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A persistent goal of industrial biotechnology is to produce recombinant protein at reduced costs, while
maintaining high product quality and yield. A high proportion of production costs are incurred due to
downstream processing. One route to redubese processing costs is to achieve secretion of proteins by
the expression organism, an objective that has also been shown to increase product yield and quality.
One route to achieve this is to#engineer the bacterial flagella type Ill secretion sgst@-T3SS). This
organelle provides motility to the cell through motor and filament structutesvever in the context of
biotechnology, the FT3SS provides a high capacity one step route for protein export from the cytoplasm
to the extracellular spaceexpating approximately 1000 protein subunits per minugerate which rivals

other extracellular secretion sgmns in a range of biotechnologicatiglevant organisms.

This project aimed to optimise aB. colistrain for directed secretion of proteins from ehcytoplasm
directly to the extracellular environment, through a modified FT3SS. The flagella secretion system served
as a platform technology for the secretion of a range of proteins. Initially native protein secretion through
the modified secretion appatus was investigated, using a flagellin monomer variant. Once established,
directed recombinant protein secretion of an antibody fragment (CH2) through the modified FT3SS
secretion apparatus was achieved with the aid of a secretion construct, which latboecombinant

cargo prdein and was also comprised aflements of the native flagellin to aid secretion (the
untranslated regions and secretion signal) and tags for purification. The secretion construct is modular
and therefore amenable to alteration dhe cargo proteincand also modification of the secretion
construct for improved secretion. Strain optimisation for improved secretion was also implemented. With
the generation of a wealth of strain improvements and secretion construct variants, ahriginghput

assay was required to quantify secretion output of combinations of these secretion tools. An enzyme
based secretion assay was developed to screen the multitude of strains and secretion plasmids in an
efficient and accurate manner. This resultedidentification of a secretion strain and construct which
resulted in high capacity secretion. When utilised together a 25 fold increase in the secretion capacity
gl a 20aSNBSR® CAylftte SELINBaarzy 2F | npsibrbdf KdzYl y
collagen from the FT3SS was an attractive possibility, while secretion was not achieved, strain
improvements resulted in an increase in intracellular concentration of this large therapeutically relevant

protein.

The yield of secreted protein was amred throughout and it is possible that with further improvements
to strains and fermentation procedures that the FT3SS platform could be competitive in the field of

industrial biotechnology
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Recombinant therapeutic protein production is a common application of industrial biotechnology.
Recombinant therapeutics are of high economic value, however a persistent aim of the
biotechnology industry is to increase product yields and reduce production costs. A high proportion
of production costs are incurred due to downstream processing of reammb proteins, i.e.
separation from undesirable cellul@ontaminants(Lowe et al., 2001)Oneroute to reduce these
processing costs is to achieve secretion of proteins by the expression organism, an objective that has

also been shown to increase prodyield and qualitf{Georgiou & Segatqr2005; Ni & Cher2009)

One possile solution is the high throughpuine-step directedsecretion of proteins from bacteria
from the cell cytoplasm into the surrounding media from where it can then bedséed in a
simplified manner. Thiglso opens up the possibility of stable cell cudithat secrete protein
continuously without the need for sacrifice of the seed culture during the process. Secretidghénto
media by Grammegative bacteria is a nw challenge in biotechnology anghile it would be

beneficial it is low yielding.

One pute to achieving such an aim would be theemgineering of an existing biological protein
secretion system to reach this endhis thesis will outline workimed at this end focussing on-re
engineering of the common biotechnology employed bacterie@sferichia colito directly ®crete
proteins in togrowth medium using the flagella type Ill secretion system (FT3SS). This aim was
addressed using a combination of traditional biological modification methods and emerging
methodology associated with synttie biology andcertainly considers thesthos of directed
engineering with a defined goal in mind. As a grand challenge for this secretion system and as an
aim in itself, | set the objective of collagen production and secretion as an exemplar for tei®,sys
because it is an importartherapeuticprotein, there are challenges its current production andhe

FT3SS has potential capacity to secreteRcombinant collagen production . colirequires
additional metabolic pathway modifications. Routes these improvements are identified and

implemented through a combination of molecular ame&ttabolic modellindechniques.
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1.1. Synthetic Biology

Synthetic biology aims to design and construct novel biological parts, devices and systems and also
redesign eisting biological systems for useful purposes. In conjunction with these aims, synthetic
biology aims to change the process and strategies previously employed in existing biological fields
such as genetic engineerindgpy drawing on elements of the desigorocess synonymous to
engineering. Biological work can be a time consuming process of trial and error. Whereas previously
it was accepted that engineering biology could be cumbersome, synthetic biology aims to eliminate
the uncertainty and lack of transfability of such work. The challenges associated with engineering
biology are fowfold: (1) managing biology is difficult as it is unavoidably complex, (2) constructing
and characterising biological systems is tedious and unreliable, (3) there is spamgarar@ation in

a biological system and (4) evolution is continu¢sdy, 2005)With these challenges in mind three
principles, routed in engineering are applied to synthetic biology work: standardisation, decoupling
and abstraction The threddeas listed abovare conceptual; howeveahey provide aramework for

implementation.

1.1.1. Standardisation

Standardisation is central to engineering; examples include screw threads and internet web
addresses. If design and construction framekgor(standards) can be developed for biological
systems then it would be possible to routinely assemble multi component genetic systems or
WOANDdzA GaQd ¢2 ff2¢ GKAA |  dzyADSNEI aidl yRINR
biological componentsThe universal nature of standard parts means that components are both
consistent and compatible. Compatibility allows parts to be assembled and integrated into
functional systems with other parts. Consistency means that biological parts function aseskjyec
different circuits, organisms and laboratories. To achieve standardisation of biology, specifications
must be developed which characterise biological parts quantitatively. Once a consensus on
characterisation methods is agreed on it must be adheredor all biological partsalthough
consideration can always be made to improvements or additions to characterisation requirements.

The output of this work is datasheets, which can be arranged into a catalogue. Datasheets are
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commonplace in engineeringnd concisely state the behaviour, requirements and compatibility of
parts. In synthetic biology these components are biological parts, which are defined as genetically
encoded components which confer a biological funct{@anton et al., 2008)The behaviours of
biological parts can be summarised by inputs and outplitee parts are designed so that they
possess ceria properties which allow compatibility with other parts. One example of a biological
standard is the BioBrick, which are cataloguedTie Registry of Standard Biological Parts
(http://parts.igem.org/Main_Pagg Parts in the BioBricks repository are desig so that they are
easilyintegrated into circuits due bBWLINBFAEQ | yR WadzZFFAEQ NBEhé NA Ol A 2
catalogue is easily navigable; parts are organised into components, such as promoters or ribosome
binding sites-allowing circuitsto be designed easily. Standard measurements such as reliadgility
WL f @ YSNI 4Sa LiXndahthatSi@ 2pgrBrmainde Zund{suitgbility of each part can be
evaluated. There ar&owever difficulties associated with standardisation, for example thexeai
tendency for BioBricks to behave differently in different circuits, strains, or even labora{edyg

et al., 2009; Zucca et al., 2013)

1.1.2. Decoupling

Decoupling describes the separatiofitbe design process and the actual fabrication of a system
(Heinemann & Panke2006) Successful decoupling would allow design engineers with little
biological knowledge to create functional biological circuits and likewise biologists to implement a
blueprint. Furthermore it allow the separation of a large problem into many simple problems. Each
problem can be solved independently, solutions can then be combfifgaly 2005) This is
exemplified by the building process, aie architects, project managers, engineers, inspectors and
builders all work on specialist areas to produce a final product. Decoupling relies on both abstraction
and standardisation to deconstruct a problem and combine solutions respectively. While the
combination of the two aids the design process through decoupling, this reliance results in the
limitations of the two being relayed to the decoupling procesiterefore this strategy is often

ineffective.
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1.1.3. Abstraction

Abstraction is a method that aime reduce the complexity of biology, easing the process of design
and analysis. It also describes the fact that a cell or organism can be deconstructed to increasingly
simpler constituents. This allows the formation of abstraction hierarchies, where asgrstiparts

are embedded in a more complex system, which confers context. At the topedifiéinarchy is the
chassis,rfiuch likecar) components can be loaded onto the chassis to change overall performance.
Different chasis (bacterial, fungal, mammalian kdine) have different merits (growth, cost, yield,
ease of scaling up) and can be selected according to purpose. At the bottom of the hierarchy are
parts, which are assembled into devices, which combine to form systems which are loaded onto a
chassig(Arkin 2008) A part can be relevant in a number of devices and therefore systems. This
hierarchy is applicable to any machine, whethebédt a car or a bacteria (Figure L.The use of
hierarchical structure means that biology can be viewed atltiveest level of complexity possible

for a task to be carried out. For example, while the design process can be viewed at the top of the

hierarchy it is implemented from the bottom, at a DNA leMatdrianantoandro et al., 2006)
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Figurel.l: The abstraction hierarchy exemplified keyformula one car and. colias chassis.

Respective hierarchal components are the steering and motility syastesystemsthe wheel and

bacterial flagella as devices and wheel nut and a flagellin subunit as parts
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Abstraction takes a reductionist persize on biology. While this is convenient, it is not necessarily
an accurate representation of biological systems. Reductionism varsystem wide vieholism) is

a recurring debate in molecular biolog¢atherer 2010) Holism is the basis of the rationale for
systems biology, which involves observing a lgmal system as a wholéMazzocchi, 2012)

Application of systems biology to synthetic biology may aid integration of the two approaches.

1.1.4. The reality of synthetic b iology

There are many problems associated with the synthetic biology vision of the future of biological
engineering. Incomplete knowledge of biological systems contribttesuch of this¢ something

that the biological community are constantly striving itnprove.Biological systems are not stable.
Fluctuations in gene expression are common and strains accumulate mutations over generations,
resulting in a change in phenotyd&wok 2010) Chassis organisms often have short generation
times; therefore the rate at vich mutations accumulate is amplified. In addition the rate at which
mutations occur is increased in response to evolutionary pressures caused by the environment
(Lenski & Travisandl994) and has been shown to increase with increased protein expression
(Sleight et al., 2010) Genetic variation results in reduced predictability of phenotype and may
amount to complete loss of functioMany issues stem from the lack of modularity withinlbgcal
systens. While a circuit can be dgsed, it is not insulated from other cell processes. This impacts
on the reliability and predictability of systems. Various methods can be employed to aid circuit
insulation, these include deleting competing réans, aiding protein iteraction by protein fusion

or rational engineering or localising components on a scaffalghpakis et al., 2010ln alternative
solution to the variability seen is to complete tasks through a population of cells rather that single
cells, thus deasing overall variatiopAndrianantoandro et al., 20060ther steps, wich are being

taken to improve predictability, concern computational tools such as modelling. This involves
genomic scale metabolic reconstructions, which are based on biological data. All known cell
processes are annotated as a serie$ reactions which occur between metabolites
(Andrianant@andro et al., 2006)Metabolic reconstructions include reaction inputs, outputs, rate
constants and staihiometry for each reaction, again based on experimental evidence. Reactions can
be modified to account for change in culture media, gene knockoutspoegulation. Modelling

methodologies can be applied to the reconstruction to simulate metabolic processes within the cell.
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Modelling can be applied to many research questions, providing datryoute of calculating the
feasibility of systems, identifygnroutes for system improvement and also troubleshooting designs
which do not perform as predicted. A common form of metabolic network simulation analysis is flux
balance analysis (FBA), where the simulated flow of metabolites through a network is measured
response to an objective functiofReed et al., 2003; Orth et al., 2010he system is subject to
constraints therefore thdlux of metabolites is limited to a solution space. Linear optimisation will
produce a solution with a minbr maximised objective functioThe objective function may relate

to biomass or bametabolite specific. Comparisons of solutions to different obije functions or
alternatively the same objective function on different metabolic networks (Figure 1.2) are used to
validate predictions, search for solutions or identify bottlenecks, therefore revealing targets for
modification.Models do not always repsent the biology well. In a bid improve this extensions

of FBA have been developedf 2 NJ SEIl YL S Y2RSt a4 adzOK & wctSEC
metabolic network reconstruction(Marmiesse et al., 2015)This accounts for variable gene
expression in a system in along with metabolic flux. Regulatory network construction based on
knowledge of gene expression makes it possibleaiostrain a reaction to a celitapercentage of its
maximal flux value. This percentage corresponds to the estimated probability of activation of the
gene associated to the reactiomplementation of this allows more accurate models and for more

complex phenotypes to be studied.
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Figue 12: Schematic of a section of a metabolic reconstruction.

Flux balance analysis can be applied to measure the flux of metabolites through the metabolic
reconstruction to maximise an objective function. In this schematic thgablve function is to

LINE RdzOS Y2NB Wt Qd M0 Ly GKS Y2RSt dkmn YSOGFo2f A
reaction is knocked out of the model flux balance analysis shows that all metabolic flux will travel

through the B to P reaction dmmore P is made.
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1.1.5. Synthetic biology approaches: top down and bottom up

There are two approaches which can be taken within synthetic biology, top down and bottom up.
Bottom up is currently far rarer and involves building an organism from scratch. Systhieare
example of this approach. Synthia was the product of the transplantation of a chemically derived
minimal genome oMycoplasm mycodeisito a M. capricolumrecipient cell, resulting in a cell which

was seHreplicating(Gibson et al. 2000 TheMycoplasmgenus harbour thesmallest complement of
genes inany genus furthermore theM. mycodeggenome had previously been modified to remove

all dispensable genomic materidlince this breakthrough there have been two iterations of removal
ofnonSaaSyidAlf WLASAdZR2IASYS&AaQ FTNRY (KAA Oleweded Aas NE
it is noted that establishing a minimal genome relies on the top down approatHact the
production of Syn3.0, was solely top down, relying on transposon mutagenesis of the existing Syn2.0
and strain characterisatiofHutchison et al., 2016)Work on minimal genomes is important to
synthetic biology and much work is focusing on this in a variety of orgafitas et al., 2011The

top down approach draws on the aforementioned pointaah more, repurposing existing biological
function in an organismin this approach, biologicahrts, devices or systems can beagsembled,
removed or added to those which exist in the chassis, to perform a specifiqRadlerts et al.,

2013) There is much confusion between theo approaches and the termare often used

interchangealy (Bedau et al. 2009; Purnick & Weig809)

1.1.6. Progressive synthetic biology

Synthetic biology is still very much emerging awvdlving, but has matured over the past 15 years
AYLINRGAY3I 2y a2YS 2F (GKSaS WKFENR (NHziKaQad C2NJ S
bidirectional promoters, where an essential gene (i.e. antibiotic resistance), protects-essential

gene. Progression in the field has produced complex circuitry including, riboswitches, oscillating
circuits, multiple input logic gates and impressive multicellular cross talk patterning systems
(Cameron et al., 2008; Barcena Menendez et al., 20¥5) area of research concerning
posttranslational circuits is also emerging. The complexity of synthetic biology is increasing, for
example a system based on inducible recombinases was able to impleni6 gate Boolean logic

device(Siuti et al., 2013)The integration of computational and systems biology has allowed much
29



LINEINBaa Ay G(GKS FTASERET FT2NJ 620K RSaA3IyAyadA yR LI
analysing complex experimental outpui€Shurch et al. 2014; Takors & de Loren2016) With a

wealth of information being produced computationally, more efficient gene editing methods such as
CRISPR/Cas allows theplementation of the ideas these generatéinek et al., 2012) The field is

stift f OGSNB O2f f | 02 NI  »@jéct, Feroht)toSiEsigryd hirSmalackh&ronfydds 1 ®n Q
cerevisiaegenomefrom the W6 2 (1dzl3€¥Eh of the 16 chromosomesis being worked on my a

different institution (Callaway2014) Finally real worldexamples of synthetic biology are emerging,

for example the chemical industry has been aided by synthetic biology in theparetion of
biosynthetic building blocks to produce small chemicglgs involves the combination or redesign

of naturally occurring metabolic pathway (often from multiple species) to produce diverse
metabolites or compounds which are made in a more cefé¢ctive manner to alternatives or
otherwise inaccessible using naturally occurring enzymes of chemical processes, examples of this
include food flavourings, biofuels and therapeut{@zczebara et al. 2003; Winter & TaAg12;

Breitling & Takand@015; Jullesson et al. 2015)

1.1.7. The salvation narrative of synthetic biology

It is envisioned that the field of synthetic biology wihit only change the approach taken when
working in biology, chemical engineering and manufacturing, but also provide solutions to some of
GKS $2NIRQa o6A338a0 LINRofSYad ¢KS a8yiKSGAO oAz
huge range of areasush as food prodction, renewable fuels healthcare, computing and
electronics ¢ often with an emphasis on sustainability and a 4fmt-profit onus. While the
philosophy of synthetic biology is to make a great difference to global sotietigen falls fort of

this. Products of synthetic biology are often showpieces, which although demonstrate progress in
science and are excellent tadbr gaining interest in the field, do little to add to the revolutionary
aims of synthetic biologyln addition many stcessful nofor-profit projects have spin out
companies which do make profit. However there a@me positive and successf@xamples of
synthetic biology. Aguably the most impressive exampl@sthe large scale production of the anti
malarial plant desied drug artemisinin in yeastThis was scaled up by Sanéfientis in a business
model designed to stabilise world amtialarial drug production, improve treatment and reduce

mortality worldwide(Paddon et al., 2013yVhile this will improve healthcare worldwide, artemisinin
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is a classic example of unequal distribution of technology. Synthetic biology derived artemisinin was
created and produced in more developed countries antl wompete with naturally derived
artemisinin which is extracted from plants cultivated by farmers in less developed countries. While
the producers of synthetic artemisinin set out on a not for profit business m@uglow 2013) the

reality was that artemisinin crops were very successful during the yafasynthetic biology and
reduced artemisinin production (2032016), with the price of a kg of artemisinin reaching $250,
YdzOK f26SNJ GKIy-y2KS$ SBamn YPWHAMNRHFA LINR RdzOG A2y
operations(Peplow 2016) This is evidence of the sad reality of the combination ofrimss and
philanthropy. Perhaps less marketable in terms of salvation narrative, but still a solution to a global
problem is the production of biofuels. While there is much debate about the true carbon footprint of
WINBSYQ 7FdzSt 3 (K 3y hasieldelRd i grodutiBgyfenénahieif@l. Foriexample
Solazyme recently produced 250,000 gallons of microalgae derived biodiesel for the US Navy
(Mayfield 2013)

1.2. Industrial Biotechnology

Industrial biotechnology represents the worldwide sector of sitij microorganisms or cell
expression systems to produce a range of biological products ranging from therapeutics and biofuels
to industrial enzymes and small chemicéiécCormick & Kauttp2013) It also encompasses the
production of chemicals and enzymes to treat textiles and paper. A large sector within industrial
biotechnology inolves the production of therapeutic biologics, in the USA alone this contributes $91
billion to the economy, which continues to ri¢€arlson2016) Biologics accounted for five of the

top ten prescribed drugs in the world in 2014 and included the largest selling ttheignonocbnal
antibody Humira, which achieved $11.8 billiorsalesfor use in treatment of meumatoidarthritis ¢
amongstother conditions(Lindsley 2015) While Humira is produced in Chinese Hamster Ovary
(CHO) chs, the second biggest seller in this market is the synthetic-&mipg insulin substitute
Lantus, which is produced E. coli.A staggering number of biologics are approved for therapeutic
use, forE. colialone this includes many hormones (largelgulin and human growth hormone),
antibody fragments, interferons for cancer treatment, colony stimulating factors (which stimulate

white blood cell production) and vaccines and this is set to grow over coming(Véalsh 2014)
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1.2.1. Industrial biotechnology expression chassis (organisms)

A range of chssis options are available for recombinant protein production in industry, all with
differing advantages and disadvantages. The type of chassis depends on the nature of the
recombinant protein and the specifications of the producbmmonly used expressi@ystems are

laid out below; as the focus of this project is to secrete protein, various secreted yields of protein
product are also giverMany eukaryotic cells can be utilised for recombinant therapeutic protein
production, these may include plasitmicoalgae, insectells, fungus (often yeast) and animal cells,
which are usually in the form of a cell line rather than a whole organgpit€r silk (and other
recombinant proteins) from goat milks one example of an exception to tliGlark 1998; Service
2002). In general they are better at carrying out PTMs than prokaryotis.celammalian cells are
favoured because they are able to carry ®ftMsand produce biologics with the correct glycoforms

to be compatible in humans. They have been utilised to produce many antibodies and hormones at
yields of up to 10g per LitréKim et al., 2012)vith CHO cells being able to secrete recombinant
protein, however yields for CHO are much low@B8g per LitrgdLe Fourn et al2014) Pichia pastoris

is another commonly used eukaryotic organism; it is also able to carry out PTMs and
glycoengineering allows more human like glycosylation of protein, it also has cheaper growth
requirements than CHO cells and is able to secretéepranto media efficientlycfor example 1.5g
secreted insulin per litre of cell culture following 80 hours gro@einacker et al., 2013; Fidan et

al., 2015; Gurramkonda et al., 20Q1@lthough the maximum secreted yieldRichiais around 15d¢°

! 21kDa chains of rodent collagéwerten et al., 1999)Saccharomyceis also used but has lower
yields, for exam@ 2.5mg L secreted amylase after 96 houfRodriguedimas et al., 2015)
Microalgae are also a desirable expression organism because they capture carbon dioxide and also
utilise sunlight toacquireenergy.Yields of 11.8g ntk amyloid were achieved péug dry weight total

of Chlamydomonas reinhardtjthis was not secrete{Gimpel et al., 2015)

Prokaryotes are often favoured in biotechnology for a variety of reasons. Prokaryotes can be grown
quickly and to high cell density on cheap carbon souareksecretion is possiblgerrerMiralles &
Villaverde 2013. Furthermore scale up of growth conditions is simfd@amples includ®acillus,

which iswidely reported to be proficient in recombinant protein secretion of certain enzymes
achieving yields of up to 25¢"Lfollowing cell culture for 72 hours of moigiu et al., 2013},
however it yields reported explicitly in the literature are much less impressive than this for example

1g L* proinsulin and up to 1gLamylase(Heng et al. 2005; OlmeBoto & Contrera$lores 2003)
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Another candidate i®seudomonasvhich can secrete up to 1¢'Lof various protein§Retallack et

al., 2012) However when it comes to recombinant protein productin coliis often seen as a
Wg2N)l K2NBSQ 2NHIYA&AY +FyR Aa 2F0Sy Tl coftaeNBR
conservativecontract manufacturinggommunity, who develop expression (and secretion) platforms

for arange of productsReasons for this will be documented below.

1.3. E. coli as a chassis for synthetic biology and

biotechnology

The use ofE. coliis common in biotechnology. It has fast generation times and low growth
requirements, therefore a large number of cells can be grown in a matter of hours. Alternatively, it is
relatively cheap to make rich media, which allows cells to be grown tg,@Dexaess of 100, for

high protein expression in a small culture volume. Along with favourable growth requirements they
are also well studied and there are a large number of tools available to both understand and.alter
coligene and protein expression; theseéll be discussed in the next sectiofihe first example of
clinically available recombinant protein was human insulin fronEaoolhost. This was followed by
bovine growth hormone, again . coliSwartz 2001).Following years of optimisation, intrallular
yields of up to 4.34gLhave been reported for human insulin, however the highestracellular
secreted is jus?mg L%, this was achievedhrough fusion to Staphylococcaprotein A, which has
been shown to result irthe presence of extracellat protein in E. coli althoughlysis is never
excluded(Baesheret al. 2A.4; Mergulhdoet a. 2009. Secretion is documented E.coli;however it

is not as effective at secreting protein as other expression chassis, s@ithémr Bacillus(Rosano

& Ceccarelli 2014) Furthermore the majority of secretion reported in biotechnology is for
periplasmic secretion, not secretion in the medE&. colido not naturally carry out "Ms and
harbour endotoxins, however as stated abovéhugie rang of E. coliderived recombinant proteins

are now licensd for use in humansnd are produced on an industrial scdi&alsh 2014) These
examples demonstrate the amenability Bfcolito recombinant proteirexpressionjt@ suitabilty to
industrial scale up andost effectiveness as a chassis orgamigurthermore the fact thak. coli
derived therapeutic products are licenseltighlights that products are effectiveithout adverse

characteristicand well viewed by regulatory authorities
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1.3.1. Enabling technologies

E. coliare particularly suitabldor use insynthetic biology andiomanufacturing for a number of
reasons.This includes intrinsic properties, such as good recombinant protein expression rate with
low growth requirements and a high rate of cell growth up to optical densities in exc&3Bgf

100 (Soini et al., 2008)Histaical use oft. coliin industrial biotechnology is also beneficial as it is
acceptable to stakeholders and companies and contract manufacturing organisations are equipped
with expertise and machinery to grot. coli.In terms of making improvements to trehassis, e
genome, transcriptional regulation and metabolic pathwaysEofcoliare well characterised and
available in easily accessible formats, for example the online database EcoCyc
(http://www.ecocyc.org)). Furthermore there are online tools forsualisation of pathways such as

Reactomghttp://www.reactome.org/).

