, 2018)
Examples of noimmunoglobulin frameworks include designed ankyrin repeat proteins
(DARPins(Pluckthun, 2015)Monobodies(Koide et al., 2012)Affbodies (Stahl et al., 2017)
Anticalins(Gebauer and Skerra, 201&)d Affimers(Tiede et al., 2017)n each instance, these

recombinant binders have been engineered to exhibit improved stabilities, higher affinities and
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easier handlindHarmansa and Affter, 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 libr@Hasmansa and
Affolter, 2018; Helma el., 2015) As a result, these protein scaffolds are ideally suited for the
development of synthetic biology tools within microbial strains suck.asoliNotable examples

of these recombinant binders reported to date include the generation of DARPRatsbind
monomeric teal fluorescent protein (mTFP1) with low nanomolar affinities and have
subsequently been used to delocalise Rab proteins to the nuclear compartment of HelLa cells,
thus interfering with regular functiofVigano et al., 2018)n additon, 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 fluorescencéTliede 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 thesimed 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-ahihS \{; phage display library
was constructed and fisequently enriched, resulting in the identification of 261 unique bLinS
binding variants. Following the development of a robust platform for the productionygirV

the cytoplasm ofE. colithree antibLinS \, were selected for characterisatian vitro and in

vivo. The investigations described herein showed that thepemiuction of antibLinS Wy
alongside aheterologouslinalool production pathway resulted in the modulation of linalool
production in E. coli,demonstrating the potential of \; as took for altering flux within
biosynthetic pathways as well as alternative tools such as abzymes dndatisation tags. As
such, the platforms developed in this project, and the insights gained following their
implementation, represent a strong foundatiompon which further investigatiss and
developments may buildso as to realise the full potential of,\antibodies as powerful tools in

the field of synthetic biology.
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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 eco-
nomically 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 biochemi-
cal pathway are collected from various source organisms
(microbes, plants and fungi), modified and improved,
and finally introduced into engineered production hosts

PN
@) CrossMark

(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 anti-
malarial drug arteminisin, which was produced in engi-
neered Escherichia coli and baker’s veast, Saccharomyces
cerevisiae, reaching economically viable production levels
after 10 years of iterative optimization [1,2].

Artemisinic acid is just one of thousands of potentially
high-value terpenoids, and synthetic biology approaches
towards versatile and robust biosynthetic production of
additional members of this highly diverse class of chemi-
cals 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 differ-
ent compounds and many applications (e.g. as drugs, food
flavourings, fragrances, biofuels and cleaning agents) [3].
Traditionally, monoterpenes and their derivatives are
extracted from natural sources (generally plants), but this
extraction process can be low vielding, costly, and some-
times highly dependent on raw material availability [4]; a
synthetic biology approach to their synthesis provides a
sustainable route to production and opens new possibilities
for diversification and discovery.

The terpene precursor pathways

The biosynthesis of all terpenes is dependent on the two
(Cs) isoprene precursors isopentenyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate (DMAPP), which
are synthesized via either the methylerythritol 4-phos-
phate (MEP) pathway, also known as the 1-deoxy-D-
xylulose5-phosphate (DXP) pathway, or the mevalo-
nate-dependent (MVA) pathway (Figure 1). IPP and
DMAPP are condensed to form the terpene pre-cursors,
with the order of the terpene being defined by the
number of isoprene units incorporated (monoterpenes,
Cjo; sesquiterpenes, C;5 etc.; and so on). The universal
precursor of monoterpenes is geranyl pyrophosphate
(GPP), combining two C5 units, which is then further
processed by monoterpene synthases/cyclases (m'T'S/C)
to produce a vast array of chemical structures [5,6].

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
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An overview of monoterpene/monoterpenoid production pathways.

plastidial MEP pathway [7]. T'ypically, yeast, animals and
archaea use the MVA pathway, whereas bacteria predom-
inantly employ the MEP pathway; however, some species
of bacteria can use an MVA pathway, whilst others use
both [8].

Early engineering efforts to create monoterpene/oid and
sesquiterpene/oid production systems in bacteria aimed
to improve the availability of precursors by increasing the
intracellular production of IPP and DMAPP [6]. 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 en-
dogenous E. coli pathway. When these biosynthetic path-
ways were expressed alongside monoterpene and
sesquiterpene synthases, initial titres were in the low
mg/l. range. The subsequent efforts to improve the
terpene titres have been extensively reviewed by Paddon
and Keasling [1].

Current Opinion in Chemical Biology 2016, 34:37-43
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Table 1
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Diversity of monoterpene/monoterpenoid production strains engineered to date.

Monoterpenoid Host Pre-cursor mTS/C mTS/C Maximum  Volumetric Reference
product pathways source titre (mg/L) productivity
(mg/L/day)
Limonene E. coli MEP, GPPS Limonene synthase Mentha spicata 35.8 11.9 Du et al., 2014 [16]
E. coli MVA, GPPS Limonene synthase Abies grandis 605.0 201.7 Alonso-Gutierrez et al.,
2015 [12%7]
S. cerevisiae  MVA, ERG20 Limonene synthase Citrus x limon 0.5 0.2 Jongedijk et al. (2015) [48]
a-Pinene E. coli MVA, GPPS2 Pinene synthase Abes grandis 324 10.8 Sarria et al. (2014) [49]
C. glutamicum MEP, IDI, GPPS Pinene synthase Pinus taeda 0.176 0.088 Kang et al., 2014 [30]
B-Pinene E. coli MVA, GPPS2 Pinene synthase Abies grandis 32.4 10.8 Sarria et al. (2014) [49]
C. glutamicum MEP, IDI, GPPS Pinene synthase Abies grandis 0.165 0.055 Kang et al., 2014 [30]
Myrcene E. coli MVA, GPPS Myrcene synthase  Quercus ilex 58.2 19.4 Kim et al., 2015 [14]
Sabinene E. coli MVA, GPPS2 Sabinene synthase Salvia pomifera 82.2 82.2 Zhang et al. (2014) [50]
S. cerevisiae  MVA, ERG20 Sabinene synthase Salvia pomifera 175 n/a Ignea et al., 2014 [20]
Geraniol E. coli MVA, GPPS Geraniol synthase  Ocimum 182.5 91.3 Zhou et al. (2014) [51]
basilicum
Linalool S. cerevisiae  MVA Linalool synthase  Lavandula 0.095 n/a Amiri et al., 2015 [19]
angustifolia
Cineole S. cerevisize  MVA, ERG20, IDI Cineole synthase  Salvia fruticosa ~1100 57.9 Ignea et al., 2011 [217]
3-Carene E. coli MEP, GPPS 3-Carene cyclase  Picea abies 0.003" 0.01 Reiling et al., 2004 [6]

" For 3-carene, the maximum titre and volumetric productivity are indicated in mg/L/ODggo and mg/L/day/ODgqq, respectively.

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 (FFigure 1). They are a metal-
dependent family of enzymes that typically catalyse the
cyclisation of GPP via an a-terpinyl cation intermediate,
or elimination and addition reactions from the linear
geranyl cation intermediate, resulting in a diverse selec-
tion of monoterpene products (Figure 1). mT'S/C are most
commonly found in plants; however, recent genome
mining efforts have demonstrated that terpene synthases
also commonly occur in bacteria [9,10°].

Synthetic biology production of

monoterpenes/monoterpenoids

Over the last decade, numerous monoterpenes/monoter-
penoids have been produced by engineered bacteria and
yeast. A specialised limonene (and perillyl alcohol) pro-
duction system was created in K. co/i by introducing
heterologous, codon-optimized, Staphylococcus  aurens
and S. cerevisiae MVA pathway genes into E. co/i alongside
the Abies grandis GPP synthase and Mentha spicata limo-
nene synthase genes. Optimization of gene regulation
and growth conditions resulted in a limonene titre of
400 mg/L, [11**]. Following this work, principal compo-
nent analysis (PCA) was used in an effort to further
improve the previously obtained limonene titres [12°°].
The authors of this study created a total of 27 production
‘scenarios’, in which the nine enzymes of the MVA
pathway were present in different copy numbers under
different promoters, and testing these in three different
cell densities and three inducer concentrations. Proteo-
mics (LC-MS/MS) and limonene production (GG-MS)

data were obtained for each of these scenarios. Surpris-
ingly, no single enzyme level showed a clear correlation
with improved production, as tested by univariate statis-
tics. However, the application of PCA, a multivariate
statistical method, allowed the identification of combina-
tions 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 precur-
sor production, alongside an overexpression of limonene
synthase would vield 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. of limonene, a 40% improvement over
the original pathway [12°°] (Table 1).