Molecular enabling dchnologies havecontributed much to the amenability of E. colito
biotechnological applications There are a large number of tools available for molecular
manipulaion of genomic and plasmid DN@&grensen & Mortenser2005; Rosano & Ceccarglli
2014). The toolset available islso well tailored for achieving protein overexpressiand
technologies may be implemented for a range of tasks which inatlaieng, (recombinant) protein
expression and protein purification and isolatioklany of these ¢chnologies are aided by the post
genomic revolution, which has resulted in fast, cheap gene sequencing and synthesis. For example it
was possible to sequence the genome of the parent strain which formed the basis of this study for
£50, by Microbes NGhitps://microbesng.uk]. In terms of recombinant protein expression,
commercial cloning systems are widely available, common examples include blunt end vector
cloning and gateway cloning (both Invitrogen). Genes for insertion can be assembled by PCR or
synthesised denovo by services such as GeneArt® (Invitrogen) and GenScript. The costs of these
commercial systems are continually decreasing, gene synthesis can cost from £0.23/bp (GenScript,
2016). Gene synthesi®mpaniesalso offercodon optimisation forE. coli, this technology takes
advantage of the fact that multiple codons encode the same amino atidften realises higher
expression levelghough this is not always a guarantee of functionality or solubilitye prevalece

of tRNAs for each codon ves between organisms, therefore optimising codons to reflect this

results in more efficient translatiofikemurg 1981; Rosano & CeccargllD14)
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Developmentin molecular methods has also greatly increased the ease of modifying chromosomal
DNA of strains, allowing generation of knock out mutations or insertion of recombinant DNA.
Traditionallya combination of restriction enzymes and ligase were used to generate mutations,
however these methodgan beconsidered cumbersome and inefficie(varming et al., 2005)
Recombineering techniques are ideal for removal or addition of genetic material hiet@.t coli
chromosome.E. coliare not readily transformable with the presence of linear DNA alone. This is
largely due to the presence of exonucleases (namely the RecBCD encoded exonuclease V) which
digest linear DNADatsenlk & Wanner 2000) RecBCD deficient strains allow recombination, but
with low efficiency. A RecD mutant was shown to be exonuclease V deficient, but still displayed high
recombination efficiencyBiek & Cohenl986) Alternatively phage based recombineering methods
provide simpé, efficientmeans of introducing mutations. Lambé&ed plasmid basetchnology is
widely used; the Red recombinase containing plasmid encodes proteins which inhibit RecCBD
activity, separate linear DNA into single strands and anneal complementary sirggided DNA to
chromosomal DNA. The plasmid is inducible, allowing control of recombination efMuatphy,

1998) One of the most commonly used verssf this protocol is the one generated Batsenko &
Wanner (2000) and will be discussed laten ithis thesis(Chapter 3)calthough other methods are
available which may result in more efficient or scarless mutagenesiexamplemaking use of the

I-Scel meganucleaséim et al. 2014; Lee et al. 2009; Stringer et al. 204R)alternative historical
method for mutagenesis is phage transduction where bacteriophages traresfer deletions from a

donor bacteria to a hostusually P1 forE.coli(Donath et al., 201])although this relies on the

occurrence of a strain which already harbours the desired gene mutation, it is very efficient.

These tools can be utilised to overcome ttfellenges associated with protein productiongncoli
Protein overexpressioroften results in aggregates whidlbrm insoluble inclusion ddies rendering
protein inactive. There are benefits to inclusion body formation, adois hinder proteolysis,
therefore product is not degradefSgrensen & Mortenser2005; Rudolph & Liljel996) however
protein must be resolubilised to be functional and this complicates downstream processing.
addition, prokaryotic cells lack eukaryotic post translational machinery for glycosylation,
phosphorylation acylation andnethylation, therefore recombinantlyx@ressed proteins are often
not correctly modified(Wacker et al., 2002; Yue et al., 2000; Sahdev et al., 2Bl@8)ever steps
have been made to implement and improd Mcapacity ofE. coliwhich will be discussed lateA
reduction inthe rate of cell growth can arise when producing heterologous proteins; this is referred

to as the metabolic burden and describes the amount of resources (both raw material and energy)
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which are withheld from the host metabolism in order to express recormt genegSgrensen &
Mortensen 2005; Glick1995) Metabolic burden carbe decreased by deleting unnecessary genes
(including those for antibiotic resistance) or amporating exogenous plasmid harboured DN#O

the chromosome(Lee et al. 200ones et al. 2000; Glick995) Often, plasmid expression system
characteristics allow controlled protein expression to overcome these challenges. Plasmids have
different copy numbers andhduction characteristics, allowing control of the timing and strength of
protein expression; these can be tailored to promote the formation of high quality protein products
without the formation of inclusion bodies or highetabolic burden(Rosano &Ceccarel]i2014)
Alternatively liological circuits can be designed to promote optimum protein expression by
modifying promoters and ribosome binding sit€¥oung & Alper2010) The availability of
catalogued and characterised promagerribosome binding sites and terminators in the BioBricks
parts registry and on ribosome databases (for examipt://rdp.cme.msu.edu) means that
designing circuits s, in theory been simplified ev recent years.Coexpression of enzymashich

aid carect folding (chaperones, hydrophilic proteingnd PTMs (N-linked glycosylation system

of Campylobacter jejuror prolyl-4-hydroxylasefor proline hydroxylatior) canalso be incorporated
into expression system@aneyx 1999; Khokhlatchev et al. 1997; Wacker et al. 2002; Ikeno et al.
2013; Kranen et al. 2014; Pinkas et al. 20The combination of a large range of protein purification
tags, all with different binding properties and choice of vkge sites means that protein
purification can be optimised for each expression sysfetant, 2005) Protein tags or fusions can

also aid protein folding and direct protein for secretifiiakrides 1996; Rosano & Ceccarghdl14)

In addition to molecular toal, commerciaktrains have been optimised to aid the yield and quality of
recombinant protein expressionThese strains improvements are commonly concerned with
posttranslational modificationsa dzii I yi O2 YYSNOAIf aidN)}Aya &dzOK | &
thioredoxin reductase and glutathione reductase, which enhance disulphide bond formation in the
cytoplasm, achieving correctly folded proteifBrinz et al., 1997)Likewise the SHuffle® (NEB)
expression system has enhanced cytoplasmic disulphide bond formation by expressing a disulphide

bond isomerase, which aids productio(Lobstein et al., 2012) BL21CodonPlus (Agilent

¢ SOKy2t23A840 FtyR w2aSiddltun 6b2gl 3Sym cocydern y OS S
sequertes (Hunt 2005; Sahdev et al. 2008) Combined, these enabling technologies allow
controlled expression of recombinant proteins and effectiveofein purification in E. colig

reinforcing that this organisnsian excellent chassis.
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1.3.2.  Cellular location and its effect of the protein product

Expressed protein can ldirected to the periplasm, cytoplasm or secreted to the mediarnelis

2000) The preferred site ofxgort is specific to the recombinant protein product. The cytoplasm is

often favoured as it tends to result in a higher production yield, however there are also
disadvantages to cytoplasmic locatigBahdev et al., 2008Disulphide bond formation usually

occus in the periplasm. Thereforéé¢ formation of inclusiofodies is common if protein remains in

the cytoplasm, as periplasmic molecular chaperoaed folding enzymeare absent and incorrect

folding and aggregation occySgrensen & Mortenser?005; Baeshen et al. 2015)Ithough it

should be noted that some folding chaperones are present in the cytopasmS NI SO , 3 ~ (i NX:
2013) The periplasm is also a reducing environment, which can aid protein folliser et al.,

2009) As discussed previousinciusion lody formation can be beneficialnitial purification is

simpler, Nterminal authenticity is greater and the protein is protected from proteolykiannig &

Makrides 1998) However it also inhibits protein functionality,dtefore inclusion bodies must be

unfolded and refolded correctly, this @ten complicated, time consuminchard to predictand

therefore costly(Singh & Pand®005) There are strategies to overcome protein aggtema which
includeoptimising protein expression with low copy number and promoter strenggtbwing culture

at a low temperature and using strains that are designed(deerexpress certain molecular
chaperoneswhich reduce protein aggregatioifhese ca be split into folding chaperones (such as

ATP dependent Dnak and GroEL), holding chaperdmdsch hold unfolded proteins until
chaperones are available) and disaggregating chaperones (such as ClpB, which salgbikseged

protein 6 a SNHdzZf Kn2 S |fd® wnnpT Ddzi2Bi8) Wihiithe Icdrréct H nn T
secretion signal protein can beeted into the periplasm. This can be desirable as around 4% total

cell protein is located here, thus downstream processing is simplified. Proteolysis is also reduced and
the nonreducing environment allows formation of disulphide borids S NX S O , 2013~YioddHz] St 2
et al. 2010) Extracellular secretion woulegeduce the incidence of inclusion bodidxsjt alsoconfer

all of the positive attributes of inclusion body formati¢@hoi & Leg2004) Purification would be

simpler; proteolysis less common angdétminal authenticity would be maintained4uch is known

about secretion signal peples which direct proteins for export by secreti@ielsen et al., 198

Dyrlgv Bendtsen et al., 2004nd these can be exploited to allow directed secretion of tagged
proteins, through a secretion system of choice into the periplasni.cbliwith great efficiency
Additionally purification of extracdlular protein, elimiratesthe steps usually implemented to first

lyse cells and second remove cellular contamingmtn der Wal et al., 1998pProfit would be
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increased due to the reduction in downstream processing costs and increase in product yield, as
proteins are less likely to undergo praolgsis and more likely to be correctly foldé@hoi & Leg
2004) In summary secretion of protein into the extracellular media would be of great benefit in

industrial biotechnology.

1.3.3. Post translational modifications

Problems at a podtranslational level are rife when expressing aatinant protein inE. coli as

much of the post translational machinery required is absent. To circumvent this, machinery can be
introduced on plasmid vectors. This technique is common, for example alth&uighkoliis
occasionally able to phosphorylate cambinant proteins using native kinaséslijakovic et al.,
2006) the coeexpression ofecombinantprotein kinase(often fused to the target proteingonfers
reliable phosphorylation of proteingSahdev et al., 2008; Murata et al., 2008is strategy has also
been used for protein methylasemd acetylases and their substrat@é&e et al., 2000; Acharya et

al.,, 2005) Glycosylation is a complex PTM, which while common in eukaryotes is rarer in
prokaryotes. There are two forms, Nand Glinked. The process of -lked glycosylationin
eukaryotesinvolves the oligosaccharyl inteadiate (Glc3Man9GIcNAc2) being attached to an
asparagine residue through the action of the enzyme oligosaccharyltransferase. The resulting
a0 NHzOG dzNB A &  {glecBsifasel INRAVIYI@ Qualidy &ontrol and can then be trimmed
further or decoratedwith monosaccharides. inked glycosylation is much simpler and involves the
attachment of a single GaINAc monosaccharide to a serine or threonine of the polypeptide backbone
-next there is either the addition of a SA residue, which terminates the cbaithe addition of
further monosaccharides to form a longer linear or branched cl{Bimoks 2004) While new
examples of bacterial protein glycosylation are discovered all the,tthwsr characteristics are
significantly diffeent from the common core and terminal glycans present in eukaryotic proteins
both therapeutic and no#therapeutic. This iproblematic when producing heterologous protein
where glycosylation status is key to efficacy or functigfiifiecting proteinhalf-life, stability, solubility

and immunogenicityBaker et al., 2013jor exampleN- linked glycosylabn has also been shown to
improve pharmacokinetic and biophysical properties of proteilms.addition recognition of N
glycans by carbohydrate binding proteins and lectins allows tissue and cell specific targeting of
proteins (Lizak et al., 2011)0-linked glycosylation also aids protein stability and recognition,

including the immune responsgStean et al., 2008) For these reasons correct glycosylation of
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therapeutic products is advantageous as protein will be more characteristic of the native protein in
structure and function and is more likely to interact with other proteins and less likeNidib @&n
immune responseSome norenzymaticN- glycosylation of recombinant human interfereanhas

been observed ifE. coliMironova et al., 2005)howeve it is not a common feature. The discovery

of anN-linked glycosylation system @ampylobactejejuniwhich is transferable t&. colhas added

to the possibility of bacteria demd glycoproteingWacker et al., 2002While this research was
OSY (NIt (2 SH tolitte efficEncyoftNdirRed glyicgsylation was poor and occurs only

in the periplasmic space. However additional work has demonstrated that this can be improved by
codon optimisation of the oligosaccharyltransferase PgiBhich transfers the C. jejuni
heptasaccede to as@ragine (N) residueand by increasing expression of the glycosyltransferase
WecA(Pandhal et al., 2012F. colican also be engineered to confélinked glycosylationith the

expression of recombinant enzym@sibas2000; Henderson et al. 2011)

1.3.4. Immunogenicity

It is imperative that proteins derived for therapeutic uses have lowat least predictable
immunogenicity. Differences in the 3D structure of proteins to those in humans are detected by
antibodies, elicitingan immune response. The use of AlBaMan expression systems can increase
the immunogenic properties of therapeutic proteins. As explained previously, a recomibinanan
protein may not harbour all of the humaRTMs;therefore an immunogenic response igely.
Additionallyif the whole protein is not expressed or correctly folded it may result in exposure of new
antigenic siteg(Schellekens2002) While there are developments to reduce immunogenicity by
implementing correct PTMs, as stated in the previous section, the production df greaapeutics
which do not require PTMs such as glycosylation are advancing to clinicalRraizel et al., 2013)
Furthermore the storage of recombinant proteins may result in oxidation or aggregation which may
elicit an immune respase. The covalent attachment of polyethylene glyc®?EGylatioh to
recombinant therapeutic proteins can aid evasion of the immune system, as it sisigéd of
antigenicity (DeFrees et al., 2006[Furthermore PEGylation of protein can increase circulatory half
life, and protect the protein from enzyme degradatidhis also important to eliminate ang. coli
derived contaminants which may induce an immune resgeoischadlich et al., 2009A common
contaminant is endotoxiifoften in the form ofibopolysaccharide chains in the caseEofolj which

is present on theE. coliouter membrane. Even minute amounts of endotoxins can havargel
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effect in humans Steps in the protein purification methods must ensure that such contaminants are
removed(Petsch & Anspaci2000) A widely used example of this is the use of polymyxin B which
has ahigh binding affinity for theipid A moiety of most endotoxins.

1.3.5. E. coliprotein secretion systems

As stated, secretion of recombinant protein is desirable in industrial biotechnology, as product yield
may be higher in concentration and quality and downstream processing simplift@irPsecretion

in widespread irE. coliand can be active or inactive. For example periplasmic translocation without
the release of cytoplasmic contaminants is observed when cells undergo osmotic(3bnakson et

al., 2002) This section will focus on active routes of protein secretmwarious cellulatocations
through a range of secretinsystems (Figure 1).3Together, these secretion systems allow protein
secretion from the cytoplasm into the periplasm or extracellular space, in a one or two step

secretion pathway.

Host environment

o™

RND pump T1SS T6SS

Bacterial cytosol

Figure 13: Scretion systems oE. coliand the proteins involved.

Showing the RND pump, type |, type Il, injectisome typeype IV and type VI secretion systems
and their localisation in the inner membrane (IM), outer membrane (OM) and host cell membrane
(CM).NOTE: Only the type lll injestme system is shown, not the flagella type Ill secretion system
Takenfrom (Costa et al., 2015)
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1.3.5.1. Type | secretion system

Type | secretioim E.coliexports protein directly from the cytoplasm to the environment in one step.

A number of substrates are secreted which are often associated with nutrient adouisit
virulence. In terms of their architecture they are also closely related to hgistancenodulatior
division (RND) family of multidrug efflux pumSosta et al., 2015)Both systems form a three
componentdoublemembranespanning channel with aATRbinding cassette transportgfABC) or

RND efflux trasporter which spans the inner membrane, a Tal@mbrane protein which is
embedded in the outer membrane and an inner membrane anchored membrane fusion protein
(MFP) which forms a tunnel like structure with TolC in its open form which spans the periplasm
linking the other two componentéTseng etal., 2008) ¢ 2f / A& | G-Dikrer&adihell K G T3
Ay GKS ha |y Rhelical hal@eNthatdissodiares With the MFP from multiple secretion
pathways including the hemolysin (HylA), colicin V and RDddepelaire 2004) Opening of the
OKIFIyySt 200dzNE G (%% NNEXX LXYIRE MABO (NAR IBNERK $ &h |
helix (Koronakis et al., 2004%ecretion is ATP facilitated by the inner membrane ABC. Both ABC and
MFP carry out substrate recognition prito secretion, whereas TolC can associate with multiple
MFP complexes. Protein is directed for export by a-deavable @erminal signal sequence, which
binds to the AB@Zhang et al., 1995%:cretion into the periplasmic cavity of the MFRergergized by

the hydrolysis of ATP, which is mediated by the C terminus ofAfii@binding cassette complex
(Thomas et al., 2014; Kanonenberg et al., 20dBND pumps also use a proton gradient to aid
substrate secretion. Thisnables the AB®IFP compx to associate with TolC. This triggers the
opening of TolC and the subsequent release of the substrate into the extracellular (§pzsta et

al., 2015)

1.3.5.2. Type |l secretion system

Secretion through the type Il secretion system is a-st&p process and machinery spans from the
inner to outer membranes. T2%®e comprised of a channel lileiter membrane complex (often
referred to as the secretin), a periplasmic pseudopilus, which is anchored to an inner membrane
platform -and is tightly associated with a cytoplasmic ATREseotkov et al., 2012)Frst protein is

exported through the Tat or Sgeathway from the cytoplasm to the periplasm, then protein is
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exported to the environmeniMergulhdo et al., 2005)T2SS substrates are transported to the
periplasm as unfolded polypeptides by the Sec translocon or as folded proteins by the Tat
transporter; protein is exported through thesecretin in a folded statéNivaskumar & Francetic
2014) N-terminal secretion peptides direct protein for export to the periplasm through both the Sec
and Tat pathways, which are cleaved follog/secretion into the periplasifChoi et al., 2006; Patel

et al., 2014) The secretion peptides of these two pathways are similar in structure; both harbour
AlaX-Ala motifs and hydrophobic and hydrophilicregions; however the Tat signal is less
hydrophobic and also contains thein arginineSRRxFLK sequence. Furthermore basic residues in
the Tat signal, which are not present in the Sec signal, are thought to hinder interaction with Sec
secretion apparatus. Substrates are recognised by TatC and assemble at the TatBC comtex recep
where TatA is recruited and facilitates transport of folded protein across the inner membrane, this
complex binding and possible translocation are driven by proton motive {@tloeck et al., 2013)

The signal peptide iscleé&\R Ay GKS LISNRLI FAY FyR F2ft2Ay3a T2i
export through the secretin to the extracellular membrane by the chaperoneviigh is thought to
recognise the tertiary or quaternary structure of folded prote{{@&ndkvist2001) There are two
targeting pathways for delivering proteto the Sec translocon, the SecA pathway is mainly used for
periplasmic or outer membrane proteins and recognises proteins, which hawteavable
hydrophobic Nterminal Alax-Ala motive signasequences. These proteins aransferred to SecA,
which drives translocation through the SecYE@nsloconchannel by ATP hydrolyqiBenks et al.,
2014) The SRP pathway mairdgcretesnner memlyane poteins; here ribosome bound SRRnal
nascent protein iglirected to the membrane wherit is recognigd by theSRAmembrane receptar

FtsY FtsY binds to SecY and upon GTP hydrolysis promotes the dissociation ofcires BR&Mplex
delivering theprotein cargo to the SecY chann@&@hatzi et al., 20130Once in the periplasmN-
terminal signal peptides are cleavedt this stage proteins reside in the periplasm. Current
undersianding of how protein reaches the extracellular space is limitéek prevalent idea is that
protein binds to the periplasmic domains of seameand the tip of the pseudohis, stimulating
ATPase activity, subunits are added to the pseudopilus, and twimy pseudopilus functions as a
piston, pushingsubstrates through secretin channehowever knowledge of how proteins are

targeted to this complex is lackirflyivaskumaet al., 2007; Korotkov et al., 2012)
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1.3.5.3. Type Ill secretion system

The type Ill secretion system (T3SS) describes two distinct systems, the flagella and injectisome T3SS.
The flagellar3SS shares many components with the injectisdi®83%nd many of the mteins are
homologous in structure and functiofrhardt et al. 2010)There is much discussion around the
evolutionary divergence of the two T3SSs. With evidence that each diversified from the other or that
they share a common ancestgAbby & Rocha2012; Macnab2004; Gophna et al. 2003Both

systems span abyf the cellular membranes and have the capacity to secrete a large number of

protein subunits from the cytoplasm, direct to the supernatant or into host cells in one step.

1.3.5.3.1. Injectisome

The T3SS injectisome is present in several pathogeniet@d¢including enteropathogenik. coli
(Jarvis et al., 1995nuch of the literature concernSalmonellaor Yersinia The secretion system
allows the bacteria to inject toxic proteins through the haatkaryotic cell membrane and is
essential for infection, survival and pathogenigi@ornelis & Van Gijsege2000) The injectisome is
comprised of around 25 proteins, whielssemble in a highly regulated, ordered fashion. The central
component is the needle complex, which spans both the inner and outer membranes and allows the
translocation of secreted effector proteins from the cytoplasm to the extracellular environment
(hog cell) in one step(Diepold & Wagner2014) Other than the basal needle structure the
injectisome is comprised of ringexport apparatus and cytostolic proteiffGalan & WoHVatz,

2006)

The basal structure is formed of an OM and IM ring which encompass the inneéheot3SS export
apparatus is situated within the IM riramd is composed of two proteins (PrgK and PrgH) which form
concentric rings. The secieh apparatus resides in the IM and forms a sorting platform for
substrates and an ATPase complex mediates interaction with the export apparatus, which exhibits
substrate recognitiorand unfolds substrates prior to expofitaraTejero et al., 2011)The export
apparatus is thought to recognise a commigfierminal signal sequence,hich is also the location

of binding of T3SS chaperones for certain effector protedngH and Sige for example(Roblin et al.,
2015), although ini KS OF 4SS 2 F & BTRSshoui@diphg § dle, bithopg® this is
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under delate (Munera et al., 2010Lloyd et al., 2001; Anderson et al., 200Zhe rod (PrgJ)
assembles on the IM ring and finalthe OM ring is made of InvG proteins from the secretin family,
which are moved to the outer membrane with the aid of pilotins (Infi@ster et al. 1997; Crago &
Koronakis1998) A neck region spans the periplasm and links the OM ring to the IM ring. The needle
structure is then assembled on to the rod structure. This is comprised of aroubd<10kDa
polymerised haipin like proteins called Prgl. Chaperomgenerallybind within the first 160 residues

of the Nterminal of substratesThe ATPase complex (InvC ATPase) couples ATP hydrolysis to the
unfolding and release of needle and effectorof@ins from their chaperones prior to secretion
through the T3SHAkeda & Gal4r2005) proton motive force may also aid secretiffosarewicz et

al., 2012) The needle complex is traversed by a 28 A diameter channel, through which substrates
travel before assemii at the tip. At the tip of the needle assembles the translocon platform, upon
contact with the host, two transmembrane proteins (IpaB and SipB) locate here to form the
0N} yalLRaz2y yR (G2EAO LINRGSAYEA 2N YSIHRASIKAYRNE Q | NX
cells through this channdCosta et al.2015) These are @alogous to the late (filament type)
subunits of the flagella system these proteins are often chaperoned by specific chaperone proteins
that bind in the N-terminal secretion signal region and are involved in docking at the export

appaatus.

1.3.5.3.2. Flagella

The flagella T3SS is ultimately present to build a functional flagellum and provide motility to the cell,
through motor and filament structures. The FT3SS shares morphology and mechanisms of assembly
with the bacterial injectisme, with both assembling in a similar ordered fashion from the base
upwards in steps which are controlled by checkpoints and a defined regulatory pathway, alongside
several conserved proteins in the secretion apparatas outlina in Section1.4.2 (Chilcott &
Hughes2000) The structure consists of a basal body and cylindrical proteins which extend from the
cytoplasm and protrude from the bacterial cell. These structures assemble at the distal end following
secreton through the T3S8Vlacnal) 2004) The FT3SS forms thasis of the next section of this

introduction and will discussed in detailSectionl.4
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1.3.5.4. Type IV secretion system

The type IV secretion system is the most ubiquitous secretion system in nature and is able to
transport both toxins, effector proteins and nucleic acid from bacteria to host cells. The T4SS spans
both membranes of gram negative bacteria and transport is ATP depeiidechner et al., 2012)
Subunits of six proteins form the scaffold and translocation apparatus is formed. Two types of
subunit form the pilus that extends into the extracellular space and VirB1l is a periplasmic lytic
transglycosylase that deages the peptidoglycan layer and is required for pilus biogenesis. The
system is powered by three ATPases located inlMgewhich serve to provide energy fquilus
biogenesis andubstratetranslocation(Costa et al. 2015; Fronzes et al. 2009; Cascales & Christie
2004) Thepili extend into the extracellular space and it iposed that when they contact a host

cell, the T4SS secretion switches to substrate translocatidaern@nal sgnal sequences which are
comprised ofunstructured clusters of positively charged or hydrophobic residues or internal signals,
direct protein fa export while nucleic acid export is thought to be contdependent initiatedupon
binding to a DNA dependent ATPase coupling protein (Vigidhich favours GGGG nucleotide
structures This is directed for export through the T48@rbari & Wksman 2015) Much like other
systems, proteins often require chaperones and adapter proteins for efficient seci(@@mmner et

al., 2012; Christie et al., 2014Yhis general requirement for chaperones in protein secretion is both
intriguing and seems to be a solution to prevent 1itikling andaggregation in these pathways since

many of the proteinare destined for polymerisation

1.3.5.5. Type V secretion system

There are now 5 classes of type V secretion systems types (@wever the best characterised are

a and b(van Ulsen et al., 2014The autotransporter (Va) and the two partner secreti@thpvay

(Vb). Proteins secreted through the type V secretion pathway are comprised of passenger domains,
aA3aAyr t &SIl -detngirOSgionsHehderson et al., 2004Proteins are recognised by- N
terminal signal sequences and directed into the periplasm by the Sec machinery and maibathe

SRP pathway. In the autotransporter systemc®in the periplasm the signal sequences are cleaved
FYR RRSIFAya | aabsrélstuures ii the cell membrane. The passenger domain is

then translocated across the membrane where it is released or remains anchored in the cell
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envelope fordzNF I OS RA & LJX I & ® -doryain &rid assermer dodndiniage Yrandldtes asi

two peptides, as opposed to one in the autotransporter.