The recent development of improved combinatorial de-
sign approaches for the assembly and characterization of
large multi-gene operons further facilitates optimization
strategies [13-15]. Using these approaches, which depend
on the design of standardized re-usable bioparts and
improved method 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 struc-
ture, to identify the most productive combination.

Alternative strategies in K. cofi focussed on the MEP
pathway, over-expressing the #xs and isopentenyl diphos-
phate isomerase (i47) genes, which had previously been
identified as encoding rate limiting enzymes in the en-
dogenous MEP E. co/i pathway; however, the resulting
strains provided a poor titre of 35.8 mg/L. limonene [16].
Willrodt and colleagues subsequently demonstrated that
the choice of bacterial production chassis, feedstock
and fermentation approach have a major influence on
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achievable titres in engineered microbes. They showed
increased production of limonene in K. ¢o/i grown on
glycerol in minimal media, due to a prolonged growth and
production phase [17]. Moreover, they were able to
furcther improve limonene production by limiting magne-
sium sulphate availability [18]: in these nutrient-limited
minimal media the cells enter a ‘resting’ state, in which
cellular resources are no longer consumed for biomass and
by-product formation, thereby increasing resource avail-
ability for limonene production.

While most of the synthetic biology of monoterpenes so
far has focused on limonene production as a test case, K.
coli has also been engineered to produce a variety of other
monoterpenes, including «-pinene, myrcene, geraniol
and sabinene, by the assembly and optimization of bio-
synthetic pathways containing a heterologous MVA or
MEP pathway, a GPP synthase and the monoterpene
synthase of interest (‘T'able 1).

As an alternative to K. coli, yeast has proven to be a
successful chassis for monoterpene/monoterpenoid pro-
duction, with strains capable of sabinene, limonene,
linalool [19] and cineole production, obrained to date
('T'able 1). In the case of sabinene and limonene produc-
tion, an engineered farnesyl pyrophosphate synthase
(FPP synthase) Erg20 enzyme 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) 8. cerevisiae FPP synthase
Erg20 enzyme, thus removing a potentially competing
pathway that had been identified as an important factor
limiting monoterpene titres [20]. In addition, the authors
reasoned that the fusion of the Erg20 enzyme and sabi-
nene 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 WI' 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.) compared with the original
WT Erg20 (Table 1). In comparison to these relatively
low titres, Ignea ez a/. [21°] had previously successfully
engineered a yeast system capable of producing cineole
on a much larger scale, eventually reaching titres of
>1000 mg/L.. This was achieved using recyclable integra-
tion cassetes that facilitated unlimited sequential inte-
gration of genetic elements and was applied to the sterol
biosynthetic genes HMGZ, ERGZ0 and IDI1.

Diversification of monoterpenes/
monoterpenoids

T'o date, the majority of studies have reported the con-
version 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 interme-
diate of the mint pathways (leading, among others, to the
valuable flavour and fragrance compounds originally de-
rived 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 £. co/i containing
biosynthetic genes from Nicotiana tabacum, including a
double bond reductase (NtDBR), (-)-menthone:(-)-men-
thol reductase (MMR) and menthone:(+)-neomenthol
reductase (MNMR) pathways [22°°]. "This one-pot bio-
catalyric 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 functionali-
ties.

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 [ and II diterpene synthases (di' T'PSs) by systemati-
cally co-expressing di'T'PSs in heterologous hosts. Ham-
berger and colleagues constructed a library of 51 di'TPS
combinations, 41 of which were described as ‘new-to-
nature’, resulting in a significant increase in product
diversity [23°]. Further efforts to improve diversity of
monoterpenes included the incorporation of non-natural
tailoring enzymes into pathways (e.g. cytochrome P450s
or glycosyltransferases). The inclusion of such ‘non-nat-
ural’ enzyme combinations could be successful in provid-
ing access to new chemical space [11°°]. For example, the
incorporation of a Mycobacterium sp. cytochrome P450 into
an engineered K. co/i limonene producer resulted in the
production of perillyl alcohol.