1.3.5.6. Type VI secretion system

The type VI secretion system is also an injectisome and analogous both structurally and
mechanistically to anintracellular membraneattached contractile T4 bacteriophage talt. is
comprised a tail complex which consists of structural elements that are equivalent to the contractile
phage tail: a tail sheath, an inner tube which assembleadoaseplate(Ho et al., 2014)This is
anchored to the cell by the membrane complex which extends from the inner to outer membrane.
Extracellular signals cause a conformational change in the baseplate, dvhviek contraction of the
sheath. The inner tube is transported out of the cell and effectors are recruited to ther &
terminals of the two proteins which form the spike domain at the(tjosta et al., 2015he T6SS
therefore spans both of the bacterial membranes, transferring toxic effectors from tioglagm to
eukaryotic cells in one step by propelling the structure along with effectors into mammalian or
bacterial host cells; retraction of this requires ATPandersman & Coulthurs013) A single T6SS
contraction event might translocate multiple effectors into a target (8hneider et al., 2013)he
system appears to be a hybrid system, with components derived from the bacteriophage and type IV
secretion systems. Its discovery and mechanism of action was a real surprise to the protein
secreton field and is a wonderful example of biological evolution at wotkough whether this

comes from hijacking of a viral system by bacteria or vice versa is an open question.

1.3.6. Secretion of recombinant proteins

On average downstream processing can be saidccount for 80% costs of biomanufacturing
(Hellwig et al. 2004; WalsB014) If recombinant proteins are secretéioden downstream processing

is simpler and therefie cheaper, furthermore cells can remain in culture without being disrupted
and therefore continue to function.Asdiscussed in section 1.3.2, followifgr in the absence of)
protein secretion, potein can be localised to the cytoplasm,ripgasm or extacellular space. e
properties of these environments affect protejuality and concentration. Secretion maig correct
protein folding, inhibit the formation of inclusion bodies and reduce product degradation

(Mergulhé&o et al., 2005Enhanced correct protein folding and lack of protezedssmears that the
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product is structurally robust and thereforbiologically active. Secreted protein has better N
terminal authenticity, as cleavage of the secretion sigyft&#én occurs at the Nerminal following
secretion, thus reducinthe presence ofN-terminal methionine residues at the-férminus which

can effect biabgical properties of the protein, including immunogeni¢Baneyx1999) Secretion of
recombinant protein into the periplasm is commonly carried out in industry. This is because of the
benefits which arise from neaytoplasmic protein expression. Protein is harboured in a small and
contained area, whichids initial isolation of protein, however periplasmic extraction must then be
utilised to retrieve protein, followed by purification of the product from the remaining protein. As
previously stated, secretion into the extracellular environment would beekieial for both cost
effectiveness of downstream processing and improved product quality. Much work on extracellular
secreted protein relies more on the presence of secreted protein, without knowledge of the route by
which it was localised theréNi & Chen2009) This section of the review will focus on secretion of

protein through known secretion pathways.

Protein secretion irE. coliis a complex process, eérefore thereare many issues surrounding the
secretion of recombinant proteins. These inclideompatibility for secretionincomplete secretion,

low capacity of secretion and proteolysfluang et al. 2001; Baney%999) For example the
secretionof somelarge proteins may be impossiblas this is limited by secretion system capacity
When potein secretion demand exceeds the capabilities of the cell, intracellular accumulation
occurs, leading to the formation of inclusion bodies, thereftme two must be evenly matched
(Schlegel et al., 2013Jo date recombinant products haweensecreted through the type I, Il

and Vsecretion systems i&. coliall with limited success

Recombinant proteins have been secreted via the 3.5diameter type | secretion system by fusing

them to the HIyA secretion signéBlight & Holland1994) As protein transits in an unfolded state,

the secretion system is capable of secreting large proteins. The T1SS is commonly used due to its
simplicity; a range of proteingincluding ScFvs)ave been secreted through theystem with
secretion efficiencies into the extracellular space varying fromd 90% with yields of aroundrag

L reported (Fernandez2004; Fernandez & de LorenZ001) As lipases are a natural substrate of

the type | secretion system, particular success has arisen when expressing recdniipiases
(Chung et al., 2009As there are so many proteins whichyren the T1SS for secretion and its use

as a means teefflux toxic compoundslimited recombinant protein secretiortan occur due to

competitive exalsiongthis is also true of TolC in the T28%her negatives of this expression system
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include the commonoccurrence of cytoplasmic accumulation of recombinant protein and the

dependence of the T1SS on the growth phase and oxygen avail@hdity & Spech2003)

The type Il secretion system is also capable of secreting recombinant pr@eitretion is directed

by Nterminal signal peptides, which can be fused to recombinant proteins, as a range of native
substrates exist a number of secretion signals can be utiisedS NX S O , 2013)-RolddizigS f 2
secretion they are cleaved which is a benefit of the system when expressing recombinant protein. As
explained previously the T2SS is a two stage secretion system, with different secretion steps for each
membrane.Folded protein is secreted through the TATa®creton secretion systems, but not the

Sec or SRP systenMdany recombinant proteins will fold in the cytoplasm, therefore the only route

for the export of these proteins by the T2SS is the TAT system wistdwisnd easily saturated
(Georgiou & Segatqr2005) However many recombinant proteins have been successfully secreted
through the TAT system by fusion feettwin-arginine signal peptide, including ScFv (up to 4.4ihg L
following periplasmic extractionfzFP (up to 1g‘ifollowing periplasmic extraction)human growth
hormone and interleukifChoi & Leg2004; Matos et al. 2014; Matos et al. 201Zhe Sec and SRP
systems are ineffective if protein folding occurs in the cytoplasm. The SRP pathway has been utilised
to secrete human growth hormone and thioredoxin into the pkrgm, by fusion with a DsbA signal
peptide, with yields of 4mg'lobserved following periplasmic extracti¢Boares et al., 20034 yield

of 60mg L* was achieved for GRR small batch culture or 1g'lfollowing fed batch fermentation to
optical densities upwards of Q§gL50 (Matos et al., 2012)Transport from the periplasm through

the outer membranevia TolC igasily saturated; low recombinant protein translation rates must be
used to overcome this, therefore yield is I¢iergulhdo et al., 2005However the majority of uses

of the T2SS for recombinant protein secretion concern secretion to #rélpsm, as explained
previously this enables advantageous qualities such as correct protein folding and lack of proteolysis,
however the cells must be lysed to obtain protein. If yield and protein quality are high this method if

favourable in industry, dwever there is a clear case for extracellular protein secretion.

However the research in this thesis focuses on the FT3SS. The FT3SS has previously been modified
for protein secretion with limited successut great promise.A 35 kDa recombinant lipasalB was

secreted in small amounts in byTaN2 Y | ¥ | 3D €.} coliMHSTL2n&Eantiafted 32

hours, however the paper does not eliminate cell lysis as the reason for the occurrence of PalB in the

media or show that the protein was secreted by the modified FT3SS speciii¢aigyanan et al.,
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2010) A selection of recombinant amino acid motifs and genes were fused to the a secretion signal
and terminator sequence and seted from the same mutant straifMajander et al., 2005)The
largest secreted protein was a 43 kDa enolase and the highest yield was t2rh@& kDa Peb1.
Another study showed that sea snail venord5( amino acids lorjgcould be secreted by the
Salmonella enterickT3SS when fused to a protein which is natively secreted by the (SIB§S et
al., 2012) Spider silk has also been secreted from #@mamellainjectisome T3SS. Three different
spider silk proteins were fused to antdrminal secretion tag and a chaperoff@/idmaier et al.,
2009) The largest protein secreted was 75kDa at a yield of 6.9 hifidHour. The highest yield of
recombinant protein secretion achieved was 1.8 nfgHour". A range of proteins (GFP, human
complement protein) have also been successfully secrate8almonellawith the partial protein
secretion tag(Végh et al., 2006; Dob¢ et al., 2010he intricacies of these modes of recombinant
FT3SS in terms of modifications to the FT3SS and use of seaigtiaiswill be discussed in a later

section, once the FT3SS has been introduced riaeughly.

The autotransporter type V secretion system has potential for recombinant protein secretion
applications; although this is more commonly related to cell surface expression of protein, rather
than full secretion into the media. For exampleplacing the passenger domain of the
autotransporter protein can result in surface display on the outside of the baatéria has value in
vaccine development{Jong et al., 2012) Recombinant ScFv, lipase and toxins have all been

displayed on the surface &. colfollowing secretion through the TV8&n Ulsen et al., 2014)

In this thesis thesecretion of recombinant proteins via a modified FT88Ebe investigated As
described abovesecretion of recombinant proteins has been achieved previously in a number of
other secretion systems in addition to the FT33&wvever his secretion system was selected due to
various regulatory and structural characteristics of the FT.3BSthe next section the secretion
system will be detailed and reference will be given to why this secretion system was selected to
form the basis of th secretion platform. A strategy for modification of this protein secretion system

to generate a secretion apparatus for protein expression will also be given.
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1.4. The bacterial flagell um

The lacterial flagellais an organelle which allows cell motililg many Gram negative bacteria
(Wang et al., 2012)Each flagella is a helical filament which is driven by an ion flux powetaty ro
motor (Berg, 2003)On averagde. colihave 410 flagellum¢which can be around 20um in length
(Ling 1974) Movement is directional and driven by a sensory system which dictates whether the
motor spins clockwise or anticlockwise. With clockwise flagella rotakool conduct tumble or a
random search moving 30 diameters per second in one diregitimen the other(Adler, 1975)
Receptors on the cell surface detect chemical stimulants, such as sugars and aminqaadids
chemical deterrents. In this event the motor will switch to anticlockwise rotation and steady one
directional moverent known as a run is achieved, this causes the individual flagella to assemble into
a bundle and allows the bacteria to move to a more beneficial environment. The bacterial flagella is
the product of billions of years of evolutianit is comprised of oue50 proteins, which assemble in

an orderly fashion, controlled by checkpoirftShilcott & Hughes2000) Proteins assemble initially

at the inner membrane and proceed to assemble to the cell exterior in a distal to proximal fashion.
The majoty of flagella proteins are secreteals unfolded subunitshrough the existing central
channel and proceed to the distal end of the existing flagella structure for asseetdath various

FT3SS cap foldases
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1.4.1. Structure and assembly
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Figure 14: The distribution of proteins in the flagella type Il secretion system.

Adapted from(Liu & Ochmay2007)

This section will give an overview of the mechanism of assembly and structure of the FT3SS (Figure
1.4), for specific protein name aridnction seeAppendixl. The basistructure of the flagella is of a
basal body, hook and filament. The basal body acts as the motor and the secretion apparatus, the

hook as a universal joint and the filament as a propeller. Flagella absémtlates at the MS ring
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which is comprised of FliF subunihe MS ring is a component of the basal batiych houses the
T3SS element of the bacterial flageldhB, FliO, FliP, FIhA, FliQ, and FliR are integral membrane
proteinswhich assemble ithe vicinity of the MS ring and either directly or indirectly all six interact
with each other, forming the export gate. The latter three associate with the MS ring directly,
anchoring the export gate in the central pore of the MS ritinaming 2014) Once assembled
theseform a pore of about 2.0nm diameter, through which the majority of the remaining flagella
proteins are exportedYonekura et al., 2003pPncein situthe C ring protein&liG, FliM and FIliN then
attach to theMS ring and cytoplasmic domain of FIhA protrudes into this cavity formed within the C
ring (Kawamoto et al. 2013 The cytoplasmic domain of FIhA forntetbinding site for ATPase,
chaperones and export substrates. FIhB is also located in the export apparatus and has a membrane
and cytoplasmic domain connected by a flexible linKére C ring proteins form the rotor/switch
complex, which contribute to coral of rotation direction. Nexthe motor proteins MotA and MotB,
which form the MotAMotB, complexattach to the C ringyia MotA This complex forms the stator

and alsothe proton channel Prior to assembly unbound MotB blocks proton flow through the
proton channel, however wheMotA collides with the basal body motdFliG) a conformational
change removes the block and proton flow is initiatgtbsking et al. 2006)This allows proton
transport down their electrochemical potential gradient throudre cell membrane, providing
energy (known as proton motive force) which drives both secretion of flagella substrates and
rotation of the flagella motofHosking et al. 20Q8Recently sodium motive force was also shown to
drive secretion(Minamino et al. 2016)T3Sf the rod, hook and filament proteins occutyough

the six protein export gate described above, with the aid of the soluble FliH, Flil and FliJ proteins,
which form the ATPase complex and at least partially unfold substrates prior to secrékien
proximal and distal rod proteins=(E, FlgB, Ry FIgF, FIgGare secreted through the T3SS in
succession andssemble to span thpeptidoglycanand outermembrane. Rod proteins assemble
under the rod cap foldase FlgJ which and has dual function as it is ialskeagetylglucosaminidase
which degrades the peptidoglycan layer, to allow export of the rod proteins intopieplasmic
space(Nambu et al., 1999; Herlihey et al., 2014ormation of the P and L ring proteins which
assemble in the peptiddgcan and outer membrane respectively, are dependent on the rod proteins
being in place beforehandlhe P and L rings surround the other T3SS transmembrane proteins,

providing a channel for both assembly and rotat{@hnaban et al., 2015)
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Figure 15: The switch from class Il to class lll flagella gene expression.

The hook grows under the FIhD cap. FIgM binds?fpinhibiting it from initiating transcription of
class Il genes 2) Following completion of the hook, the hook cap is ejected 3) FigM is settisted,

uninhibited and class Il gene transcription is initiated

The hook is then assemblemder the F§D capfrom FIgE subunits to a length of 55nm, under the

control of the hook length regulator protein Fli& form the universal join{Erhardtet al. 2010)

Following the completion of the hook, a signal is séoim the hook length control protein FliK to

the membrane export component FIhB, which results in a conformational chamgiehing export

substrate specificity from early to late substratallowing secretion of the hoejkinction and

filament proteins(Williams et al., 1996; Evans et al., 20I#)is change is brought about because
following FlhBauto cleavagé NBX 3IA 2y A& 2LISYSR gKAOK Aa O2YLINRAS
K S f A Eshéets Rhih is adjacent to the NPTH loop. It is thought that an acidic loop of FIiK is able

02 WgSRIASQ Ayd2 GKS Of $Kldrives 2nnXubdRateospecificitfivdch o | & A O
(Mizuno et al., 2011)This is critical for theesretion of late substrates, as prevention afito
cleavagamaintains the secretion apparatus early lockgdaser et al., 2003suggesting that FIhB is
essential for recognition of export substrates. Current theory suggests that FliK is intermittently
secreted through the hook structure, immediately trggong the switch from early substrate (FIgE
included) secretion to late when the hook reaches its physiological length of 55nm. While the hook
extends at a constant rate, secretion of FliK is inversely proportional to this and it is thought that this

low rate of secretion towards the end of hook extension, results in the substrate specificity switch as

FliK is more likely to interact with FIt§Brhardt et al., 2011)in synchrony following completion of

the hook, secretion of the hook filament junction protein, FIgK displaces the FIgD cap from the hook

tip (Ohnishi et al., 1994)This permits secretion dhe anti" % factor FIgM resulting in uninhibited
intracellula FliA(Hughes et al., 1993) NJ&A 2 NJ (2 (i R®Aadtor FiAFRiguré A 5), Riibiting
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class lll gene expression (and also protecting in FliA from proteqBai®mbruch & Hengg@007)

FliA initiates class ldased transcription of proteins including the hook associated proteins (HAPS)
FlgK, FlgL anBliD and the 52kDa flagellin protein H@aniell et al., 2003)Secreion of the late

subunits is dependent on chaperones FIgN (for FIgK and FIgL), FIiT (for FliD) and FliS (for FliC). The
hook-filament junction proteins (FIgK and FIgL) assemble on the hook and finally the filament grows

as flagellin monomers are transportéem the cytoplasm through the central channel and then to

the distal end'Yonekura et al., 2000Flagellin monomers assemble under the FliD cap which rotates

as flagellin units assemble and aids polymerisation of the flagellin units. 28000 flagellin
monomers selassenble in one flagella at a rate up to 1000 per mintieform a filament 1620um

long, with a diameter of 12@40nm(Erhardt et al. 2010)

Efficient secretion through the FT3SS is accomplished by the presence of chaperones, secretion
signals, ATPases, proton and sodium motive force andnsuimberaction. Together the export gate
including the protruding FIhA cytoplasniiomain-which binds secretion substrates, chaperones and
ATPaseT 2 N (i KS WBvansiet Ml 201FIB $stalgo located in the export apparatus and
has a membrane and cytoplasngiomain conneted by a flexible linker. Flrd&ito cleavag®ccurs at

the NPTH loop the cytoplasmic domain. The cytoplasmic domain remains associated with the
membrane domain and this flexibility between the two substrates allows secretion to occur
(Minamino & Macnab2000) Situated below the export cage is the ATPase complex (comprised of
Flil, FliH andIB). "The ATPase regulator FliH interacts with the ATPase Flil; anchoring it teritige C

and preventing ATPase activity and interaction with the export cagtl the secretion structure is
constituted (Minamino & Macnd, 2000) To initiate subunit exportFliJ is required to span the gap
between FliH-lil and FIhAAbrusci et al., 2013)

As described, the flagellsssembles in a seqaéial manner; diring secretionin the early phase,
unchaperoned early substrates interact with the ATPase Flil and its regulat@Atlitdy et al. 2002;
Thomas et al. 2004 Following docking at Flil, substrates are sorted for early or late export by-the N
terminal secretion signal residues of substraf8safford et al. 2007 )lil isalsothought to mediate
partial unfolding of the substratéAkeda & Galdn2005) Along with FIhA, early substrates also
interact with FIhB prior to exportAutockaved FIhB has dydrophobic pocket in the cytoplasmic
region; the presence of this is essential for the secretion of rod and hook proteins. It is though that
this is abinding site for Nerminal gate recognition motif§GRM)of early secretion substrates
(Evans et al., 2013)
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Late substratesoluble components are preound to their respective chaperones at the&@minus
(Bennett & Hughes2000) Chaperone binding prevents polymerisation of monomeric substrates
prior to export and degradation by proteolytic enzyn{€saser et al., 1999The chaperones target
chaperonesubstrate complexestowards the export machinery, where the chaperoneaédiminals
associate with the ATPase (Flil), whielpresent as a FHIiH complex, this complex directs the N
terminal of the substrate to FIhA, in unison the FliJ drives therMinal of chaperonesa interact

with the cytoplasmic domain of FIl&Ahomas et al. 2004; Kinoshita et al. 2013; Minamino & Namba
2008) FliJ interacts with FIhA and has affinity for the FIgKL and Flizromas FIgN and FIiT, but

not the FIiC chaperone FIiS suggesting that FliJ enables efficient export of the hook associated
proteins prior to the secretion of FlEvans eal. 2008. It is thought thatrotation of FliJ may drive
conformational change in FIhA, which results in release of the subunit by its cognate chaperone and
further unfolding(Abrusci et al., 2013)

The chaperones direct late substrates for export, prior to release, but they do not serve as signals for
secretion. Disordered #&rminus domains serve as secretion signals for protein exjanvajima et

al., 1989) No defined cleavable signal peptide sequence is conserved in T3SS export proteins,
therefore it is thought that a recognition is achieved at a higher level in the disordetedmihus
domains (Homma et al., 1990; Vonderviszt et al., 199Rgspite this, studies havpreviously
identified the peptide regions responsible for directed secretion by investigating the secretion of
protein with Nterminal residue deletion mutants. For example it was found that only residuds 26

of FIiC were required for secretion, furtmore fusing these residues to a homologous protein
directed it for FT3S&¢égh etal., 20080 ¢ KSNBE Aa | faz2 YdzOK RSoediS 29S|
region of secretion substrate mMRNA is required as a secretion signal, while it is certainly capable of
driving secretion it is not essenti@Cheng & Schneewin@000; Majander et al. 2005; Dobé et al.
2010) As previously explainedady subunits harbour GRMs which have affinity for the export gate
protein FInB[Evans et al., 2013)

Secretion through the FT3SS and torque generation of the flagella is powered by ATP and proton and
sodium motive force. This is under tight regulation as it is costly. As describedlithenhibits
premature ATP expenditure by the ATPase complex and MotB blocks proton flow through the
proton channel(Minamino & Macnab2000; Hosking et al. 2006)he ATPase complex facilitates

substrate association with the export gate, however the ATPase is nottedden protein export,
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although it is thought that following interaction with the substrateaperone complex, ATP energy

is required to release the substra{dinamino & Namba2008) It is now known that the PMF also

provides energy for secretion through the FT3SS; this is comprised of two components: the
electrochemical potential differencé k 0 ' YR (KS LINPGageyn eBaNIIBAS y i 0 k L
gl a akKz2ey GKIFG Ay (GKS F10aSyO0S 2F GKS 1¢tlasS 02vYl
gKSY (GKS CftAW O02YLRYSYyild 2F GKS 1 ¢tlasS O2vYLX SE
driven secretion is enable@Erhardt et al., 2014)There is also evidence that FIhA acts as a channel

for sodium, thus facilédting a sodium motive force. While this is usually inactive, in the absence of

the ATPase complex it is activatethis suggests a dual powered system, which is effective in the

absence or presence of ATP¢binamino et al. 2016 Once subunits are secreted they must move

through the existing structure before they are crystallised at the tip, as the filament can reach

lengths of 20untas the structure elongates the rate of protein secretion remains congfaumner

et al., 2012) This constant rate ofegretion is driven by head to tail linkage of both FIliC and FIgE

protein subunits, which results in a chgiavans et al., 2013Yhis chain is formed by linkage of the

N- and Gterminals of adjacensubunits; this enables subunit transit through the existing flagella

structure by a pulling force which is generated as theeifinus of the foremost subunit shortens

during crystallisation at the tipthis results in subunits being pulled from the expgpparatus into

the existing flagella structure.

As stated previously, with modifications there is scope to secrete recombinant proteins through a
modified structure of the FT3SS. Not only would this enable one step secretion of protein from the
cytoplasm b the extracellular space, but if the secretion capacity could be fully harnessed, then the
yield of secreted recombinant proteins could be of industrial biotechnological relevance. If this were
achieved this work would serve as a pertinent example ofpadmwn synthetic biology approach to
achieving recombinant protein secretion in &n colichassis. To enable this, knowledge was drawn
on from the literature of the genetic regulation of FT3SS structure and previous flagella mutants

which enabled monometisecretion of subunits through the FT3SS and into the media.

1.4.2. Comparison to injectisome T3SS

There are many similarities between the Injectisome and flagella T3SS. There are many homologous
proteins and both assemble from the base to the @ifrhardt et al. 2010)The majority oimajor

structures are in placén both, however there are some differences. In the IT3SSMiring is
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comprised of secretinst is also void of anotor. Theexport apgratus is situated within the M&ng

of both structureshowever the injectisome lacks a raftuGring calthough a homologue SpaO is
present and this forms the sorting platforadong with OrgA and Org@araTejero et al., 2011)
Injectisome gene expression is less stepwise in regulation, as all components are transcribed from
class Il operons. However there are still checkpoints in terms of assembly, due to the affinity o
substrates and chaperones for the secretion apparatus. Chaperpnetect sulstrates from
premature polymerisation and degradation adtect substrates for export at the export apparatus

in both systems and this is facilitated by the ATPase and protivenforce.The IT3SS ATPase InvC

is analogous to Flil and also unfolds protein before trawsiich is aided by OrgA and g, the
former is homologous to FliH, however the latter has no known homologue in the FARSE &
Galan 2005) However while FT3SS chapersnieind to the Gterminal of substrates, IT3SS
chaperones bid to the Nterminal, howeveN-terminal signal peptides are present in bathistems
(Kosarewicz et al., 20125 injectisome chaperones are removed this can lead to IT3SS substrates
being exported through the FT3SS, suggesting homology of-teentihal secretion signal and3ES

and also demonstrating the importance of chaperorfeee & Galan2004) The main differences
arise in terms of the extracellular structure and function, however subunits are still analoboeis.
needle(Prgl)and hook proteins are analogous and the length of both are controlled by @ssuy
protein (InvJ in theinjectisomg, resulting in either an 80nm needle or 55imok InvJ also drives a
substrate specific switch following hook completiand late substrates are exporteKawamoto et

al. 2013 Wee & Hughes2015) Rather than the hook filament junction, teanslocon platform is

then assembled on the tip of the needle and upon contact vaththost cell, this results in the
secretion of two translocon proteins, followed by the secretion of effector proteins through the
lumen of the existing structurénto a host cell(Galan & WoHWVatz, 2006) Whereas the hook
filament junction proteins assemble on the hook tip and filament protairessecreted through the
existing structuregrather than be released into the environment, they are polymerised under a cap

protein. Both are high capacity secretion systems.

1.4.3. Flagella gene hierarchy

As production of flagella is an energetically expemgrocess it is under tight regulatory control.
Flagella genes are assembled into a transcriptional hiera(Gyicott & Hughes2000) Three
classes exist within thiierarchy; the class | operdthDCis at the top of the hierarch{Figurel.6).

The chss | operon product is thelhG complex which activates the class Il genes which encode
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GKS FtF3Stftl K221 olalkf o02R& o61..0 LNRGSAYA YR
(FiAyandantt A 3Y | FI OG 2 NJ ° H gesFGAd@iaghoolCHasalsbodjoambdio dpén
completion FIgM is sected into the media, allowing Fli® promote the transcription of the class Il
genes which encode the filament, motor and chemotaxis protdidatsukake 1994) fIhDC
expression is regulated by various proteins which are expressed in response to environmental cues
including pH, temperature, nutrient availdiby and osmotic pressuréSoutourina & Bertin2003)
These proteins may either directly or indirectly result in op down transcriptional regulation of
flnDCor act an the FIhDG complexto either block it from activating gene expression of class Il
promoters or actively degrade the complé&tanscriptional regulation is mediated through multiple
sites in the large upstream region of tHDC promoter (Fahrner & Berg2015) Additionally
feedback expression loops ohdella genes occur; whengrotein produced as a result dfhDC
expressiongo on to repress or activate master regulator or class Il or Il protein expression (see
Figure 1.6). Thesproteins are the potein chaperones FIgN, FliS aRtdT. FIgN regulatedgi,
therefore affecting class Il gene expressigKarlinsey et al. 2000FIiS negatively regulates the
export of FlIgM'Yokoseki et al., 1996FIiT negatively regulates class Il gene expression by binding to
FIhDG (Yamamoto and Kutsukake, 200@Iternatively proteins can directly digest tHdhDQG
complex. The effects of these proteins on flagella gene expression are outlined in dé&dilenl.1

with referenceto the phenotype of strains following mutagenesfong with flagella biogenesis
FIhDG alsoregulatespromoters in a wider regon. While it binds to a multitude of promoter
regions it does not cause a large transcriptional ef{&tafford et al., 2005)netherthe-less it has

been shown to repress cell division, upregulate galactose transport, downregulate aerobic

respiration(Prif3 et al. 2001; Priss & Matsumput896)
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The master regulatoforms a point of fulcrum control over thET3SSherefore it is a prime point
investigation into improved FT3SS performance with regards to protein secretion, whether this
concerns transcriptional regulators and proteases which respond to environmargalor negative
feedback from within the flagella regulatory hierarchy. Previous experimental work will now be
summarised which has 1) modified the FT3SS to initiate the secretion of recombinant proteins and 2)
reported gene modifications which have re®al in increased master regulator activity. This will
form the basis of experimental work in the next chapter, as combined it will aid the production of a

strain which is capable of high capacity secretion of recombinant proteins through the FT3SS.

1.4.4 Previous FT3SSgene deletions that result in secretion of monomeric

flagella subunits

Various gene deletions are outlined in the literature, which result in the secretion of monomeric
flagellin into the extracellular media. This will be exploited for degelopment of a modified FT3SS
which is able to secrete recombinant proteins into the media.stated previousfbacterial FT3SS
genes and function are highly conserved among gram negative bacteria, therefore deletions
reported in the literature regarithg various bacterial species are also applicablE.tooli Deletions

of the flagellacap and hooKilament junction proteins produce immad#i mutants as the flagella fail

to polymerise, these are outlined belogwith additional reference made to benefal knockout

mutations in terms of increasing FT3SS secretion.

As discussi the tip of the flagella iormed of the cap protein FliD. Flagellin subunits assemble
under the cap. In FIiD mutants the hook assemMdtesveverpolymerised Fli@llaments do noform,
instead FliC is secreted into the culture meagamonomergYokoseki et al., 1995F1iD mutants are
mainly immotile, however it has been shown that when supplemented with exogenous flagellin,
filaments will polymerise on the hook armbme motility is restoredE. coliwhich lack FIiC, do not
have filaments and are essentially immot{le et al., 1993)Class Il promoter aieity is seen to

Ay ONX Kl @rovinyet alp, 2008)This is thought to be becauskD is in the same operon d§T,
which represses master regulator gene expression. Furthermorénereased nmber of flagella
basal bodies werebserved following the deletion dfiCD this is thought to be due to the removal

of secretioncompetitors to FIgMSinger et al2012)
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The hookfilament junction is absent ipflgKLbacteria. These mutants produce FliC however it does
not form a filament instead the unpolymerised FliC monomers are secreted into the culture media
(Homma, 1984)Increased extracellai homologous protein (FIgM, FliDasibeen observed in cells
with flgKLdeletions in comparison to wild type, suggesting that secretion of some protein sulpinits
K A 3 K SIgKL(Brgn gt al., 2008)

1.4.5. FT3SSrecombinant protein secretion

As described,ite FT3SS provides a high capacity route of protein export from the cytoplasm to the
extracellular space the filament is comprisedf up to 30,000 flagellin monomer&rhardt et al.
2010) If generation time is assumed to be 30 minutes, this amounts to an export rate of
approximately 1000 subunits per minute, which equates to approximately 0'3gour® -a rate
which rivals that achieved by secretion efficient yesshtins such a®ichia Pastori®r secretion
competentBacilusgenus(Love et al., 2012; Chen et al., 2012; Liu et al., 2Bb®)ever it has since
beendemonstrated experimentally that the rate of setioa is one monomer every two seconds,
equating to 15 mg" Hour® (Turner et al. 2012while this is less impressive than the previous
estimation, it is still an remarkable rat€his capacity can be exploited for high throughput secretion
of recombinant poteins. In additionwell understood naturalregulatory systemsre in place for
flagella gene expression contrahd lend themselves to manipulation and control. Specifically, they
are under direct or indirect control of the master regulator complex EhDwhich itself is
transcriptionally regulated by proteins in response to environmental cues. Various attempts have
been made to convert the FT3SS into a high capacity secretion system. These efforts maostly rely on
the fact thatremoval of filament and ap proteins results in a modifieBT3SS that is capable of
secreting both native and recombinant proteifddajander et al. 2005; Narayanan et al. 2010; Singer

et al.2012)

This project aims to optimise d@h. colistrain for directed secretion of proteins from the cytoplasm
directly to the extracellular environent, through a modified FT3SHEae flagella secretion system

will serve as a platform technology for the secretion of a range of proteins. Strain optimisation by
knockout mutagenesis aims to improve secretion output by altering regulatory gene exprassion

also removing superfluous genes to reduce metabolic burden. Assays will be developed to quantify

secretion output of strains; this will be coupled with an assay to measure flagella gene expression.
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Initially native protein secretion through the modifiesecretion apparatus will be investigated and

an SD$AGE based protein secretion assay will be developed. Once this is established directed
recombinant protein secretion will be implemented with the aid of a secretion construct, which will
harbour recominant cargo protein and is also comprised of a secretion signal and tags for
purification. The secretion construct will be modular and therefore allow alteration of the cargo
protein ¢and later modification of the secretion construct for improved secretidhis will be
employed to secrete a recombinant enzyme which will enable a high throughput enzyme based
secretion assay to be developed. This assay will allow efficient and accurate screening of a multitude

of strains and secretion plasmids to identifyetmost productive combination in terms of secretion.

This work is in the context of previous attempts to modify the FT3SS to secrete recombinant protein.
In sectionl.3.6yields of secreted recombinaptrotein through the FT3SS wereported; here | will

outline how they were implemented, along with additional examples.

kfliCDmutants were successfully utilised to secrete a number or recombinant proteins (including
enolase, GFP, the Pebl adhesin, and PalB lipase) through the FT3SS into the media. This was enabled
08 TFdzaAy3a NBO2YoAYyl yi LINPdgi6ns ¢f thé FRiC gef@janue@etbly R 0 Q
2005; Narayanan et al., 2010Jhis bakground was also used to secrete FIgM secretion signal

tagged recombinant toxin proteins; while secretion was achieved without this mutation, it was

greatly improved with i(Singer et al., 2032

kfliC mutants were utilised to investigate secretion of FIIC 47 amino acid secretioal sigptide

FdzaSR NBO2YoAylyld LINRBGISAya Ay (GKS FoaSyoS 2F (K
not necessary to secrete protein through the FT3SS. In addition to this it was established that only

of residues 2647 of the secretion signal we required to incur secretiofDob0 et al., 2010; Végh et

al., 2006)

The literature here has focused on secretion dklaecretion substrates in mutants with intact

hooks, however it is also pabke to bypass this and secrefgotein linked to early secretion

substrates in a hook mutant, this forgoes the control of FIgM on protein secretion. This has been
achieved by fusy 3 NBO2YOoAYyl yi LINRGSAY (2 SAGKSNI cf3as 2N
I flgD2 NflgkbackgroundSinger et al., 2014)
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1.4.6. Master regulator effects of FT3SS expression

Once the FT3SS has been successfully modified to allow recarbpitmdein secretion, increasing

the number of basal flagella systems in the organism will allow more secretion into the culture
media. Some gene deletions may increase the number of flagella present. The main route to
enabling this igo reducethe prevaénce ofnegative regulators of the master regulator aimdrease
activators An alternative is to remove proteins which actively degrade the j&hBomplex or
inhibit the complex from inducing class |l gene expressibrthis is achievedhe increased
abundance ofFIhDG, will directly or indirectly promote expression of all remaining flagella genes in
the hierarchy Motility of cells is commonly used to ascertain flagella gene expression, as the output
of increased flagella gene expression in cells wipickduce full length filaments is generally an
increase in motility.Previous gene delaths which resulted in increased flagella expression (or
motility) as a result of either increasdthDCexpression or decreasddhDG complex proteolysis or
binding are compiled in Table 1.1. It is hoped thttese can be later implemented to improve
secretion capacity of the modified FT3SS. Likewise gene deletions which resulted in reduced flagella
gene expression are also included, to give a more complete pictuiegafation and because these
could also be utilised latem promoter replacement strategies for example. This table only concerns
flagella synthesis and does not account for the wider regulatory effects whichGrlhiitiates
transcription throughoutthe genomegwhich included protein folding machinery, polysaccharide
synthesis, membrane transpof®tafford et al., 2005; Fitzgerald et al., 2Q1#should be noted that
whereas previously Erature describing assembly and regulation of the FT3SS was drawn on for
both Salmonellaand E. colidue to similarities, environmental cue determinantsfiiDCexpression

vary in the two species. This is because in low nutrient availaBilipoliflagdla gene expression is
upregulated, whereas irBalmonellait is down regulated, therefore care must be taken when
interpreting data, depending on which species was investigated and whether nutrient availability
impacted on result§Wada et al., 2012}or example isalmonellaydV inhibitsFIhnQG class Il gene
expression in low nutrient concentrations. This can be reversed by upregulating the flagella protein
Fliz, as it repressegdiV. However theE. coli ydiMs nonfunctional, therefore neither of these
effects are observedhiE. coli(Wada et al., @12) ¢that aside FliZ does negatively regulélieDC
expression directly irE. coli(Pesavento & Hengge012) Literature referring to environmental
regulators ofSalmonellavas excludd for this summary (for example RflM and E¢iRzniak et al.,
2009; Singer et al., 200)3with the exception of information relating to FIiT and Dnak as they do not

concern environmental regulation of flhDC.
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Table 1.1: Gene knockouts and reported flagella gene and phenotypic effects

Gene

Organism Function in WT

Reportedgene andphenotypic effects in

mutant

Reference

A. Knockout mutations result in increased flagella gene expressiomotility

fliT

fliz

IrhA

dksA

clpXP

matA

Salmonella Prevents FIhLL, from binding to class I

enterica

E. coli

E. coli

E. coli

E. coli

E. coli

promoters, also releases DNvdund FIhRG, which

results in increased ClpXP proteolysis

Binds to theflnDCpromotor region

Binds toflnD

Enhances activity of ribosome synthesis molecul
pppQ@op and ppGpp, which reduce flagella gene

expression

Degrades FIhQ, protein (is a protease)

RepressefihDCtranscription

Higher class Il gene expression and increased

motility, despite les$1hDG

Increasel flnDCexpression in thdliZ knockout

mutant

3.5 reduction in FIhDC expression and

hypermotile cells

IncreasedlhDCexpressior{Lemke et al., 2009)
hyperflagelated and hypermotile cell8berg et
al., 2009)0R less motile celfMagnusson et al.,
2007)

Hyperflagellated

Mutants were slightly more motile

Yamamoto &
Kutsukake, 2006

Pesavento &
Hengge2012

Lehnen et al. 2002

(Lemke et al., 2009;
Aberg et al., 2009;
Magnusson et al.,
2007)

Kitagawa et al.
2011; Tomoyasu et
al. 2002

Lehti et al. 2012
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rscB E. coland  Binds to theflnDCregulon and egatively regulates DecreasedlhDCgene expression when over Wang et al. 2007

Senterica  flhDG positivelyregulatesfliPQR expressed irkE. colijncreased motilityin FrancezCharlot et
Salmonell&knockout mutant al. 2004
hdfR E. coli Binds FIhES, In HNS deficient mutants. HAfR is negatively Ko & Park, 2000

controlled by HNS. Therefore fiS mutants have

more active HAdfR anahutants are nonflagellatec

B. Knockout mutations result in decreased flagella gene expression or motility

SirA, E. coli csrA stabilise§IhDG and increases its expressio ReducedlhDCgene expression and motility and Wei et al. 2001
csrB & csrB and csrC are antagonists of csibd activates lessflhDCmRNA in late exponential phase
csrC csrBC translation

DnaK Salmonella This chaperone aids correct assemblyrtiDG Lack flagella and class Il and 11l gene expressic Takaya et al. 2006

enterica allowing it to interact with promoters

CRP E.coli IncreasedlhD operontranscription in the absence crp mutant was noAamotile Soutourina et al.
of glucose 1999; Zhao et al.
2007
QseB E.coli IncreasesflhD operontranscripton in the Less flagellin and less transcription ffD, fliA, Sperandio et al.
presence of FIiA motA and fliC 2002
H-NS E.coli IncreasedlhD operontranscription when all NS  hnsmutant was noAmotile Soutourina et al.
binding sites are bound by-NS 1999
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With this information in mind it seems that there is great potentialnmdify the FT3SS into a
secretion apparatus, for the secretion of recombinant protecr8tion occurs from the cytoplasm
directly to the extracellular environmenthe system is high throughput and there is good control of
secretion with the use of prota secretion signals.hEre is a good understanding of structure and
genetic regulatiorof the FT3SS anbe regulatory network is weluited for genetic manipulatiorn
addition, there are previous examples of recombinant protein secretion by this ralgmonstrating

that manipulations can result in positive resul@ncean optimised protein secretion system has
been produced, strain improvements and plasmid based improvements for increased secretion will
be investigated and recombinant proteins wikk expressed for directed secretion through the
modified FT3SS.

1.5. Collagen

This project had the main aim of improving the flagella type Il secretion system (FT3SS) for
recombinant protein secretionhowever the crowning aim was to secrete human collageraa
exemplar of this secretion platfornCollagen is the most abundant and wideligtributed class of
mammalian proteins, comprising of around one third of all protein, it constitutes thresters of

dry skin weight and is the most abundant componefttioe extracellular matrixShoulders &
Raines 2009y / 2f f I 3Sy RS&AONROGSaA I OfFaa 2F LINRPUSAYaA
supramolecular structures. Collagen proteins are comprised afombination of 46 distinct
polypeptide chains which trimerise hommr heterotrimerically to form the 28 distinct collagen
types, all of which vary in size, function and distribution. While the different collagen types have
different structures and properties all are structural fibrousteins which are usually located in the
extracellular matrix. Collagen most commonly serves as a biomechanical scaffold, giving tensile
strength, allowing cell attachment and macromolecule anchorage, therefore defining the form of
associated tissuegKadler et al., 1996)Collagen is also involved in cell migration, cancer,
angiogenesis and tissue morphogenesis and refadler et al., 2007)As different collagen types

have different properties, tissue types have different collagen type composifioype! collagen is

the most abundant collagen and is found in all tissues except cartif@géhis reason it will be the

focus of the work carried out in this thesis. As described below Type | collagen is extremely useful,
however there are issues with deriving it from animal sources, therefore recombinant sources would

be favourable.
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1.5.1. Basic stru cture

¢tKS GKNBS LRfeLISLIWARS h OKIAyad sKAOK F2N¥Y | O2f
acids long and all conform to a strict repeating amino acid motif ofX&y; (Brodsky & Persikov

2005) Most commonly the motif repeated is GhroHyp(Ramshaw et al., 1998) 9 OK h  OKI A Y
pitch of 18 amino acids pedurn, these assemble trimerically and are staggered relative to each

other by one amino aciqSchulz & Bader2007) Collagens are not consistentlyplie helical

moleculesg all collagens have nanelical domains at the Nand G termini. Furthermore only type |

collagen is in absence of any imperfections in the triple helix. Other collagens have interruptions in

the triple helix, this is more common mon-ibril forming collagengKadler et al., 2007)

1.5.2. Collagen biosynthesis

I will focus on fibril forming collagen formatianprimarily of type | collagen,sathey are the most
abundant and the majority of literature also focuses on them. However it is likely that the basic

mechanism of triple helix formation applies to all collagen tyfigsise et al., 2003)

Collagens are mainly produced in cells of connective tissues and secreted into the extracellular

space, vinere they assemble into collagen fibrils. The steps of collagen blussistare summarised

inFAgure 1.7. CollageW¥wb! A& OGN} YAONAROSR Ay (KS ydzOf Sdzaz OF |

Fd GKS 0Q SYyR 200dz2NA | & Y #anspdrted SoNBe lcytopl@s® and LI A OA y

translated at the rough endoplasmic reticulum (REGlIse et al., 2003)Prior to trimerisation

extensive postranslational modifications occur in the endoplasmic reticulum. Single chain

preprocollagen projects from the RERBIlowing the removal of signal peptides for RERtqusion

the moleculeis known as procollagen. Some proline and lysine residues are hydroxylated in the

presence of cofactors by prolyH8/droxylase (P3H) and prolythgdroxylase (P4H) or lysyt 3

hydroxylase respectively (LH3). The hydroxylation of proliesidues is essential to collagen

GKSNXY2aidloAfAled ! NBdzyR mnn LINRPEAYS NBaARdzSa | N

chain(Olsen 2003) Some hydroxylysines are alsditked glycosylate@Perdivara et al., 2013The

terminal propeptides have a single-lked oligosaccharide, which is added by oligosaccharide

transfer complex(Clark 1979) The aforementioned PTMs are essential foe tformation of

AYGSNN2E S0dA I N) KERNRISY o62yRa 0538858y 1 OKIAya
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carbohydrate attachment. The propeptide chains are flanked byl G terminus telopeptide
regions. Three procoll&y " OK I A y aerrhirfal’aiyaided By erizyr®s (peptigyblyl cis
transisomerase, protein disulphide isomerase) and molecular chaperones (heat shock protein 47),
trimerise and fold, progressing to the N terminal to foomfa G NALX S KSt AE® ¢KSa.
procollagen méecules are now packaged into secretory vesicles indblgiapparatus and secreted
into the extracellular space. -NMind Gmetalloproteinases then cleave the procollagen molecule
forming tropocollagen. Lysyl oxidase catalyses the formation of aldehydss fysine and

hydroxylysine residues of telopeptides.

Collagen fibril formation is largely a sasembly process, driven by entropy (much like flagella). As
described previously type | collagen is comprised of uninterrupted triple helical collagi#&mson
helical flanking Nand G terminus regions-which are on average 300nm length and 1.5nm in
diameter. The fibrils orientate differently depending on the tissue, but type | tropocollagens align in
parallel and display D periodicity of 67nm. As #egth of tropocollagen monomers is not a multiple

of D this suggests a regular pattern of gaps and overlaps in the collageliSimilders & Raines
2009) Once assembled fibrils may crosslink with other fibrils of the saméferant collagen types

or be decorated with fibril associated collagens.
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Figure 17: Collagen (fibril) biosynthesis in eukaryotic cells.

Including transcription, translation, post translational modifications, secretion and fdvmation.

SP: signal peptidase, LH3: lysyl hydroxylase, P4H: prdiydrdxylase, OTC: oligosaccharyl
transferase complex, PDI: protein disulphide isomerase, PPI: peptilyl cistransiisomerase, NP :
procollagenN-proteinase, CP: procollagenp@oteinase, LO: lysyl oxidase, HSP47: heat shock protein
47. Adapted fronGelse et al., 2003
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1.5.3. Therapeutic uses of collagen

Collagen is widely used as a medical material, due to good biocompatibility, biodegradability and low
antigenicity. In addition the nature of catien to form strongly associated fibres by sajfregation

and crosslinking, means that collagen has excellent strength. It also controls fluid loss and provides
thermoregulation (Patino et al., 2002) Therapeutic ollagen promotes cell integration; on
administration exogenous collagen activae cellular response, this is product specific but can
involve the penetration of a range of cells includifgdblasts, macrophages and neutrophils. The
degradation time of collagen products can be altered by crosslinking antlgaienent procedures
(Fries$1998) These characteristics lend collagen for use in a large number of mepllaéions.

Most commonly collagen is used as a drug delivery system, however collagen is increasingly being
used as a biomaterial for tissue therafiyee et al. 2001)Collagen can be manipulated inteany
physical states including solutions gels, fibres, membranes, sponges and tubing for a range of
medical procedures including dressing for burns and wounds following injury or surgery, as fillers
and haemostaticagents. Collagen has also been used akeassing for vascular prostheses, as a
guide for peripheral nerve generation and in various ophthalmology applicatiRatso et al., 2002;
Bushnell et al., 2008 Additionally collagen can be used for the delivery of a range of dRrggsss

1998) For example collagen microspheres and gels have been utilised for the delivery of
chemotherapy dugs (Panduranga Radl996; Kojima et al. 2013)Type | collagen is useful as a
scaffold for tissue engineering as it is biocompatible and also abundant and ubiqgtterefore
obtainable on a large scale and suitable for widespread use. In tissue engineering collageras used
a scaffold in the form of a hydrogel or lattice. Although it can be used in&mioving the Nand G
telopeptides can reduce antigenicitgGlowacki & Mizunp 2008) Additional crosslinking and
copolymerisation of molecules such as chondroitisufphate may be favoed prior to use of
collagen in tissue engineering, as this has been shown to increase cell proliferation within the
scaffold and aid retention of proteoglycagvhich are essential for cell signalling, migration and

uptake of proteingvan Susante et al. 2001; Ferdous & GraAden, 2007)
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1.5.4. Sources of therapeutic collagen

1.5.4.1. Animal Sources

The global demand for collagen is huge, annually an estimated 50,000 tonnes of collagen (including
gelatine) are derived from animal sources for use in medical applicat®isen 2003) Collagen is
sourced from bovine skin, intestine and tenddfatino et al., 2002)While animals may be a cheap
source of collagenous material, there are many concerns surrounding various unfavourable
characteristics of animal derived collagen. Disadvantageous qualities include poor biocompatibility
homogeneity, characterisation, immunogenicity and the transfer of disease from animal to patient.
The main point of concern regarding disease and animal derived collagen is bovine spongiform
encephalopathy (BSE). Although amtertem BSE tests are awile they are not very reliable,
therefore the risk of BSE in collagen therapies can only be managed and reducatinot be
guaranteed(Lasch et al., 2003This is achieved bjy 0 &2 dzZNOAY 3 02 0OAYy S EO2f f | 3 &
T NB S Q(2) kishbyldRaierial (usually tendons) which carry a lower risk of infec(Bjtgarrying out

risk reducing procedures in the manufacturing process, such as alkali treatffemxtracting
collagen from tissue which has a high collagen canf@gain tendon) therefore reducing the
guantity of tissue used5) limiting the number of collagen treatments to a patigb) only using
certain routes of delivery. With these procedures in place the risk of contracting BSE from bovine
sourced collagen rpducts is reduced to less than one in a milligfriess 1998) Immunological
responses to collagen are variable and are dependent on the route of administration and nature of
the collagen based therapeutic, for example 2.8% pasi@¢regated with an injectable collagen filler
developed inflammation and 6.8% people treated with a collagen bone filler developed allergies
(Charriere et al., 1989; Lynn et al., 200Bygparing animal collagen for clinical applications is a
complicated process. The presence of covalent crosslinks between collagen molecules is the major
factor which impedes the breakdown of collagen when preparing it for clinicalfrgess 1998)
Additionally collagen is insoluble in organic solvents making dowarstnerocessing difficult. Once
non-crosslinked collagen molecules may be moédifi to be acylated, methylated drave polymers
attached to give different properties. Crdisks are then reintroduced to confer the structure
required. This is achieved by aldehyde treatment or by physical treatment with UV or heat. Collagen

is then sterilised by irradiation or ethylene oxide.
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1.5.4.2. Recombinant sources of human collagen

Recombinantollagen has been produced in a number of organiéhable 1.3)The major barrier to
recombinant collagen is the lack of adequate post translational modifications in various recombinant
expression systems. Without PTMs such as glycosylation and hydiaxytllagen structure and
function varies. In some recombinant collagen expression systems collagen geneseamessed

with enzymes for proline hydroxylation. The key enzyme for this process is-gioyglroxylase
(P4H). Cexpression of collagen ith human P4H has shown to improve proline hydroxylation,
although not necessarily to the degree observed in native collagens. Alternatively inadequate proline
hydroxylation can be avoided by expressing collagen in a mammaliadinge which natively
expresseghe enzyme. Plant cells have been also been shown to express low levels of endogenous
PH4 but it is not high enough to sufficiently hydroxylate prolibhgsylhydroxylase3 (LH3 is
important for lysine hydroxylation, however it is less commonly poessed in cell€ollagen is able

to trimerise without the mammalian folding chaperone HSIPMidorela et al., 1997)Animal model
experiments have d&en carried out using recombinant collagen type VIl from CHO cells and show
promising results, although this collagen is glycosylated in a mammalian(kiaay et al., 2015)
Another study investigated the effect of prodhydroxylase expressingichiaderived recombinant
collagen Il procollagen, which was matured to collagen Mitro. When applied to wounds in a pig
model, healing was enhance@uutila et al., 2015)This demonstrates demand and increased

acceptability of these treatments.
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Table 1.2 Recombinantiumancollagen production.
Collagen type, product and titre are listed. -€xpression of enzymes and posttranslational modification are noted, along with the occurrence of
extracellular secretionrP4H denotes @ expression with recombinant prolgthydroxylase, rLH3 with recombinant ly$yldorxylase3. Note: Only

recombinant human protein listedecombinant C and N collagen telopeptidgs not included in this table.