Alternative efforts to improve monoterpene/monoterpe-
noid titres include the editing and optimization of
enzymes used in the biosynthetic pathways via directed
evolution strategies [24]. In this approach, mutant librar-
ies 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, and high-throughput screening and selection
identifies optimal variants, that produce the desired pro-
ducts faster and more selectively, sometimes even accept-
ing non-natural substrates not suitable for the original
native enzyme. Directed evolution for enzyme optimiza-
tion is important for monoterpene production, as m'T'S/Cs
invariably also produce multiple monoterpenes, in addi-
tion to the desired main product, which is not ideal for
commodity chemical production. Sequence analysis has
shown that even m'T'S/Cs sharing close sequence identity
can produce distinct monoterpene profiles [25,26]. The
rational engineering or directed evolution of m'I'S/C for
altered or cleaner product profiles is therefore a main
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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 sub-
strate specificity of monoterpene synthases, such that
new suites of small, structurally diverse natural product
libraries may be obtained, alongside the ability to ‘re-
program’ monoterpene synthase activity may be of sig-
nificant interest to the fine chemical and pharmaceutical
industries.

Outlook for future pathway design

Establishing genetic parts needed for the production of
secondary metabolites, like monoterpenes/monoterpe-
noids, is the first challenge faced by synthetic biologists
and commonly tackled by computational tools [27].
Predicting bacterial terpene synthases is very challeng-
ing, but extensive HMM analysis of the Pfam [28]
database can be applied to identify new terpenc
synthases [10°] and test them in production systems
[29°]. Once the monoterpene synthase of interest has
been identified, it must be brought into genomic con-
text by choosing the appropriate chassis, usually veast
or E. coli. Other host organisms engineered for the
production of monoterpenoids include Coryaebacterium
glutamicum [30] and Pseudomonas putida [31], which
were developed for the production of pinene and gera-
nic acid, respectively. In addition, the Gram-positive
bacterium Bacillus subrilis, which is already widely
used in biotechnological applications, has recently been
promoted as a potential platform for the general pro-
duction of terpenoids, although to date there are
no published instances of mT'S/C production in this
species [32].

The next step is the design of intrinsic regulation within
the engineered biosynthetic gene cluster, where regu-
latory parts need to be selected carefully in order to
reach the maximal efficiency of the selected parts [33].
It has been demonstrated for limonene-producing . co/i
strains that production is highly dependent on the
number of plasmids per cell, which can be modulated
by changing the selective pressure using different anti-
biotics concentrations [11°°]. In yeast, inserting path-
ways on the chromosome has been shown to increase
diterpenoid production up to threefold, and similar
effects would be expected for monoterpenes/monoter-
penoids [23°]. In addition, genomic insertion would help
in reducing biological variation, making the whole sys-
tem more productive, which was demonstrated also in E.
coli, where a threefold increase of production levels was
observed for the tetraterpene, B-carotene [34]. With the
emergence of the CRISPR-Cas9 technology, genome
editing on a large scale has become more timely and
affordable [35,36]. 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
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F. ¢oli chromosome [37-39]. Other production chassis,
such as 8. cerevisiae [40), C. glutamicum [41] and Srrepro-
neyces sp. [42] can be CRISPR-Cas9 genome edited in a
similar fashion. Additionally, various conventional
methods of genome editing (using selection markers)
can be emploved in Pseudomonas putida and many other
potential microbial production hosts [42]. 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 [44].

For E. co/i it has been demonstrated that limonene is
converted spontancously to its toxic hydroperoxide form,
causing severe growth retardation [45]. A natural point
mutation in the gene for alkyl-hydroperoxidase (AhpC)
decreased the formation of limonene hydroperoxide,
resulting in improved limonene tolerance. Targeted ge-
nome editing will play a considerable role in engineering
tolerant strains for improved production. Another strategy
to overcome general cytotoxic effects of chemicals pro-
duced 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
[46,47].

Conclusion

The synthetic biology of monoterpene/monoterpenoid
production has already made substantial progress in re-
cent years, promising sustainable and economically viable
new routes to industrial-scale production of these valu-
able chemicals. However, this i1s 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 meta-
bolomics and proteomics that will more rapidly identify
bottlenecks in engineered biosynthetic pathways; prog-
ress in directed protein evolution that will increase prod-
uct 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. To-
gether, 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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