Cell Colla Collagen product Product titre Post translational modifications? Extracellul Reference
gen ar
type % S secretion?
2 3
Insect  cell/ Il Full length triple helical 40mg/L Y N Proline hydroxylation N Helaakoskil996
baculovirus collagen media
Human VI CdzZ £ f Sy3adGdK h 50150uL/ml N N 50% successful proline and lysine Y Tillet et al. 1994
embryonic chains (would not form media hydroxylation
kidney cell collagen trimers)
Pichia pastoris 1l Full length triple helixes ~15mg/L Y N 42% successful piak N Vuorela et al.
hydroxylation 1997
Pichia pastoris | Full length triple helixes with  200-500mg/L Y N Suggests 100% successful proline N Nokelainen et al.
pepsin treatmeat (no N hydroxylation 2001

propeptide)
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Human \Y%
embryonic

kidney cell

Insect cell/ 1

baculovirus

Insect cell/ 1

baculovirus

HEK XVI

HEK Vi

Saccharomyce |

S cerevisiae

CHO v

Corn |

Full length triple helix

Full length triple helix

Information not available, but

product formed collagen fibril

Full length triple helix

Full length triple helix

Full length triple helix

Cdz €t € Sy3dk b
chains
Fdzt £ f Sy3adK hw

15ug/mi

50mg/L

Not reported

80-100uL/L

media
2-5mg/L
3-4ug/mg
total protein

Not reported

120mg/kg

corn germ

Y

N

N

Some lysine hydroxylation,

glycosylation

Lysine hydroxylation, glycosylatior 15%

Lysine hydroxylation, glycdsgion

secreted

N

N-glycosylation, proline and lysine Y

hydroxylation

Proline hydroxylation

Low level of lysine hydroxylation

N

Fichard et al.
1997

Nokelainen et al.
1998

Notbohm, 1999

Kassner et al
2004

Chen ¢al. 2002

Toman et al. 200C

Fukuda et al.
1997

Zhang et al. 2009
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Barley I

Maize |

Tobacco plant |

Pichia pastoris |l

Pichia pastoris |

E. coli |

E. coli ]

Cdz t € Sy3aidk
chain
cCdzZA t €t Sy3aidk

Full length triple helix

Cdzt ¢

Cdzt €

CN} 3AYSyid 27

residues = around 23kDa)

oyl15I
chain

f Syaidk

f Syaidk

TN} AYSyY

140mg/kg

seed

4mg/kg

20mg
procollagen/

kg leaves

Not reported

89mg from
30g cells

10% total

cell protein

90mgLitre

cell culture

Y

Y

Very low level of proline

hydroxylation

High level of proline hydroxylation

Some proline and lysine

hydroxylation

Proline hydroxylation

33% proline residues hydroxylatec

W1 A3IKQ

26%proline and lysingesidues

hydroxylated

Not

reported

Not

reported

Not

reported

Not

reported

Eskelin et al. 200¢

Xu et al. 2011

Stein & al. 2009

Xu et al. 2015

Setina et al. 2016

Buechter et al.
2003

Rutschmann et al
2014
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Heterologous collagen expression has been demonstrated in a range of expression systems,
however there are common issues. Secreted collagen is rarely observed, therefore cells must
be lysed or in the case of plant materiabgnd to extract collagenThis is costly and time

consuming.

1.5.5. Recombinant collagen production in  E. coli

Many bacteria express collagagike proteins which have the same &{gaYaa repeating
motif of residues. These have been shown to form trisn&hen expressed in native or
recombinant (i.eE. coli hosts. These could have technological applications thems@hrest

al., 2016) but also suggests the bacteria have a natural affinity for producing these kinds of
proteins (Yu et al., 2014)Thereare no reports of successful expression of recombinant full
length human collagen iB. coliAttemptsto produce recombinant collagen & colhave only
amounted to the production of human like collagen. This may be synthetically derived repeats
of the triple motif commonly seen in collagéfoldberg et al., 1989Alternatively this may be
expressed from the cDNA &fagments ofhuman collagen mRNA. This type oflagen forms

triple helixes similar to human collagen and has been shown to have low immunogenicity and
is used in some therapeutic technologig& et al. 2012)Expression of this kind of human like
collagen requires extremely high cellradty culture (~OR, 90). Fragments of human type 1
and llicollagenU chains havealsobeen expressedhtracellularly inin E. coli(Buechter et al.,
2003; Rutschmann et al., 2014)

1.5.5.1. Posttranslational modifications

As discussed, post translational modifications, particularly hydroxylation are important in
collagen biosynthesis. This requires enzymes which are not natively expressed by E. coli. The
expression of recombinar®4H in E. coliis well reported.E coliderived recombinant P4H has

been shown to hydroxylate proline residues of collagenous protein in (Rirkkas et al., 2011;

Neubauer et al., 2005Recombinant LH3 expressiamas reported to result in hydroxylation of
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lysine residues of a collagen fragmentHEn coli(Rutschmann et al., 20140 and N linked
glycosylation is also important in collagen biosynthesis. As explained previously pathways for
O- and Nlinked glycosylation can be recombinantly engineered Etaal (Wacker et al. 2002
Lubas2000; Henderson et al. 2011)

1.5.5.2. Proline metabolism

Collagen is a proline rich proteiB. coliare able to produce proline autotroptaty , however
production is limitedby a negative feedback loop of proline on glutaméatkinase(Adams &
Frank 1980) This lack of intracellular proline is likely to tinthe yield of recombinant
collagen. A number of methods have successfully increased the amount of internal proline
content of E. coli One method is to remove the feedback inhibition; this has been achieved on
two occasions by two different point mutatisrin theproBgene, which encodes glutamafe
kinase (Csonka et al., 1988; Rushlow et al., 1988}ernatively completely removing the

2 NH | Yy A ayvt@ grodlicé prdline supplementing the media with proline and giving an
osmotic shock has been showmcause cells to uptake proline from the eémnment, leading

to high internal proline levelsthis has been demonstrated with hydroxyproli(Buechter et

al., 2003) This demonstrates that the limiting step in prolinehrigrotein production irE. coli

is the availability of proline and not a lack of tRNlAnason et al., 2002) While effective this
method is not suited to scale up, which would be essential for large scale recombinant
production. Another strategy for improving the amount of intracellular proline is to increase
the expression of proteins whighroduce endogenous proline or transport proline from the
extracellular to intracellular environment and to reduce the expression of proteins which cause
a reduction in intracellular proline. This may involve knocking out genes which are not
conducive to poline production or accumulation or changing the promoters of genes which
aid intracellular proline production or accumulation to confer increased intracellular proline.
Routes for this strategy can be identified by searching the literaturdyomodellingthe

proline biosynthesis pathway drare discusseth Chapter6.
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2.1. Strains

Table2.1: E. colistrains used in the study.

Strains were eithepurchased commerciallgonated by Universy of SheffieldUoS)staff or

generated in the study

Strain Source

MC1000F n(araAleu)7697[araD139},, n(codBlacl)3galk1l6 Dr Graham Stafford, UoS
galE1§GalSK eldrelAlrpsL15@strR)spoTimcrB1(CGSC)

MG1655: FLAM rph-1 (CGSC) Dr Graham t&fford, UoS
aDwmc glpX n Professor Jeff Green, UoS
(DH%) NEB Elpha CompetenE. colifhuA2 lac(del)U169 phoA New England Biotechnologies
Jty+nn vynd 1 O0%ORSt 0awmbhsdRE

BL21 (DE3FompT gal dcm lon hsg®& mg0 DEI[lacl lacUV5 New England Biotechnologies
T7 gene 1 ind1 sam7 nin5])

MC1000n F f :K*BTKmMFRT
MC1000nfliC:FRTKmFRT
MC1000nfliCD:FRTKmFRT
MC1000nfliCnflgKLnfliCD:FRTKmMFRT
MC1000nfliCnflgkL:FRTKm-FRT
MC1000fliCnflgKL
MC1000nfliCnflgKLnIrhA: FRTKmFRT
MC1000nfliCnflgKLndksA:FRTKmFRT

MC1000nfliCnflgKLnclpX:Km

Dr Graham Stafford, UoS
Dr Matthew Hicks, UoS
Dr Matthew Hicks, UoS
This study

Dr Matthew Hicks, UoS
Dr Matthew Hicks, UoS
This study

This study

This study
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MC1000nfliCpflgKLnfliDSTERTKMFRT
MC1000nfliCpflgKLnflgMN: FRTKmFRT
MC1000nfliCpflgKLpnmotAB: FRTKmMFRT
MC1000nfliCpflgKLNfliDST:FRTCMmFRThfIgMN: :FRTKmFRT
MC1000nfliCpflgKLpnmotAB:FRTCmFRTNfliDST:FRTKmMFRT
MC1000nfliCnflgKLpnmotAB:FRTCmFRTflgMN::FRTKmFRT
MC1000nfliCnflgkLnclpX: KmpfliDST:FRTCmFRT
MC1000nfliCnflgkLnclpX: KmpflgMN ::FRTCmFRT
MC1000nfliCnflgKLnclpX: KmpmotAB:FRTCmFRT
MC1000nfliCnflgkLnclpX: KmpmotABnfliDST
MC1000nfliCpflgKLpclpX:KmpnmotABnflgMN
MC1000nfliCnflgKLnflgDE:FRTKMERT
MC1000nfliCnflgKkLpproB:FRTKmFRT
MC1000nfliCnflgKLnproBE153AFRTCMERT
MC1000nfliCnflgkLnputA:FRTKm-FRT
MC1000nfliCnflgkLngdhA:FRTKm-FRT
MC1000nfliCnflgkLngdhAnputA:FRTKmFRT

MC1000nfliCnflgkLnproBnputA::FRTKmFRT

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Thisstudy
This study
This study
This study
This study

This study
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2.2. Plasmids

Table2. 2: Plasmids used in this study.

Plasmidsvere eitherpurchased commerciallkindly gifted,donated by University of Sheffield

(UoS)ktaff or generated in the study

Plasmid

Description/function

Resistance

Source

pTrc99aFF

pTrc99aE2

pJexpresgl04-1-47 fliC

pJexpresgl04-1-47
COLA1

pJexpressgl04-1-47
Scl2

fliC

fliG

pTrc99a with Ndd site in Ampicillin
multiple cloning region. Empt
vector for protein expression

Referred to as pTrc99a in tex

flicC n m 280
between Ndd and BanH| of
pTrc99aFF

inserted Ampicillin

flic p Q -} 164%W secretion Ampicillin
signal residues XholTEV
EcR1l: Pst- TEWFLAG tag
Step tag Xbd- Hindll- fliC o ¢
UTR inserted betweerNdd
and BanHI of pJexpres404-

1-471liCcolAl

pJexpress 404 wittNdd- fliC Ampicillin
p Q -}1&%vsecretion signa

residues Xhot TEV Ecdr1 45

kDa COL1A1Pst- TEV FLAG

tag- Step tagXbd- Hindll- fliC

0Q -Baml

Scl2 inserted betweerEcdrl Ampicillin
and Pst of pJexpresd04-1-47

Gillian

Oshima et al. 200¢

Fraser.

Dr. Matthew
Hicks, UoS

Dr. Matthew
Hicks, UoS

DNA 2.0, USA

Dr. Matthew
Hicks, UoS
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pJexpresgl04-1-47
CH2

pJexpresgl04-1-47
/'l H oYy 2

pJexpresgl04-CH2
pQl ¢wo

pJexpresgl04-1-47

cutinase

pJexpressgl04-1-47
OdziAyl &$

fliCG

fliG

pQl ¢

(no

fliCG

flic-
oy 2

fliC

CH2 inserted betweerEcd?l Ampicillin
and Pst of pJexpresd04-1-47
flic

PCR amplified Ndd- 1-47 Ampicillin

secretion signal residues
Xhot TEV EcdR}: CH2 Psi-
TEV FLAG tagStep tagXbd-
Hindll- fliC 0 Q -] BamwH]I
inserted between Ndel and
BamH of pJexpresd04-1-47

fliC

PCR amplifiedNdd-Xhot TEV Ampicillin
EcdR1l: CH2 Psi- TEV FLAG
tag- Step tagXbd- Hindll- fliC
o0Q -1 BawHI| inserted
between Ndel and BamH of

pJexpresgl04-1-47 fliC

cutinase inserted betweer Ampicillin
Ecdkl andPst of pJexpress

404-1-471liC

PCR amplifietlidd- fliCp Q | Ampicillin
1-47 secretion signakesidues
Xhot TEV Ecdrl cutinase
Pst- TEV FLAG tagStep tag
Xbd- Hindll- BanHl inserted
between Ndel and BamH of

pJexpresgl04-1-47 fliC

Dr. Matthew
Hicks, UoS CH2:
Dr
JagrooPandhal

This study

This study

This study

This study

81



pJexpressl04-1-47  fliCG
OdziAyl a8 oy?2

pJexpresgl04-1-47  fliCG
OdziAyl a8 oy?2

pJexpresgl04-26-47 fliCG
Odzi Ayl a8 oy?2

pJexpresgl04-26-47 fliCG
Sdzi Ay a9 Qoya

PCR amplified Ndd- 1-47 Ampicillin
secretion sigal residues

Xhot TEV EcdRl cutinase

Pst- TEV FLAG tagStep tag

Xbd- Hindll- fliC 0 Q -}

BanmHI inserted betweenNdel

and BamH of pJexpresg04-

1-471liC

PCR amplified Ndd- 1-47 Ampicillin
secretion signal residues
Xhot TEV Ecdrl cutinase
Pst- TEVY FLAG tagStep tag
Xbd- Hindll- BarHI inserted
between Ndel and BamH of

pJexpresgl04-1-47 fliC

PCR amplifiedNdel- 26-47 Ampicillin
secretion signal residues

Xhot TEV Ecdrl cutinase

Psi- TEV FLAG tagStep tag

Xbd- Hindll- fliC 0 Q -

BanmHI inserted betweenNdel

and BamH of pJexpresg04-

1-47fliC

PCR amplifiedNdd- 26-47 Ampicillin
secretion signal residues
Xhot TEV EcdRl cutinase
Pst- TEV FLAG tagStep tag
Xbd- Hindll- - BanHlinserted
between Ndel and BamH of

pJexpresgl04-1-47 fliC

This study

This study

This study

This study
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pJexpresgl04-sal
fliCcuth y I & S

pJexpresgt04-sal

2647
6y 2

2647

ficOdzi Ayl 48 6

UTR)

pJexpresgl04-fliC-cutinase
oyz2 pQ;) ¢two

pJexpres<l04-
Sdzi Ayl &8

pKD46

flic-
oy 2

PCR amplifiedNdd- 26-47 Ampicillin
Salmonella secretion signal

residues Xhot TEV EcdR}:

cutinase Pst- TEV FLAG tag

Step tagXbd- Hindll- fliC o ¢

UTR BanHl inserted between

Ndeland BamH of pJexpress
404-1-471liC

PCR amplifiedNdd- 26-47 Ampicillin
Salmonella secretion signal

residues Xhot TEV EcdR}:

cutinase Pst- TEV FLAG tag

Step tagXbd- HindlIl- - BanH|

inserted between Ndel and

BamH of pJexpresd04-1-47

fliC

PCR amplifiedNdd-  Xhot Ampicillin
TEV Eckl cutinase Pst-

TEV FLAG tagStep tagXbd-

Hindll- fliC 0 Q -} BamHlI

inserted between Ndel and

BamH of pJexpresd04-1-47

fliC

PCR amplifiedNdd-  Xhot Ampicillin
TEV EcRl cutinase Pst-
TEV FLAG tagStep tagXbd-
Hindll-  BanmHI inserted
between Ndel and BamH of

pJexpresgl04-1-47 fliC

OELINB&&AZ2Y -RED Ampicillin

recombinase  system fo

This study

This study

This stidy

This study

Barry Wanner,
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pCP20

pKD3

pKD4

pKD13

pKD32

pGPS12%cZ

pGPS123liA-lacZ

pGPS123liL-lacZ

pGPS123lhBlacz

recombineering

Expression of FLP recombina Ampicillin
for excision of FRilanked

markers

Template for overlap PCR ar Chloramphaico

cassette construction |

Template for overlap PCR ar Kanamycin

cassette construction

Template for overlap PCR ar Kanamycin

cassette construction

Template for overlap PCR ar Chbramphenico

cassette construction |

pGPS123 constructed byhd Ampicillin
and Hindlllexcision of Km anc Gentamycin
insertion of Gm in pRS55:

lacZ inserted between Ecdrl

andPst inpGPS123

fliA-lacz inserted between Ampicillin
Ecdl andPst in pGPS123 Gentamycin

fliL-lacZz inserted between Ampicillin
Ecdrl andPst in pGPS123 Gentamycin

flnB-lacZ inserted between Ampicillin
Ecdl andPst in pGPS123 Gentamycin

USA

Barry
USA

Barry
USA

Barry
USA

Barry
USA

Barry
USA

Dr

Wanner,

Wanner,

Wanner,

Wanner,

Wanner,

Graham

Stafford, UoS

Dr

Graham

Stafford, UoS

Dr

Graham

Stafford, UoS

Dr

Graham

Stafford, UoS
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2.3. Chemicals, reagents and buffers

Unless stated all chemicals and reagents were purchased from igimeh or Fisher
Scientific. All reagents used were of analytical grade were purchased from the following
suppliers Table2.3). Buffers were prepared in distilled water and pH adjusted with HCI or
NaOH. Solutions were sterilised by autoclave or sterile filtration (0.22um). Thefiai dzNB NI

instructions were followed during the use of all molecular biology kits.

Table2.3: Manufacturers and suppliers of chemicals, reagents, kits and equipment.

Supplier Location

BDH Laboratory Supplies Poole, UK

Beckman Cdter High Wycombe, UK

Bioline London, UK

BioRad Laboratories Hertfordshire, UK

BMG Labtech Ortenberg, Germany
Calbiochem (Merck Millipore) Watford, UK

Cell Signalling Technology Danvers, Massachusetts, USA
Eppendorf Hamburg, Germany
Expedeon Swaveey,Cambridgeshire, UK
Fisher Scientific Loughborough, UK

FlowGen Biosciences (SLS Life Sciences) Hassle, East Riding of Yorkshire, UK

GATC Biotech Konstanz, Germany
GE Healthcare Life Science Buckinghamshire, UK
IBA Lifesciences Goettingen Germany
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Life Technologies Carlsbad, California, USA

Merck Millipore Watford, UK

New England Biolabs (NEB) Hitchin, Hertfordshire, UK
Norgen Thorold, Canada
Promega Southampton, UK
SigmaAldrich Poole, UK

Statens Serum Institut Copenhagen, Denmark
Syngene Cambridge, UK

Tecan Group Ltd. Mannedorf, Switzerland
Thermo Scientific Leicestershire, UK
Waring Laboratory Science Torrington, Connecticut, USA
Xograph Gloucestershire, UK

2.4. Microbiological culture methods

2.4.1. Bacterial culture

Stocks of baeria were stored in 12.5% glycerol (v/v) in cwjals at-80°C. Luria Broth (LB)
Agar supplemented with necessary antibiotics (ampicillin: 200pug/mL LB, kanamycin: 50ug/mL
LB, chloramphenicol: 25ug/mL LB. All filter sterilised) were inoculatedBvittal either from
cryovials or cell pellets following liquid culture. Cells were incubated statically at 37°C
overnight and inoculated LB agar plates stored at 4°C for up to one month. &inglai
colonies (or around 5 colonies for a secretion assay exyen) were selected from LB agar
plates andgrown in5mL LB broth in a 20mL universal tube overnight. LB was supplemented
with relevant antibiotics (aforementioned concentrations). Overnight starter cultures were

then used to inoculate fresh LB, supplemeahiwith relevant antibiotics. Starter cultures were
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diluted 1 in 100 in 10mL LB broth in a 50mL Falcon tube. Exceptions to this involved the
inoculation of 500mL LB broth in a 2.5L conical flask for protein overexpression, 100mL LB
broth in a 500mL conicaflask for secretion or gene expressiassay growth curve
experiments or200uL LB broth per well for 96 well plate growth curve experiments. If
necessary, additional supplements were added to initiate promoter induction of plasmids
these included(isoprapylH -d-galactopyranoside IPTG (Calbiochem) andatabinose (both

filter sterilised)Cellswere cultured at 37°C unless otherwise stated, with 180rpm agitation
(140rpm for conical flask cultures). Optical density of cells was measured in a 1mL cuvette at

ODypo Using a spectrophotometer

2.4.2. Transformation by heat shock

For transformation of plasmids int&. coliheat shock was used. 10mL cultures were grown as
described in 2.4.1 to QB 0.4-0.6 and incubated on ice for 20 minutes. Cells were cerfeid

in a prechilled (4°C) centrifuge for 10 minutes, 3500rpm to pellet cells. The pellet was
resuspended in 10mL chilled 0.1M Ga@hd incubated on ice for 10 minutes. The
centrifugation step was repeated and the pellet was resuspended in 1mL 0.1M GaCl
plasmid DNA was transferred into 200uL cell aliquots in Eppendorfs and incubated on ice for
30 minutes. Eppendorfs were transferred to a 42°C water bath for 90 seconds and then
incubated on ice for 2 minutes. 1mL LB was added and cells were |eftdwear at 37°C for 1
hour and cells plated onto LB agar plates with the relevant antibiotics. Alternatively at the final
resuspension step, the cell pellet was resuspended in ImCa&G 10% (v/v) glycerol. 200L

cell aliquots were transferred to Eppemds and stored at80°C. Following defrost of these

aliquots on ice; the protocol could then be resumed.

2.4.3. Transformation by electroporation

Plasmids were also transformed int. coliby electroporation. 10mL cells were grown as
described in 2.4. to ORy, 0.4-0.6 and incubated on ice for 20 minutes. Cells were centrifuged

in a prechilled centrifuge at 7500rpm for 5 minutesjpernatant was resugmded in 10mL ice
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cold dH,0. This step was repeated three times. Following the final spin cellsreswuspended

in up to 500pL dpD. 1pL purified PCR produar plasmid DNAvas added to 100uL cell
aliquots, contents were transferred to a pohilled electroporation cuvette (Flowgen
Biosciences). Cells were electrogied in a BIGRAD MicroPulsé! series 411BR (BioRad
Laboratories) (EC1 setting, PL5, potential differeixc8k\& NB aA a il yOSY wnnam |
25uF). Cellswere recovered in 1mL LB for one hour3aC, unless otherwise stated and cells

plated onto LB agar plates with the relevant antibiotics. For storage8@fC, at the final
resuspension step, the cell pdllevas instead resuspended in 10% (v/v) glycerol. @DCell

aliquots were transferred to Eppendorfs and stored-80°C. Following the defrost of these

aliquots on ice; the protocol could then be resumed.

2.4.4. Chromosomal mutagenesis by Lambda Red reco mbination.

Chromosomal mutagenesis was achieved by the method outline@®digenko & Wanner

(2000. Chromosomal idruptions were implemented byaimbda Red recombinase induced
homologous recombination. Chromosomal disruptioinglude knockout mutagenesis and
genomic insertions. For knockout mutagenesis PCR products were generated which harboured
FRT (FLP recombinase recognition site) flanked antibiotic resistaissettes(derived from

template DNA of pKD3, pKD4 or pKD13) a@bbp homologous nucleotides to regions
adjacent to the gene which was inactivated. For genomic insertion, additional DNA (a gene or a
promoter region) was also incorporated into the PCR product, adjacent to the antibiotic
resistance cassette. Mutagenesgents occur following electroporation of the P@Rduct

into arabinose induceddmbda Red recombinase plasmid pKD46 (a derivative of-is)NT
O2y G AYyAy3 OStftad ¢KS |af(MuipiyAIRI8YK I ND A gzKHA 0 A & & 0
I QGAGAGEE S6KAOK RAISaGaA tAYSINI 5b! do O B2 d¥yt
stranded linear DNA. 3 is a binding protein capable of annealing complementary single

stranded DNA.

Bacterial culturegxpressing thedmbdaRed recombinase plasmid pKD46 were supplemented
with ImM L-arabinoseand cultured at 30°C with agitatio@ells underwent transformation by
electroporation with PCR derived linear FRT flanked DNA. Following incubatmrefbour at

30°C and then overnighat room temperature cells were spread on to LB agar plates
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supplemented with relevant antibiotics. Following successful mutagenesis the antibiotic
resistance site could be removed by a FLP recombinase carrying helper plasmid (pCP20) which
acts on the FR sites. The Red and helper plasmids are cured at 43°C. Plasmids were cured so
that no further recombination events could occur. The antibiotic resistance gene flanked by
FRT sites was removed from the chromosome of cells expressing the pCP20 plasmid when

incubated at 43°C.

2.4.5. Chromosomal mutagenesis by P1 phage transduction

P1 phage transduction utilises ®iphage to move regions of chromosomal DNA from &ne
coligenome to another. As Rit is capable of packaging up to 90,000kb DNA, this taolbea
harnessed to transduce genes linked to selectable genetic markers (e.g. antibiotic resistance

cassettes).

2.4.5.1. Lysate preparation

An overnight culture of the donor strain was diluted 1 in 100 in LB broth with 5mM &=&{CI
0.2% (w/v) glucose andncubated at 37°C, 150rpm for 1 hour. 100uL P1 phage lysate was
added to the culture and incubated for3Lhours (until the media was clear). Several drops of
chloroform were added and the culturavas vortexed and centrifugedor 2 minutes
13000rpm. The pernatant was transferred to a fresh tube and a few drops of chloroform

were added. The lysate watored at 4C.

2.4.5.2. Transduction

An overnight culture of the recipient strain was centrifuged to pellet the cells. The cell pellet
was resuspended indif the volume of LB broth with 100mM Mg&énd 5mM Cagl 100uL
aliquots of culture were transferred into Eppendorf tubes. The Eppendorfs contained (1) Donor
strain P1 lysate (2) 50uL donor strain P1 lysate. Negative controls contained (3) 100pL recipient
cells or (4) 100pL donor strain P1 lysate only. Aliquots were incubated®@tfd® 30 minutes

without agitation. ImL LB broth was added and cells were incubated°& 8% 1 hour. Cells
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were spread on LB agar plates containing relevant antibiotics @nuMLsodium citrate (to
chelate the calcium and inhibit reinfection). Successful transformants were passaged on LB
agar with the appropriate antibiotic and sodium citrate three times to ensure the eradication
of P1.

2.4.6. Strain storage

Following the cordrmation of a novel strain or plasmid, cells were stored&3°C. Single
colonies were picked from an LB agar plate and grown overnight in LB broth with relevant
antibiotics. 1mL media was transferred to a ctybe with 0.5mL 50% (v/v) glycerol LB media
and stored at80°C.

2.4.7. Plate reader growth curve

For 96 well plate growth curve experiments cells were incubated in the Tecan Infinite 200 Pro
plate reader (Tecan Group Ltd.) at 37°C, with 6mm orbital agitag@By, readings were

taken every 30 mintes.

2.4.8. Gram Staining

Cell morphology was visualised by microscopy following Gram staining. Cells were grown in LB
media and following centrifugation a scoop of the cell pellet was placed on the slide. Cells
were heat fixed over a Bunsen burner flam@ells were flooded with crystal violet and
incubated for one minute. Residual stain was washed off under a running tap; cells were then
O2@PSNBR Ay DNIYQA A2RAYS FYR tSTlG F2N 2yS Y]
decolourised with a few aps of acetone and left for 30 seconds. The slide was rinsed again

and counter stained with carbol fuchsin for 30 seconds. The slide was rinsed and dried with
care. Slides were visualised under a Nikon Eclipse TS100 microscope with a digital camera

attachment.
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Crystal Violet

The stain is a 0.1 % Crystal Violet stain made up of 20 ml Solution A (5 g crystal violet (BDH
Laboratory supplies) in 95 mL ethanol) and 80 ml Solution B (1% Aqueous Ammonium oxalate
in HO).

DN} YQ& A2RAYS

1g iodine and 3g potaisn iodide were added to 300mL distilled water.

Carbol Fuchsin

19 carbol fuchsin was added to 100mL 95% ethanol

2.5. Molecular biology methods

2.5.1. DNA methods

2.5.1.1. Buffers and reagents

10 x TAE buffer

DNA agarose gels were prepared with and miAE buffer. 48.4g Tris base, 20mL 0.5M EDTA,
pH 8 and 11.44mL glacial acetic acid were dissolved in up to 1 litre,;Of edor to use a 1 x

TAE buffer was prepared in gbl
6x DNA loading buffer

DNA was prepared for gel electrophoresis in 6x DNA |gadlififer. 100mL in di® with 60mL
glycerol, 6mL Tris, pH 8, 1.2mL 0.5M EDTA, pH 8 and 60mg bromophenol blue.

2.5.1.2. DNA agarose gel electrophoresis

Unless specified, DNA analysis was carried out on 1% (w/v) TAE agarose gels. Agarose powder
was dissolvedn 1 x TAE buffer and supplemented with 0.5 pl of ethidium bromide. DNA gels
were set in casting trays. 6x DNA loading buffer was added to DNA samples which were run

alongside either GeneRuler 1kb DNA ladder (Thermo Scientific) or PCR Ranger 100bp DNA
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ladder (Norgen). DNA gels were run at 100V until adequate separation of DNA fragments was
achieved. DNA was observed under UV light using a G:BOX (Syngene). If DNA bands required
isolation, bands were cut from the gel with a scalpel. DNA was purified wittSBeATE 1l PCR

and Gel Kit (Bioline). DNA was stored2ax°C.

2.5.1.3. Bacterial plasmid DNA extraction

Plasmid DNA was isolated from liquid cell culture with the Isolate Il Plasmid Mini Kit (Bioline).

2.5.1.4. Bacterial chromosomal DNA extraction

Chranosomal DNA was isolated from liquid cell culture witlizard® Genomic DNA

Purification Kit (Promega).

2.5.1.5. Quantification of DNA concentration

Following calibration with nuclease free water, the concentration (9 gL5pL isolated DNA

was measuredby a Nanodrop 1000 spectrophotometer (Thermo Scientific).

2.5.1.6. Polymerase chain reaction

Polymerase chain reaction (PCR) was carried out to amplify existing DNA templates. Primers
were designed and then synthesised by Sighidrich. Upon arrival nuehse free water was

added to the dry oligonucleotides to result in a 10uM solution. Primers were store2DaC.

Prior to use primers were diluted 1 in 10 to form a 100uM solution. Primers with extensions to
0KS K2Y2f232dza NB3IA 2 yo addinucledtides (@.@ reSncton enAmeS  dza
sites) to the ends of template DNA. Primers specified inAppendix2.

92



2.5.1.6.1. High-fidelity PCR

Phusion® Higkidelity DNA Polymerase (New England Biosciences)used to ensure
accurate DNA amplification for vector cloning, chromosomal mutagenesis or DNA sequencing.

PCR reactions for Phusion® reactions were set up as specifiedl@2.4 and

Table2.5.
Table2.4: Reagents and quantities for PCR with Phusion® Hfiglelity DNA Polymerase

50 uL PCR reaction mixes were prepared. For convenience master mixes were also prepared

when multiple PCR reactions wereibg carried out with common components.

Reagent ML
NFdH0 35.5
5 xPhusion@High-Fidelity Buffer 10
DMSO 1
DNA template(~10uM) 0.5
Primer 1(100uM) 0.5
Primer 2(100uM) 0.5
dNTPK100puM) 0.5
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Phusion® Higlfridelity DNA Polymerase 0.5

Table 2.5: Settings for PCR with Phusion® Higldelity DNA Polymerase.

Annealing temperature and duration variddsed on the primerslf no product was derived
following an annealing setting of 55°C for 1 minute (a) the reactias vepeated with an
annealing setting of 36°C and 2 minutes {)e extension time varieldased on the size of the

PCR product. Thekgere 30 cycles of the middle three steps.

Step Temperature {C) Time (m:s)

Initial Denaturing 98 3:00

Denaturing 98 0:30

Annealing a.55orb. 36 a. 1:00 or b. 2:00
Extension 72 0:30/kb product
Final Extension 72 7:00
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2.5.1.6.2. Overlap PCR

Overlap PCR was used to adjoin DNA templates or implement single point substitutions. As the
product was then incorporated intoegomic DNA for transcription, it was essential that
replication fidelity was high; therefore Phusion® Higtlelity DNA Polymerase was used.
Reactions were set up as describedlable2.4; however DNA from multipl templates was

added. The settings for thermocycling were identical to those in those in

Table 2.5, with consideration being made for the product length of the adjoined templates

when calculating extension time.

2.5.1.6.3. Colony PCR

Colony PCR involves the PCR based confirmation of chromosomal mutagenesis or vector DNA
ligation in individuaE. colicolonies. As fidelity was not essential DreamTag DNA Polymerase
(Thermo Scientific) was utilised for PCR reactiwwhieh were set up as specified Trable 2.6

andTable2.7.
Table2.6: Reagents and quantities for PCR wilineamTaqg DNA Polymerase.

20 pL PCR reaction mixes were prepared. The DreamTaq &G& Mix comprises of buffer,

polymerase and dNTPs. For convenience master mixes were also prepared when multiple PCR
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reactions were being carried out with common components. A small scoop of DNA from a

single colony was added to the PCR tube insteasiatdied template DNA.

Reagent ML

NTdH,0 9.7
2xDreamTaq PCR Master Mix 10

DMSO 0.1
DNA template N/A
Primer 1(100uM) 0.1
Primer 2(100uM) 0.1

Table2.7: Settings for PCR witbreamTaq DNA Polymerase

Annealing temperatrte and duration variedased on the primetslf no product was derived
following an annealing setting of 55°C for 30 seconds (a) the reaction was repeated with an
annealing setting of 36°C and 1 minute (Be extension time variebdased on the size of ¢h

PCR product. Theravere 30 cycles of the middle three steps colony PCR the initial

denaturing time was extended to 5 minutes, to ensure cell lysis occurred.

Step Temperature {C) Time (m:s)

Initial Denaturing 95 5:00

Denaturing 95 0:30

Annealing a.550rb. 36 a. 0:30 or b. 1:00
Extension 72 1:00

Final Extension 72 7:00

2.5.1.7. Blunt end cloning
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Linear DNA (for example, PCR products derived following overlap PCR) was blunt end cloned
into a storage vector using the CloneJET PCR Clonifign&in Scientific). Efficient ligation of
linear DNA into the vector was ensured through the induction of a suicide gene-in re
circularised vector. Blunt end cloning and use of proofreading enzymes insured that the entire
DNA fragment including ends was riagtly incorporated into the vector. Following
transformation into cells, this allowed storage of DNA and a simple means of DNA
amplification, by cell division. Insert DNA was isolated from the vector by either PCR of

restriction digestion.

2.5.1.8. DNAligation

Restriction digestion and ligation were used to clone DNA into vectors. Cloning vectors
(acceptors) and insert DNA underwent double restriction digest with appropriate restriction
enzymes and buffers. Insert DNA was derived either from plasid br PCR reaction.
Antarctic phosphatase was added to restriction digest reactions of acceptor vector DNA to
prevent selfligation of the vector. All restriction enzymes, buffers and Antarctic phosphatase
were purchased from New England Biosciences. R#efr digest reactions were set up as

stated in

Table 2.8. Reactions were incubated for 2 hours at 37°C. Following incubation, 6uL 10x
Antarctic Phosphatase Reaction Buffer and 2L Antarctic Phosphatase enzyenadded to
acceptor vector DNA digest reactions and the mix was incubated at 37°C for a further hour.
5uL acceptor vector DNA reaction mix was run on a TAE agarose DNA gel alongside undigested
donor DNA to confirm successful digestion. Restriction enzymescceptor vector DNA
reaction mixes were heat inactivated by incubating at 65°C for 20 minutes, with the exception

of BanHI which required inactivation by clean up with the ISOLATE Il PCR and Gel Kit (Bioline).
All of the insert DNA reaction mixture whkxaded on to a TAE agarose DNA gel, DNA product

of the expected size was excised and purified with the ISOLATE Il PCR and Gel Kit (Bioline).

97



Table2.8: Reagents and quantities to restriction enzyme digest.

The appropriate buffefor the two restriction enzymes was selected using the New England

Biosciences Double Digest Finder. Reaction mixtures were set up in Eppendorf tubes.

Reagent pL

NF dHO Up to a total of 60

10 x Buffer 6

Restriction enzyme 1 2

Restriction enzyme 2 2

DNA 1ug total-for example 20uL of 50ng/uL

Following successful digestion, vector and insert DNA were ligated using T4 DNA ligase (New
England Biosciences). Reaction mixes were set up as listabie2.9 andincubated at room

temperature overnight.

Table2.9: Reagents and quantities for DNA ligation.

Reactions were set up in 0.5mL Eppendorf tubes. A 1:1 ratio of vector to insert sticky ends is

desimable; as vector DNA is biggebh than insert DNA, DNA was added to result in a 1:3

ratio.

Reagent puL

NF dHO Up to 20

10 x T4 DNA ligase buffer 2

Vector DNA As required. 1 part
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Insert DNA As required. 3 parts

T4 DNA ligase buffer 1

1uL ligation mix was transformed intblEB Salpha Competent E coli (New England
Biosciences) and screened by plating on LB agar plates supplemented with the relevant
antibiotic based on the acceptor vector. Sussessful transformants were screened by colony
PCR. Colonies which yielded positive PCR raseits grown for plasmid extraction to undergo

confirmatory restriction digest and DNA sequening to confirm the correct sequence of DNA.

2.5.1.9. DNA sequencing

. 20K OKNBY2az2YlFf FyR LXFAYAR 5b! gSNB aSl|dz
Service (GATddBech). The region of chromosomal DNA which required sequencing was first
amplified using primers which annealed either side of the region andffdglity polymerase.

In an Eppendorf, 5uL of either @@0ng pL* purified plasmid DNA or 280ng pL* purified PCR

product DNA was added to 5uL of 5uM primer. Reaction mixes were sent to GATC Biotech. The
resulting nucleotide sequences were visualised using Finch TV. Multiple reaction mixes were
prepared for each DNA template, with different primers to yielll éoverage of DNA based on

at least two different primers (which were designed to anneal at either end of the DNA
template). Sequence coverage was achieved for around 1Kb of DNA; for DNA which exceeded

this length, primers were also designed to annedhinithe DNA template.

2.5.1.10. Gene synthesis

Synthetic genes were designed and sent for synthes@dneArt@trings DNA Fragmenisife
Technologies)Upon delivery, dried DNA was resuspended in 50uL nuclease free water and
blunt end cloned into a&torage vector using the CloneJET PCR Cloning Kit (Thermo Scientific).
The ligation mix was transformed intdlEB Balpha CompetentE coli (New England
Biosciences) and screened by plating on an ampicillin supplemented LB agar plate.

Transformants were cdinimed by DNA sequencing.
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2.5.2. Protein methods

2.5.2.1. Buffers and reagents

SDSPAGEdwer Tris buffer

For use in SBBAGE resolving gel, 6¢dris Basand 0.4 Sodium dodecyl $phate (SDS)
were dissolved in 100mdH,O before adjusting the ptbt6.8.

SDSPAGE pper Tris buffer

For use in the SDBAGE stacking gel, 18.17g Tris base argl ®odlium dodecyl fphate (SDS)
were dissolved in 100mdH,O before adjusting the pH to 8.8.

10 x SD¥AGHuNning buffer

SDSPAGE gels were run in tanks wibSIPAGE running buffer. 30g Tris base, 144g glycine and
10g SDS was made up to a volume of 1000mL a¥t®. 1 x SDRAGE running buffer was
prepared indH,O.

2x SDS loading buffer

Protein samples were prepared for SBAGE in 2x SDS loading buffer. This prepared with
10mL glycerol, 1g SDS and 0.1g bromophenol blue to a total of 50mL 100mL Tris, pH 6.8. Prior

to use DTT from a 1M stock was added to a concentration of 200mM.
Semi dry transfer buffer

Semidry transfer bufér was used during protein trareffor Western blot and was made with
2.9g Tris base, 1.45g glycine, 1.851Rb6(w/v) SDS and 100mhethanol. The reagents were
mixed and the total made up to 500nwith H,O.

10 x TB®uffer
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TBS was used for incubation of nitrocellulose membranes. 24gb&se and 88g NaCl was
dissolved in dkD and pH adjusted to 7.6 before adding,@Ho a final volume of 1 litre. Prior

to use a 1 x solution of TBS was prepared isOdH

2.5.2.2. Bacterial protein precipitation

Protein analysis work was carried out wiBDSPAGE gels and Western blot. Following cell
culture samples were prepared as follows. Following centrifugation bacterial cell culture cell
pellets were resuspended in 200uL 2 x SDS loading buffer per OD Unit (ImL cell culture at
ODyp 1.0 is equivalento 1 OD Unit) of cells and heated at 95°C for 10 minutes. For total
supernatant protein precipitation as part of the secretion assays, 10% v/v trichloroacetic acid
(TCA) was added to supernatant fractions and incubated on ice for 30 minutes. The mixture
was pelleted by centrifugation (4°C) and the supernatant was discarded. The pellet was
resuspended in the same volume of acetone, vortexed and the mixture was centrifuged before
supernatant being discarded and the pellet air dried. The pellet was suspem@®éqii. 2x SDS
loading buffer/OD unit and heated at 95°C for 10 minutes. For samples derived from protein

purification 2x SDS loading buffer was added at a 1:1 ratio and heated for 5 minutes at 95°C.

2.5.2.3. SDSPAGE

Protein analysis work was carried aut SDSPAGE gels. SIPAGE gels were prepared using
equipment from the MilPROTEAN® (BRad) casting kit. Long plates with 1.5mm spacers and
short plates were cleaned with 70% industrial methylated spirits and assembled on casting
module. The resolvingel was prepared and poured between the plates. Recipes foiP3GE

resolving gels are listed in

Table2.10; an appropriate % crosslinking was selected based on the size of the protein of
interest. Isopropanol walayered on top to level the gel and protect it from the air interface.

Once set, isopropanol was removed, the stacking gel (0.975mL acrylamide, 2.1mL 0.5M Tris pH
6.8 (upper Tris), 4.725mL®| 17uL TEMED, 0.1mL 10% (w/v) ammonium persulphate) poured
and the comb inserted. Samples were loaded on to PBAGE gels with BZdzy’ 1 t NBa G A
Rec Protein Ladder (Fisher Scientific) and run in a-RROTEAN ® Tetra Vertical

Electrophoresis Cell in 1 x SDS running buffer. Gels were washedQirthdee times and
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washed three times in di® before imaging with a scanner.

Table2.10: Reagents and quantities for polyacrylamide resolving gels.

Size of the mtein of interest determined the % acrylamide in the resolving gel. 5uL TEMED
and 0.35mL 10% (w/v) ammonium persulphate were added to the reagents listed below to

initiate crosslinking.

% crosslinking Acrylamide (mL) Lower Tris (1.5M, pH 8.8)(mL) H,0 (mL)
10 2.475 2.5 4.825
12 3 2.5 4.3

15 3.75 25 3.55

2.5.2.4. Western blot

An SD$AGE gel was stacked with a nitrocellulose membrane (GE HealttitmrScience
sandwichedin 3 layers of chromatography paper (GE Healthchife Science All were
saturated with 1 x semidry transfer buffer. The layers were assembled on a BioRad-Biahs

Semi Dry Transfer Cell (BioRad Laboratories), which was run at 10v for one hour. The
nitrocellulose membrane was placed in 50mL 3% w/v BSA in 1 x TBS/0.1% TWIENband
rollers for two hours. The membrane was washed in 1 x TBS/0.1% TWEEN 3 x 10 minutes.
20mL 1 x TBS/0.1% TWEEN containing the primary antibody was added to the membrane
which was incubated on rollers for one hour. Wash steps were repeated. If aegdbe
antibody incubation step and wash steps were repeated with a secondary antibody diluted in 1
x TBS/0.1% TWEEN. Antibodies are listethlle2.11. The membrane was soaked in Pierce®
ECL Western Blotting Bstrates (Thermo Scientific) and placed in cling film and moved into an
X-Ray cassette folder(Kodak). Sheets of €LLJ2 & dzNdy #ilms- (Thermo Scientific) were
placed in the cassette on the membrane for varying lengths of time. Films were developed
usinga Compact X4-Kay Film Processor (Xograph). If necessary, nitrocellulose membranes

were stripped of antibodies to allow probing with alternative antibodies. Membranes were
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Stripping Buffer (Thermo Scientific) for 15 minutes. Wash steps were repeated and the process

could then be initiated at the blocking stage.

Table2.11: Antibodies for probing nitrocellulose membranes for Western blotting.

Theantibody, manufacturer and concentration of antibody in in 1 x TBS/0.1% TWEEN is listed

Antibody Manufacturer

Concentration

H48 Monospecific H Rabb Statens Serum Institut

Antiserum,E. coli

Anti-rabbit HRP (horse radis Cell Sigalling Technology

peroxidase).

Monoclonal ANTFLAG®M: SigmaAldrich

antibody produced in mouse

Monaoclonal AntiCOL1A1 SigmaAldrich

antibody produced in mouse

Anti-mouse HRIhorse radish Cell Signalling Technology

peroxidase)

E. coliGroEL Rabbit IgG SigmaAldrich

1in 1000

1in 3000

1in 1000

1in 500

1in 30@

1in 1000

2.5.2.5. Cell lysis

Cell lysis was required prior to the purification of intracellular proteins. Cell cultures

underwent centrifugation, supernatant was discarded and the cell pellet was resuspended in

the appropriate buffer for subsequent protein purification. Cells which overexpressed

streptavidin 1l tagged proteins were lysed by a French pressure cell. Cells underwent three

repetitions of cell disruption by French press at 1000@slls were incubatk on ice for 1

minute between applications.
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2.5.2.6. Concentration of protein

Amicon® Ultra 0.5mL Filters (Merck Millipore) allowed concentration of protein by size
exclusion either prior to or following protein purification. Up to 500uL protein wadiegbpo

the column and centrifuged at 13,000rpm, 4°C until the desired volume of sample was
achieved. Cycles of concentration of protein followed by the addition of an alternative buffer
and further concentration allowed buffer exchange using this systemn.larger volumes of
protein, Vivaspin 20 Protein Concentrator Spin Columns, MWCO 10000 (GE Hedlifecare

Sciencgwere utilised, allowing the concentration of volumes up to 20mL.

2.5.2.7. Protein purification

Protein was purified either for use as aofein standard or to demonstrate TEV cleavage.

When purifying Streptavidin Il tagged protein from the secreted fraction of cell culture protein

was suspended in 100mM THECI, 150mM NaCl, 1mM EDTA pH 8 and purified (Siregp

Tactin® Spin Column (IBfekciences) and eluted with 2mMidotin in the appropriate buffer

for subsequent experimental workStreptavidin |l tagged protein from the intracellular

TN OQlAzy 2yfeée 6Fa LIZINRARFASR 2y | e Beierdgl NB LJ¢
according to 1§ Y I ydzF I OG dzNBENRa Ay adNHzOGA2Yy a BHCL NR G S
150nM NacCl, 1mM EDTA, pH8 and applied to the column coupled-foeRstaltic pump (GE

| St GKOFNB [AFS {OASYyOSO FOO2NRAYy3 G2 GKS YI
2.5mM desthiobiotin and underwent dialysis overnight to yield purified protein in 100mM Tris

HCI, pH 8. For SIPAGE protein standards, protein was immediately prepared in 2x SDS
loading buffer, aliquoted and stored é20°C.

2.5.2.8. Quantification of protein concentration

t dZNAFASR LINRPGSAY O2yOSYyaGNIGA2Yy gl a ljdzr yGATAS
Scientific) in a clear 96 well plate. Absorbance of solutions was measure&liyQ@staplate

reader (BMG Labtech Results were plotted ora scatter graph and the concentration of
unknown samples was calculated from the linear equation derived from absorbance of the

protein standards.
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2.5.2.9. TEV cleavage

t dZNAFASR LINRPGSAY H6KAOK KFNDB2dZNBR ¢9+ 0¢2061I C
t NPGSFAS O0¢KSNY2 {OASYGATAOQOOD® ¢KS YI ydzFl OG dzN
protein was initially suspended in 50mM THEI, 0.5mM EDTA, pH 8 rather than in 200mM
TrisHCI, 150mM NaCl, 1mM EDTA, pH 8 as recommended. Around 20ug protein was
AyOdzo I SR ¢6AGK mx[ ! 0¢9+u tNRGSIFASET Todpx[ wmn

dH0O to a volume of 150pL for 2 hours at room temperature.

2.6. Assays to quantify type Il secretion system capacity

for protein secretion

2.6.1. Gene expression assay

Gene expression was measured by gene promoter activity using the day (Miller, 1972).
Thel aal @& YSI adzaNBa | JrtrOi2aARFasS | OGAQGAGE 2
plasmids. The assay measures the catalysis of ONPG to ONP. Thia RS LISY RSy i
galactosidase activity, which is relative to lacZ activity, which jpemi#ent on fusion gene

activity.

LB media wasnoculated with overnight cell culture to a starting §fof 0.05 along with
antibiotics. Culture was grown 32, 140pm. A sample of cell culture was transferred to an
Eppendorf and incubated on ice for 20 minutes. Tigy,wasmeasured.Cells were pelleted

by centrifugation and resuspended in the same volume of Z buffer. 100uL chloroform, 50uL
0.1% (w/v) SDS was addadd vortexed for 30 seconds. Eppendorfs were equilibrated at 28°C
for 5 minutes. 200uL ONPG substrate was added, samples were vortexed and the stop clock
was started. When the solution developed a yellow colour 500uL NaKIQ was added, the
mixture was wrtexed and the clock stopped. Samples were centrifuged ang,@Bd O

were measured against a Z buffer blank.
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Miller units were calculated as follows: 1000 x [(&EL.75 xXODs0)/(T X V x ORo)]
Where T = time of ONPG assay in minutes and Vumeobf culture in mL

Z buffer

0.42g NaHPQ, 0.28g NakPQ.H,O and 0.5mL 1M KCl was added to 40mjCdH35uL 2
mercaptocethanol was added fresh. The pH was adjusted to 7 and water added to 50mL.
ONPG

ONPG (3 A i N2 LIkdalgickopyranoside) was dissolved in phosphate buffer to a
concentration of 4mg nitfresh every day. Phosphate buffer was prepared by adding 0.85¢
NaHPQ and 1.03g Nay#PQ.2H0 to 90mL dkD. Adjust pH to 7 and add gbito a final

volume of 100mL.

2.6.2. Protein secretion assay

As described in sectioR.4.1. Bacterialculture, LB media was inoculated with overnight cell
culture along with antibiotics and IPTG if necessary. During incub@tigg was measured
and 1 OD unit sample taken either every hour or wheRyy, reached 1.0 or 1.5 (for E2
protein). Samplesvere prepared for SBBAGE and ¥stern blotting as described 2.5.2.2.
Bacterial protein precipitation A protein standat was added to quantify relative
concentrations of protein loaded onto the SBBGE gel. This was be calculated by

densitometry of western blot bands using Imagdatip(//rsbweb.nih.gov/ij/).

2.6.3. Flagellin standard to quantify secretion

To gquantitatiely measure flagellin secretion by strains a flagellin standard (E2) was used.
pTrc99a harbouring E2 was freshly transformed into MC1§fi€C. 100uL overnight culture
was plated onto semisoft agar plates (1% wi/v tryptone, 0.5% w/v NaCl, 0.8% wi/v
bacteriological agar) and incubated (along with a flask containing water to ensure humidity) at
37°C for 24 hours. Cells were scraped off motiigar plates with a spreader and transferred

into 12mL 50mM TrisiCl, pH 7.8. The solution was agitated in a lab blentiéariag
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Laboratory Sciengdor 3 minutes on full power. Contents were transferred into Eppendorfs
and centrifuged on full speed forrhinutes at 4C to remove bacterial cells. The supernatant
was transferred into Beckman high speed centrifuge tubes (Beckman Coulter) and centrifuged
at 675009 for 15 minutes at°€@ to collect flagella filaments. The supernatant was discarded
and the pelletresuspended in the residual supernatant. The centrifugation step was repeated,

the supernatant removed and the pellet resuspended in 50mM-AGS pH 7.8.

To monomerise E2 protein, isolated E2 was sonicated twice for 10 seconds in a sonication
water bah and then heated at 5 for 10 minutes. Following centrifugation at 67,5009 for 1

hour supernatant was transferred to a new Eppendorf. E2 concentration is quantified with the

t ASNOSu . /! tNRGSAY ' aaleée YALG O0¢KSN¥Y2 {OASY

2.6.4. Motility assay

Swimming behaviour of cells was ascertained by measuring the zone of motility which arose on
a motility agar plate following inoculation with a single colony. A single colony was taken from
an LB agar plate using a sterile pipette tip and inoculated into dlitg@ssay agar plate (1g LB

agar in 100mL i@ for a final concentration of 0.04% agar). Plates were incubated at 30°C in a
stationary incubator alongside a flask of water to ensure humidity. The radius of the zone of

motility was measured using a rulat time points and plates returned to the incubator.

2.6.5. Flagella expression assay

The levels of assembled flagella, was established by shearing flagella from cells by vortexing
before running on Coomassie gel. The concentration of flagellin was taisegt by
densitometry of the Coomassie stain or following Western blot and probing withHH&i

(FIliC) antibody and a suitable secondary antibody. In brief, Cells were incubated in 5mL LB
media overnight at 30°C, 50rpm. gbPwas measured; cells were deifuged for 10 minutes,
3500rpm, 4°C andesuspendedn 0.5mL 100mM TrBICI, pH 7.8 per OD unit to normalise for

variation in Olgy in cell cultures. Cells underwent 6 x 10 second rounds of application to the
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vortex with 30 seconds incubation on ice ietween, to shear flagella from cells. The
suspension was transferred into Beckman high speed centrifuge tubes (Beckman Coulter) and
centrifuged at 67500g for 1 hour at°’@. The supernatant was removed and the pellet
resuspended in the residual supernatanthe centrifugation step was repeated, the

supernatant removed and the pellet resuspended in 50puL 100mVHRISpH 7.8.

2.6.6. MUB assay for cutinase activity

The 4methylumbelliferyl butyrate (MUB) assay was used to measure the activity of secreted
cutinase. 10mL cell cultures of cells expressing cutinase were induced with 0.05mM IPTG and
grown to Oy 1. Supernatant was prepared by centrifugation (15 minutes, 13,000rpm, 4°C) of
1mL cell culture sample followed by the removal of 900uL supernatarmt.usk of sterile
filtration as an alternative was also tested, however it was no more effective at removing cells
than centrifugation, therefore was abandoned. LB broth was prepared in tandem to facilitate
the removal of background interference by subtiaat Supernatant samples were normalised

by ORuowith the addition of LB broth.

Solutions of MUB were prepared fresh daily. 250mM MUB was dissolved in
dimethylformamide (DMF) with 1% Tritonr200. This mixture was then diluted in 0.05M
phosphate citrate(pH5) buffer to a concentration of 500uM MUB. A 500uM solution -of 4
methylumbelliferone (4MU) was also prepared through the same method, to serve as a
positive control. 40uL prepared supernatant was added to 96 well plate wells and the reaction
was initided with the addition of 160uL 500uM MUB. In addition to wells which contained
supernatant and MUB substratgvells were also filled with (1) LB and substrate, (2) substrate
only, (3) LB and phosphate citrate buffer, (4) phosphate citrate buffer onlysrEU to aid

the removal of background interference through subtraction and to serve as a positive control.
96 well plates were gently rocked for one minute to facilitate mixing of solutions and then

incubated at 30°C for 30 minutes.

Following incubatio, fluorescence was measured, either by imaging 96 well plates under UV
light (G:BOX, Syngene) or by quantification using a Tecan Infinite 200 Pro plate reader (Tecan
Group Ltd.). Based on the manufacturer instructions and corroboration following exnitatio
and emission scans, measurements of fluorescence were recorded at an emission setting of

446nm, following excitation at either 302nm or 365nm. If 365nm excitation was used 50uL
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reaction mixture was quenched with 100uL 0.1M sodium carbonate buffer, g drtar to
measurement of florescence. Buffering was required as fluorescence measured at this

excitation wavelength is pH dependent.
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This study aimedo maximise protein secretion through a modifiétl coliflagella type Il
secretion system (FT3SS) through a series of gene modifications. High capacity directed
secretion of protein through the FT388uld result in a supernatant fraction comprised of
secreted protein which is both at a concentration which is competitive with that achieved in
industry and also free of contaminant proteifor example thehighest concentration of
extracellularly secreted recombinant protein h colito date was 12mgt(Majander et al.,

2005) however ths was only 50% pure. The highest yield of protein secreted to the periplasm
is around 1gt, however this requires processing to purify protein from the cell and then from
periplasmicprotein (Matos et al., 2012)While the incubation method was optimised to
ensure protein was expressed to a satisfactory level, the main focus of the study focased w
on strain based improvements to protein production and secretion. To assess the performance
of mutant strains, assays were used to measure flagella gene expression and protein secretion.
The initial focus was to investigate secretion of the native FE8B88rate, the flagellin (FIiC)
monomer. It is rational to begin investigating the amenability of a modified FT3SS for protein
secretion with the native substrate, firstly because it is sensible to modify one variable at a
time to simplify any troubleshdong that may be required and secondly because of the high
affinity of the FT3SS for FIiC protein secretion. As described FIiC is the most prevalent FT3SS
substrate; filaments are comprised of up to 30,000 FIiC monomers, equating to a secretion
capacity ofaround 1000 subunits per minutéEhardt et al. 2010) In wild typeE. coliFIiC
monomers assemble at the tip under the cap protein FliD, which aids polymerisation. However
with modifications it is also possible to secrete FliC monomers through the FT3SS into the
media without polymerisatin; these include removing the FIiD cap protein or either of the
hook filament junction proteins (FIgK or Figlkeda et al. 1987Hommaet al. 1984) Hagella
filament length is not regulated, furthermore ifafiella are mechanically broken, then
additional FIiC monomers assemble at the tip, resulting in regroffommaé& Lino,1984)

These characteristics can be exploited to result in tlatioual secretion of monomers

through the FT3SS into the media.
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3.1. Secretion platform for secretion of native  protein

The study first required the construction of a modified FT3SS to allow efficient transport of
protein monomers through the structurto the media. This also required the production of
an inducible plasmid based expression system harbouring the flagellin protein tagged for FT3SS

secretion.

3.1.1. Construct for flagellin secretion

To effectively measure secretion capacity of flagellinmutant strains, the expression of
flagellin was decoupled from the native flagella gene expression pathway. Additionally a
deletion of 89 amino acids was implemented from the central region of the flagellin monomer,
resulting in the protein known as EEigure 3.1). E2 is a synthetic test secretion construct
which describes a flagellin like protein, which is encoded byEtheoliflagellingenefliCn m ¢om
280 that lacks residues 1280 in the central antigeniegion of the construct but assembles
a fully functional flagella monomer swimming at approximately 80% of-tyid levels
(personal communication, G Stafford). E2 is similar teldatjth nativeE. coliflagellin; it is
readily secreted and assemblegarfilaments and therefore is an excellent model protein for
G6SaiAy3d ASONBlOA2Yyd 2KAES AG Aa NBFSNNBR G2
recombinant protein, it is a native variant protein and therefore also is a good test protein to
assess the potential to utilise this system to secrete a range of heterologous proteins.
Furthermore as the E2 protein is 13kDa smaller than native flagellin, the two are
distinguishable and so any possibility of the strains to revert to-tyjj¢ or contamination of
cultures can balistinguished by a marked size difference in-PBSE and Western blots using
a FIliC specific antibody. Theodified flagellin protein was cloned intthe pTrc99a plasmid,
which harbours a gene for ampicillin resistarage allavs IPTG induced control of expression
of the protein, via thdrc promoter. The 47 amino acid-terminal signal peptide of flagellin is
also present, as this is thought to act as a+otwavable signal peptide and therefore confers
targeted FT3SS exporthii SA Yy = 6 dzii (i KSobdefal.,2010) Aa | 6aSyi
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Figure 3.1: Schematic of the nativ&. colifliC gene and the E2 variant

Common features of the two open readj frames include the start and stop codons, the 47
amino acid FliC secretion signal and the majority of the FliC gene. Transcription and translation
of the fliC genetic construct (top) will result in the formation of full FliC monomer. Residues
191-280 ae highlighted in th€liC gene. In the E2 secretion construct (bottom) residues-191

280 are removed and replaced with &cdrl andSce site ¢this will allow further modification

2F GKS O2yaidNHzOG G2 KIFND2dzNJ YOI iNnataieaed FliE LINS &

monomer.

3.1.2 Platform strain for flagellin secretion: HAP -less and CARless

flagella

Outer membrane

Peptidoglycan layer

Cytoplasmic membrane

Motor switch

WT CAPless HAPless

Figure3.2. The structural differences in wild type flagella type Ill secretion system and the

CAPIless and HAPless (secretor strain) mutants.

The wildtype (left) kfliCD(middle) andkfliCkflgKL(right) FT3SS structures are shown. Protein

components of the wildtype structure are labelled to indicate the mutant strategies.

[HN
[
N



A number of mutants were created for improved secretion by the bactdfie3SS. The
rationale behind mutants was inferred from the literature; while much of this concerns
Salmonellathe data is relevant tde. colitoo, as the two genera are phylogenetically similar
and the FT3SS highly conserved between the two, althougle sutle differences exist. It is
reported that the removal of FliD, FIgK and FIgL proteirdaimonellaesults in secretion of

FliC into the media ifHomma, 1984; Stafford et al. 2007; Yokoseki et al. 1B9&hermore

with the removal of FIiC, recombinant proteins can be secreted through the FT3SS without
competition from the native substratéMajander et al. 2005; Narayanan et al. 2010; Singer et
al. 2012) With thisin mind two flagella rdzii I y i a / m n fiG@nflgLi NIRICH dvered n
generated (by Dr. Matt Hicks and in this study respectively) to compare secretion. These are
referred to as the CAPless and HAPIess strains respectiglyg3.). MC1000 was selected as

the parent strain for a number of reasons. MC1000 isl2 Ktrain, which is similar to MG1655.

Like MG1655 it is well studied and requires low biosafety measures, however additional
mutations to thelac and ara operons aid exmssion oflac and ara inducible plasmids in cells
(Casadaban & Cohet980) Finally MC1000 is a leucine auxotragind thereforecompliant

with the requirements of the University of Sheffield Genetic Modification Committee (i.e.
reducing risk of release given its auxotrophyurthermore it also adherd to the
recommendatios for WNB A ¢zl ey G KSGA O ooktinéd2im the) Symihitk OK &
Biology Radmap for the UK (http://www.rcuk.ac.uk/documents/publications/
syntheticbiologyroadmajpdf/). The CAPless and HAPless strains lack some of thangrote
which would be present in flagelli®Removal of FliC was essential to both straias,FliC
expression isompetitive to the production and secretion of other proteiitie CAPless strain

is also deficient of the FliD cap protein, which polymerise®liiag therefore is not required in
monomeric secretion. The HAPless stain has no hook junction proteins, upon which
polymerisation of FIiIC monomers would occur, even in the absence ofH/ibma, 1984)

Rather than flagella, the idea was that the FT3SSs would now function as secretion apparatus,

which secrete protein monomers from the cytoplasm directly to the extraceleraironment.
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3.1.2.1 PCR product generation for mutagenesis : MC1000 3fliCD

Knockout mutagenesis was implemented by Lambda Red homolagoasibination into the

E. coli chromosome using the method of Datsenko and War{8800) (Figure3.). ThefliCD

gene knockout was ecxuted in WT MC1000. A PCR reaction was carried out to produce a DNA
construct for knockout mutagenesis by homologouscombination into the E. coli
chromosome The primer set waslesigned with thefollowing in mind: 50bp gene specific
flanking sequencesotthe intended deletion and 20bp sequences that allow amplification of
the antibiotic resistance gene and FRT cassettes which allow removal of the antibiotic cassette
from the template DNA plasmid (pKD3). TR€Rreaction wasconsidered successful af 1.1

kbp band wagresentwhen PCR reaction mixtures were run on a DNAAgyglositive result

was achieved and bands of the correct size were cut out and DNA isolated.

Rred

recombinase
proteins

Figure3.3: Lambda Rd recombinase knock out mutagenesis.

Schematic of aall harbourirg plasmid derived Lambdae® recombinase proteins, PCR
product template (top) and chromosomal DNA (bottom). The isolated PCR product construct
contains the antibiotic resistance cassette, flanked with FLP recombinase target (FRT) sites,
and homologous regns (H1 and H2) to chromosomal DNA adjoining the gene which will be

knocked out.

114



1.5 kbp
1 kbp
0.75 kbp-

Figure3.4: DNA gel of fliCD gene knockout construct PCR product.

PCR reactions were carried out using the templated primers iPAppendix2 with Phusio®
HighFidelity DNA Polymerase. PCR mixtures were analysed on a 1% TAE agarose DNA gel
supplemented with a trace of ethidium bromide, visualised under UV light and the image
inverted. Blank lanes were loaded with samples relating to other experiments. Samples were
runwil K DSy Swdz SNk mM106 5b! € RRSNW t / w NBa&dz
construct forfliCDharbouring the chloramphenicol antibiotic resistance cassdit€@:Cn).

The PCR product was isolated for transformation cells expressing Lambda Rebinasem

3.1.2.2. MC1000 3afliCD mutant generation via Lambda Red
recombinase method

Lambda Red recombinase induces chromosomal disruptions through the insertion of linear
DNA by homologous recombination. Lambda Red recombinase enzymes are harboured in the
arabinose inducible plasich pKD46. When expressed they catalyse the conversion of linear
DNA to single stranded DNA and the annealing of complementary single stranded DNA. This
results in the linear DNA template being inserted into chromosomal DNA at homologous
regions. The pKD4flasmid is cured at 48 without selection for ampicillin resistance, so that

no further recombination events occur and ampicillin plasmids can be used in future studies
using these strains. Chromosomal disruption is confirmed by the acquisition of &otibio
resistance encoded by the linear DNA. Once the chromosomal deletion is confirmed by PCR

the antibiotic resistance cassette is removed by the activity of FLP recombinase

Following the isolation of PCR product DNA, cells were prepared for mutagenesisarhbda
Red recombinase and ampicillin resistance harbouring plasmid pKD46 was freshly transformed

into the parent strain by electroporation. Successful transformants were induced with 1mM
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arabinose and grown in liquid culture at 30°C for 4 hours and tpespared for
electroporation. 1uL PCR product (approximately 15ng/pL) was electroporated with 100uL
fresh electrocompetant cells. Cells were incubated in 1mL LB for 1 hour at 30°C and then left at
room temperature overnight. Cells were spread on agar gdathe following day and
incubated at 30°C.

The presence of positive colonies on chloramphenicol supplemented LB plates inoculated with
cells following electroporation witliliCD:Cm allowed selection of successful transformants.

This was coupled to the abnce of colonies on the negative control chloramphenicol
supplemented plate following plating of cells which had not been transformed with the
knockout construct (to detect spontaneous antibiotic resistant colonies or contamination by
Cm resistant bactes). This indicates that antibiotic resistance has been acquired via
homologous recombination of the PCR construct and indicates that the gene deletion has been
successful. To ensure no further recombination events occurred in the Lambda Red
recombinase ddved mutants, positive colonies were grown in liquid culture without selection

for ampicillin resistance at 43°C to cure the Red plasmid (pKD46). This was verified by the loss

of ampicillin resistance after one further passage at 37°C.

3.1.2.3. MC1000 2fliCD mutant conformation by PCR

To show that successful mutants had the correct chromosomal strudRC& reactionwere
carried outwith chromosomal DNA frorthe mutant as a template and primers which anneal

to chromosomal DNA upstream and downstreantte gene deletionKigure3.). The size of

the PCR product determines whether the target gene has been deleted. A positive result

indicates the presence of the antibiotic resistance cassette and removal of tlee gen
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Chromosomal DNA Gene

No product

2. ~

Chromosomal DNA Antibiotic resistance cassette
¢
PCR product

Figure3.5: PCR verification of gene knockouts.

PCR reactions with chromosomal DNémplates from cells following dmbda Red
reconbineering which resulted in 1) an unsuccessful homologous recombination event 2) a
successful homologous recombir@t event, which has resulted in gene mutagenesis and

acquisition of antibiotic resistance

A PCR product of 1.1kbp was obtained following R@Rating thatMC1000n T f Was 5

successfully generated

Figure3.). If knockout mutagenesis was unsuccessful then a PCR product of 3.1kbp would have

been observed.

1.5 kbp- | 8

1 kbp- |

|

Figure3.6: DNA gel to confirm successful gene knockout mutagenegithe fliCD genes in

|

MC1000 through homologous recombination.

PCR reactions were carried out using the templates and primexppendix2 with Phusio®
HighFidelity DNA Polymerase. PCR mixtures were analysed on a 1% TAE agarose DNA gel
supplemented wh a trace of ethidium bromide, visualised under UV light and the image
AYDBSNISR® { YL Sa 6SNB Nlzy 6A0GK DSySwdzZ SNu ™
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experiments to aid ease of viewing. Successful recombination resulted in the formatan of

1.1kbp PCR product.

Successful production and conformation of MC18®C kflgkLwas achieved by M. Hicks in
previous work in the laboratory but was used in this stutlys was reconfirmed in a similar
manner. Once established, the capacity for proteinregon and growth phenotypes were
ascertained for both the HARss and CARss MC1000 based flagella variants, to observe
which is more suitable for use as the platform strain for protein secretion. This required the

development of an assay to accuratetgasure protein secretion.

3.2. Development of a standardised protein secretion

assay to quantify flagellin secretion

To quantify the secretion profile of strains a secretion assay was designed to measure intra
and extracellular concentrations of spfciproteins. Initial investigation into the secretion
capacity via the two secretion platforms was carried out using the ptrc99a E2 plasmid which
expresses the Fli€ m 280 construct, described previously. E2 protein was detected either by
Coomassie staior a flagellin (H48) antibody and a HRP linked secondary. In conjunction with
E2 detection, an E2 flagellin monomer protein standard was prepared so that the yield of both

intracellular and secreted protein could be calculated.

3.2.1. Isolating monomer ic flagellin to quantify secretion capacity

To determine quantitative measurements (w/v) of protein expression, a flagellin like (E2)
protein standard of known concentration was derived. Once a w/v unit measurement was
quantified this allowed intraand nter-experimental comparisons of secretion profiles. In

addition the E2 protein standard serves as a positive control in both Coomassie stain and
Western blot based experiments. Secreted E2 protein was purified from a flagellin deficient

0 fiiC) strain expessing the E2 harbouring plasmid. Following growth of cells on semisoft agar
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plates, cells were scraped off and subject to agitation in a lab blender to shear flagella from
cells. Following isolation and monomerisation by sonication and heating to 52°@rptein
was present in the soluble fractiofigure3.). NativeE. colflagellin is a 52 kDa prote{aniell
et al., 2003however as the E2 protein is encoded by a shortened version of the flagellin gene,
its expected size is 42kDa. The band of E2 protein runs at around 42 kitmSDSAGE gel.

i3

Figure3.7: SDSPAGHrotein gel of isolated momomeric E2

E.coliMC1000n T fcontaining the plasmid pt89a E2 was growncells were harvested and
monomeric E2 was isolated by shearing, sonication and high speed centrifugation, befere SDS
PAGE. Lanes: (1)-E&zy x t NBadllAySR wSO tNRGSAY [l& RRSNI

protein.

A BCA assay was performed to quantify the concentration of E2 in the soluble fraction. The

concentration of the E2 protein standard was typically in the region e0&GRag/mL.

3.2.2. Development of a secretion assay to quantify platform stra in

suitability

An assay to measure both the intracellular and extracellular concentration of E2 protein
directed for secretion through the modified flagella appendages is detailed fibeepTrc99a
E2 plasmid was transformed intB. colistrains by heat sock transformation. Following

transformation and conformation by antibiotic resistance acquisition, E2 expression was
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induced with 0.05mM IPTG as this concentration had been shown to be effective in the
production of ptrc99a harboured proteins in the lalatory. Cells were incubated at 32,
180rpm. Once cells reached §§1.5 (stationary phase) 1.0 OD unit of cells (i.e. Iml at OD 1)
were collected and then prepared for SBAGE of the supernatant and cells to isolate
secreted proteins. Cells harbourittge empty pTrc99a plasmid were also grown as a negative
control. The E2 protein standard was also loaded (diluted in 2x SDS loading buffer 2:8 for SDS
PAGE and 1:9 for Western Blot SB¥S5E). Western blots were also carried out. Nitrocellular
membranes wee incubated in 1x TBS/0.1% TWEEN with 1 in 1008-h@tantibody (H48) as a
primary antibody and 1 in 3000 asibbit HRP as a secondary. The antibody was generated
against full length flagellin, however adequate antigenic affinity is conferred bi2herotein.
Furthermore while the antibody is intended for use as an agglutination agent for screening for
the presence of clinic#t. colistrains, this work established that it can also be used effectively

in Western blotting experiments. Densitometryf each band on the Western blots or
Coomassie stained electrophoresis gels was measured using ImageJ. Densitometry values were
then calibrated to the E2 protein standard to calculate the concentration of secreted and

intracellular E2 in the two prototypelatform strains for flagella secretion.
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A. pTrc empty B. pTrc E2

S ACKL AfliCD ACKL AfliCD S ACKL AfiiCD ACKL AfliCD
Secreted Intracellular Secreted Intracellular

S ACKL AfliCD ACKL AfliCD S

Secreted Intracellular aH48

Figure3.8: Intracellular and secreted fractions of MC10@@iCkflgKkLandkfliCD.

E.colipn ¥t FNC[kCKD  FliBDcantainingeither the plasmid pTrc empty or pTE2 was

grown in LB supplemented withO5mM IPTG. Cells were harvested at&D5. 1 OD unit of

cells were prepared for SBFAGE and thsupernatant from 1 OD unit of cellgasprecipitated

with TCA (10%/v) before SDPAGE rad Western blot analysi#An E2 protein standard (S) was

loaded b allow quantification ofntracellular and secreted protein concentratioBoomassie

stained SD®AGE of cells harbouringd) empty pTrc99a plasmidnd (B) pTrc99a E2
Intracellular 5pL; secreted: 15uL; standard 5 (left), 10 (rig§)Western blotwii K h | ny | y|
appropriate secondary antibgdfollowing SD®AGE of pTrc99a2 positive celldntracellular

2uL; secreted: 15uL; standard 1 (left), 2 (righthree biological repeats for each strain and

plasmid combination

Both strains demonstrated a sitar intracellular protein expression patterfrigure3.A and
Figure3.B), suggesting that both are viable strains. Protein expression of E2 was similar in both
strains Figure3.C). E2 protein is visible in the supernatant of cells expressing the protein
(Figure 3.C), this suggests that the E2 protein is being successfully targetededoation
through the flagella variants of both platform strains. In support of this cell lysis was negligible
in both strains and for both plasmids. This is apparent when observing the lack of protein

(aside from E2) in the secreted fraction of medigy(re3.A andFigure3.B). The results of the
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Western blot shown here highlight the issues that can arise when using this method, as a high
background signal is observedRigure3.C, which masks theue immunogenic derived signal.
Densitometry based analysis was carried out on images (where protein bands were not

obscured) using ImageJ. A worked example is giiguaire3.).

CkLand MCD 1.jpg; Uncalibrated

8.93

1853 1778 -

a0

ik

Figure 3.9: Worked example of densitometry analysis of secreted E2 from a Coomassie
stained SD$AGEKigure3.B).

A horizontal box is drawn around the protein of intstelmageJ then plots the densitometry
outline for this selection. The lanes are divided up and using the image for reference. Gaps are
left to show the zones of separation between lanes. Individual lanes are then plotted and

densitometry values derived f@ach.
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Using the values derived by the route giverFigure3., and with knowledge of how much E2
standard was loaded onto the SIPBGE, the exact amount of E2 present in each lane can be
derived. This can thebe extrapolated to calculate the amount of protein present in both the
supernatant (from both Coomassie stained S$IP$SE and Western blot analysis) and
intracellular fractions (from Western blot analysis only). When possible, Coomassie stained
SDSPAGE gslare preferentially used as there are fewer experimental steps to obtain this,
therefore the possibility of experimental error is reduced, further to this a linear range of
detection is insured, whereas this is not always true during Western blofiggire3. shows

the results derived from the Coomassie stained supernatant samples. Following 3 biological
replicates per mutant strain, a higher concentration of E2 was observed in the supernatant of
all kCKLcultures, in comparison t&fliCD The highest concentration of E2kCKLand kfliCD
cultures was 9.19 and 5.57 mg tespectively. When combinedFigure3.) the concentration

of secreted E2 was significantly higliek CKlcultures.
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Figure 3.10: Results following densitometry analysis of the supernatant samples of the

Coomassie stained SEFRAGE seen iRigure3..

E.colipn ¥ f 3fvJ (kCKL or pfliCD containing the plasmid pTrcE2 wasgrown in LB
supplemented with 0.08IM IPTG. Cells were harvested atg§[.5. The supernatant from 1

OD unit of cells were prepared for SBAGEand Coomassie stai\n E2 protein standard (S)

was loaded to allow cantification of secreted protein concentration following densitetny
analysis using Image J. Average from combined concentration of secreted E2 protein per Litre
of cell culture. 3 biological replicates per mutant strain, grown on the same day. Starrdard e

of the mean and result of two waytést shown (* = p<0.05)
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Densitometry analysis of the Western bldtigure3.0), found that there was a significantly
higher concentration of E2 ikCKLcells. On averagelraost twice as much E2 was located in
kKCKlcells (91.36 mgl) in comparison t&fliCD Secreted and intracellular concentrations of

E2 were paired for each biological replicate to calculate the percentage of total E2 which was
secreted. On averageCKlwas more efficient at secreting E2 (7.92%) tRAICD(5.88%).
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DCKL DfliCD

Figure3.11: Results following densitometry analysis of the intracellular samples of Western

blot seen inFigure3..

Eoli p ¥t 3ftvd (kCKL 2fINCD gontaining the plasmid pTrcE2 wasgrown in LB
supplemented with 0.08IM IPTG. Cells were harvested ate§R.5. The cells from 1 OD unit

of cells were prepared for SBPAGEand Western blot analysis using aftagellin {H48)
antibody and an HRP secondary. An E2 protein standard (S) was loaded to allow quantification
of intracellular E2 protein concentration per Litre of cell cultufellowing densitonetry
analysis using Image J. 3 biological replicates, grown on the daymeStandard error of the

mean and result of two waytest shown (* = p<0.05)

3.2.3. Growth phenotype of secretion platform strains

The deletion of genes often correlates to a change in growth phenotype. This may result in an
increased rate of growtif genes are removed which previously resulted in the production of a
protein which was either metabolically costly to produce or resulted in a metabolically costly
function. Conversely a decreased rate of growth may occur if the mutation is detrimental or
metabolic burden is in fact increased by the antibiotic resistance cassette acquired during

knockout mutagenesis. To ascertain whether this was true of either candidate platform
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secretion strain, growth was measured over time to visualise this. Cefls grown in 200pL
LB cultures in a 96 well plate in a TECAN plate reader at 37°C with constant shaking (6mm

orbital).

5 10 15

Time [Hours]

Figure3.12: Growth of candidate platform strains for flagella mediated protein secretion

over time in a 96well plate. Calibrated to LB media.

Starter cultures of cells expressing either pTrc empty or pTrc E2 were supplemented with
ampicillin and 0.05mM IPTG and aliquoted into 96 well plate wells. The 96 well plate was
incubated in the TECAN plate reader at@%fith 6mm orbital shaking. @fg measurements
were recorded every 30 minuteBrom three technical repeats of two biological repeg€KL

+ pTrc E2z , pCKL+ pTrc empty: ,kfliCDb  LJ¢ NJRfliGDB Y LI¢ RO .SYLJie Y

The optical density of a solutida calculated by spectroscopy and based on the Beenbert

law. The principle of optical density relies on passing wavelengths of light through a solution
and measuring the intensity of emitted light. The composition of the solution determines how
muchlight is emittedcor scattered in the case of a bacterial suspengidall et al., 2014)it is
therefore dependent on both the composition of the solution (density of culture) and the path
length of the solution which the light passes dhgh. In a standard cuvette, this is lam
however when measuring the absorbance of a solution in a 96 well plate this will differ, thus
giving an incorrect measurement of optical density. Using a method for path length correction

the path length of 200uL Iacterial culture was found to be 5.95mm
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(https://tools.thermofisher.com/content/sfs/brochures/AMkanlTMicroplate-Based
PathlengthCorrectionTechnicaNote-EN.pdf). Whileusing the Beetambert equation to
calculate the precise adjustment multiple woldd more accurate this required knowledge of

the molar absorptivity for a bacterial suspension in LB media. As a reliable value for this could
not be located in the literature an alternative method was chosen where thggoDtput of

the same bacterial ctires in both a 1mL cuvette and a 96 well plate well was measured.
Using a multiplication factor of 2.19 the @pacquired from a 96 well plate could be adjusted

to give an accurate measurement of optical density obtained from a 1mL cuvette. While this
cdculation was not made routinely, when applied to results this adjustment giveg,OD
readings which are more in line with those we are accustomed to, in terms of growth phase

for example final OFyyis around 2.0.

OD6OO

5 10 15

Time [Hours]

Figure 3.13: Growth of candidate platform strains for flagella mediated protein secretion

over time in a 96 well plate. Calibrated to LB media and¢gBdjusted for path length.

Starter cultures of cells expressing either pTrc empty or pTrc E2 were supplemented with
ampicillin and 0.05mM IPTG and aliquoted into 96 well plate wells. The 96 well plate was
incubated in the TECAN plate reader at 37°C with 6mm orbital shakinrg, @&asurements

were recorded every 30 minutes and multiplied by 2.h@KL+ pTrc E2z , nCKL+ pTrc
empty: ,kfliCDb LJ¢ NJRfiCDB Y LJ¢ BD SY L&y

The results of growth curve experimentSiqure3., Figure3.) show that the initial rate of
growth is hgher in both strains when expressing empty vector (initial (0.5 to 1.5 hours) mean
generation time from 42 to 70 minutes fpICKLand from 49 to 61 irkfliCD. However in the

late log phasekfliCDreaches a higher OD at time point 2.5 when expressing r&2ip in
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comparison to empty vector (statistically significant: p = <0.0Q04dired ttest of average

ODyoo for each time point from 2.5 to 5.5 hours). Cells expressing E2 reach early stationary
phase first. When expressing empty vecto€Klconsistenty displays a higher optical density

than kfliCDin the log stage (p = <0.001 for 0.5 to 5.5 hours). When expressing E2 protein the
Gg2 aGNIXAya 3INBg | dliCDhasad Righdr DR, INJathllogealy statioBasyS @ S NJ
phase (also p = <0.0001rf8.5 to 7.5 hours). Overall neither mutation resulted in cells which

were not viable or markedly altered in growth characteristics.

3.2.4. Selection of secretion platform strain

Observations show that while the growth bEKLexpressing E2 protein idgiitly poorer than
kfliCD KCKLexpresses and secretes (2.16 and 1.77 times more E2 respectively) significantly
Y2 NB 9 HfliCD K ladgfitiok it is on average 1.35 times more efficient at secreting E2.
Based on this the HABssCKLstrain was selecteds the platform strain for this work. This
strain will form the basis of all further secretion work and improvements. This MCRIfGfKL

kfliC strain may be referred to akCKI.the (original) secretor strain or (original) secretion

apparatus strain.

3.3. Optimisation of a standardised protein secretion

assay to quantify flagellin secretion

While the main focus of this work is to improve protein secretion through the flagella type llI
secretion system through a number of strain based improvements, itneagessary to first
optimise the protein secretion assay to ensure initial protein secretion is satisfactory, this will
both ensure protein secretion is measurable and have the added benefit of improving protein
secretion capacity somewhat prior to the @im based strategy. Further to this is was necessary
to ensure that cultures were grown for an adequate amount of time prior to harvesting to
ensure that the amount of E2 detected was representative of the maximum output of cells (i.e.

secretion has occued and proteolysis is low).
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3.3.1. Refining induction of expression vector

As described, ptrc99a harbouring E2 plasmid is IPTG inducible. E2 protein expression was
tuned with IPTG concentration to maximise protein secretion in k&K Lstrain. E2 protein
expression and secretion were measured as before, however cultures were supplemented
with 0, 0.05, 0.1, 0.5 or ImM IPTG.

A. B.

-h5-
43

0 0.050.1 0.5 1 0 0.050.1 05 1 S
Secreted Intracellular
aH48
0 0.05 0.1 0.5 1 00050105 1 S
Secreted Intracellular
D.
C.
1.51
2501 I o
200 [ o.05
1504 B o1 -
100 0.5 g 107
T, 507 o= B S
(]
[=2] 2]
1S3 < 0.5
0.0-
N 09‘0 S o° ~
IPTG [mM]

Figure3.14: Intracellular and secreted fractions dfiC1000k fliC k flgKL supplemented with

different concentrations of IPTG.

E.colinCKlcontaining the plasmid pTi€2 was grown in LB supplemented with 0, 0.05, 0.1, 0.5

or ImM IPTG. Cells were harvested ats£9D.5. The cells and supernatant from 1 OD writ

cells were prepared fofA) SDFAGE an@B) Western blot analysis of supernatant using anti
flagellin (H48) antibody and an HRP secondary. An E2 protein standard (S) was loaded to allow
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guantification of intracellular and secreted protein concentratidollowing densitonetry
analysis using Image J) (Concentration of intracellulaand secreted E2 protein per mL cell

culture. (D) Secreted protein agparcentage of total protein (both secreted and intracellular).

The absence of proteins in the seadtfraction of protein on the Coomassie stained SDS
PAGERigure3.A) shows that cell lysis is not evident at any concentration of IPTG. E2 protein is
visible in the secreted fraction of cells where either 0 d5M IPTG was added to media,
however none is visible for increased concentrations of IPTG, suggesting that the
concentration of E2 secreted was lower than the detection threshold of the Coomassie stain.
This is confirmed in the corresponding Western [léigure3.B), where it is observed that
more E2 protein is both expressed and secreted with the addition of O or 0.05mM IPTG.
Densitometry Figure3.C) revealed thattte addition of 0.05mM IPTG resulted in 236rigER2
accumulatingintracellularly and 2.48mg* being secreted into the culture media. The next
most favourable IPTG concentration for protein expressiod secretion was to suppleme

cells with 0.0nM IPTG The addition of 0.1mM IPTG or more resulted in a reduction in E2
protein expression and secretion; high IPTG can result in cell lysis however this was not evident
here. It has previously been reported that induction of pTrc99a with IPTG concentrations i
excess of 0.1mM resulted in reduced protein production and the formation of inclusion bodies,
which could be subject to proteolysi€hoi et al., 2006; Jirgen et al., 2010he results from
densitometry were B0 used to assess the secretion capacity of céligufe 3.D). While
variation was seen in the amount of protein expressed and secreted, the amount of protein
secreted as a percentage of total protein expressewl secreted is consistent with all
concentrations of IPTGyith around 1% total E2 protein produced by the cell being secreted.
This suggests that the flagella type Il secretion system may have a maximum secretion
capacity and that while increased expsion will result in increased secretion, secretion
capacity will limit the amount of protein which is secreted. Tthisory will be investigated

throughout this project.

Plasmidprotein expression was achieved without IPTG induettbis is because thpTrc99a
vector is known to exhibit leaky expressionpobtein (GreerPhillips et al., 2003With IPTG
concentrations above 0.1mM both protein expressiondasecretion were reduced. The
amount of E2 both expressed and secreted by cells supplemented witintMLIPTG was very

similar, suggesting that E2 production can become saturated with higher concentrations of
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IPTG induction. As 0.05mM IPTG resulted imltbe highest level of expressi@and secretion
of E2 protein,cellswere supplementedwith this concentration of IPTG throughout protein

secretian assays concerning the ptrc9Ea vector.

It is evident thatboth the expression and secretion capacityk@KLs variable. In the results
derived for the data shown iRigure3. there was almost three times the concentration of E2 in
the supernatant and just over twice the level of the intracellular E2 compare@igore 3.
(0.05mM IPTG only). Furthermore it was calculated that eediee almost 8 times more
efficient at secreting E2, than those kigure3.. Possible reasons fdahis will be discussed

later.

With the protein secretion assay optimised to ensure that E2 expression and secretion are
maximised, the focus of the study can now shift to the production of mutant strains with

increased secretion capacity.

3.4. Improved secretion: master regulator repressor

mutants

3.4.1. Rationale for mutant generation: IrhA, dksA, dpX

As explained irfFigure 1.§flagella gene expression is organised into a pyramid like hierarchal
structure, with all genes either directly or indirgcunder the control of the master regulator
complex,FIhDG. As a fulcrum point of control, the master regulator complex serves as an
excellent point to alter flagella gene expséan. It is hypothesised that witihcreasing-lhQ G,

this should in turnincrease the number of secretion apparatus expressed and therefore the
amount of protein secreted through the FT3SS. Many environmental signals cause
transcriptional repression dihDCgene expression; furthermore the resultifhDG, protein
complex isactively degraded by ClpXP protease. It is hoped that removing transcriptional
repressors and inhibiting protease targeting HhXG,, may result in increased flagella gene

expression. The strategies to implement this are explained below.
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3.4.1.1.1rhA

The literature reports thatirhA knock out mutants exhibited higher activity of flagella class |
and Il gene promoterf_ehnen et al., 2002yhere flhDCpromoter activity was 3.5 x higher in
the IrhA knockout mutant. IfirhAis removed from the secretor strain this may result in more
secretion apparatus being present, this may result in increased praegnetion into the

media.

3.4.1.2. dksA

Previous studies conclude thdksAknock out mutants exhibit higher activity of flagella gene
promoters for all three classes of flagella proteih&mke et al., 2009)acZreporter gene
fusions show thaflhDCpromoter activity was 2.3 x higher in log phase and 9 x higher in
stationary phaseHigher gene expression can be extrapolated to more secretion apparatus and
therefore more secretion, particularlyhroughout the stationary phase, where both motility

and flagella gene expression has previously been found to ddélmsler et al., 1993)

3.4.1.3.clpX

Along with ClpP, ClpX forms the ClpXP protease complex. While ClpP is the proteolytic
component of the complex, ClpX is the ATPase which confers substrate spegifiwtyof

which isFIhQG. ClpXhas been shown to actively bind to and dama FIhQG, before ClpP
degrades the proteinresulting in reduceélagella gene expressionclpXmutantswere shown

to accumuate FIhQ}G, the complex had increased hdife and cells were more motile
(Kitagawa et al., 2011)Removal ofclpX has also been shown to result in decreased
degradation ofFIhQG, but also increased secretion of the astjjma factor FIgM, which
represses flagella class Il transcripti@uo et al. 2014)The removal otlpXresulted in a
WANBIFGfé& AyONBIFaSRQ 02y OSyidaNyidAzy 2F SEGNIF O
(Tomoyasu et al., 2002herefore emoving nclpXfrom the secretor strairmay result in
increased flagella gene expressiand more secretion.The protease ClpP also interacts with
ClpA, which target€IpP to different proteingGottesman 1996) therefore ClpP will remain in

the genome so that these cellular processes are not altered.
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3.4.2. Mutant generation: IrhA, dksA, dpX

3.4.2.1. Knockout mutagenesis via the Lambda Red recombinase
method: IrhA and dksA

IrhA and dksAknockout mutants were derived in using the FePombinase method outlined
previously. The parent strain was MIDD pfliC pflgKL. Primers were designed to amplify
kanamycin cassettes with homologous ends to those up and downstredrhfind dksA.

The template for thedksAmutant was pKD4 as more genes are located downstream in the
operon, therefore it is importanthat translation signals are not disrupted. The scar that arises
following knock out mutagenesis using the pKD4 template harbours an RBS site and start
codon, therefore downstream gene expression of other genes in the operon will occur, as in
the wildtype The PCR product fobhAwas derived from the pKD13 plasmid, as it is situated at
the end of the operon, therefore deletion dfhA should have no downstream deleterious

effects.

S S
-
& &

Figure3.15: Agarose DNA gels showing PCR products to initiate genekoat mutagenesis
for (A)dksAand (B)IrhA

PCR reactions were carried out using chromosomal DNA as templaf@iarets inAppendix

2 with Phusio® HighFidelity DNA Polymerase. PCR mixtures were analysed on a 1% TAE
agarose DNA gaupplemented with arace of ethidium bromide, visualised under UV light

YR AYOSNISRO® {FYLX S34 6SNB NHzy sAGK DSySwdd §

1.6 and 1.4 kbp PCR products weretained Figure 3.) and excised from the gel. Using

electrgporation these linear fragments of DNA were then transformed into arabinose induced,
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pKD46 harbouring parent cells. Following antibiotic resistance screening on kanamycin
supplemented agar plates, positive colonies were selected for further charactendati®CR
screening to ensure thadksAand IrhA had been successfully deleted from the chromosome.
Once positive colonies were isolated the pKD46 vector was immediately cured from cells as

previously described to ensure no further recombination eventsatogtur.

3.4.2.2. PCR conformation of knockout mutagenesis: IrhA and dksA

The acquisition of antibiotic resistance is a good indicator of a successful knockout
mutagenesis event; however PCR reactions were also carried out to ensure that recombination
had occurred in the correct location of the chromosome. PCR reactions using chromosomal
DNA and a combination of primers designed to anneal either within the kanamycin cassette or
chromosomal region (up or downstream of the original location of the mutameyavere

carried out to further characterise knockout mutagenesis.

A. «© B. o

| —— |

1kbp- o 1 kbp- -
0.75 kbp- -

0.75 kbp- 1

0.5 kbp- —
piLbTIL,

0.25 kbp- '

Figure3.16: Agarose DNA gels showing PCR products to confirm gene knock out mutagenesis

for (A)dksAand (B)IrhA

PCR reactions were carried out using chresoroal DNA as templatend primers inAppendix

2 with Phusio® HighFidelity DNA Polymerase. PCR mixtures were analysed 1% TAE

agarose DNA gel supplemented with a trace of ethidium bromide, visualised undightV

YR AYOSNISRO® {FYLX 834 6SNB NYzy okEKLRdksDSY Swoc
chromosomal template. Expected produdéne 1: 548kbp, lane 2: 1109kbp. @FKLKIrhA
chromosomal template. Expected produtzne 1: 944kbp
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Figure 3. indicates that knockout mutagenesis was successful. PCR products were obtained
using primer sets in which one primer annealed to a region of chromosomal DNA and another
to the kanamycin cassette. The size of the DNA products atadithat homologous

recombination occurred in the correct region of chromosomal DNA.

3.4.2.3. Knockout mutag enesis via phage transduction: clpX

The clpXmutant was derived through an alternative mutagenesis method. As an MG1655
kclpXmutant was readily accessible (gifted by J. Green, University of Sheffield), it was not
necessary to generate th@pXknockout mutantde novg instead P1 phage transduction could

be harnessed to transfer the kanamycin linkedclpX mutation from MGG655 into the
MC1000kfliCkflgKLparent strain to yield aclpXmutant. In addition to this a MC1000 parent
strain was also used, resulting in a MC1@@fpXstrain with viable flagella to allow moatility

based phenotypic characterisation of a singtdpXmutation in an isogenic background.

Following P1 phage transduction of MG1868pX liquid lysates of the donor strain were
derived. The recipient strains were inoculated with the lysate, initiating phage transduction of
donor genetic material to chroosomes of recipient strains. The presence of colonies
following inoculation of LB plates supplemented with citrate and kanamycin by recipient cells
signified successfyiclpXtransductionevents. This was coupled to the absence of colonies on
kanamycin spplemented negative control plates which were inoculated with phage or cells
only. Transformants were passaged on citrate containing agar plates to eliminate the phage.
The phage transduction derived mutant cells were passaged on citrate and antibiotic
containing plates to ensure the phage was eliminated and no further transduction events
occurred. As theclpX gene is not within 100,000bp of th#iC or flgKL genes, it was not
necessary to confirm that these genes had been reinstated by the P1 phage during

transduction, as the phage is not able to package sections of genomic DNA larger than this.

¢ KS LISy 2 i d@pXiSutagt Was Wefiffed tp ensure that the mutation is functional in

the wild-type MC1000 strain. As the secretor strain cells lack filamireg have no motility.

¢t KSNBEF2NBE @@ ySTR28Qt A€ Ay oAt R (&LlSpXan mnnn
motility agar plates was assessethe latter should display increased motility due to the
increased concentration dflhDG, which has beemeported inE. colnclpXmutants (Kitagawa

et al., 2011) If this is shown in MC1000 the phenotype may extend to the secretor strain.
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3.4.3. Mutant characterisation: IrhA

Following verification of mutants, strains were characterised. Secretion was profilta 52
protein secretion assay and flagella gene expression assay. Although the protein standard
allows the comparison of protein secretion befen different experiments, thé CKLstrain

was run in tandem to provide a simple visual comparison, so that the standard was not the
sole point of context. In the flagella gene expression assak @t€Lstrain experiments must

be run in parallel to allow comparison between mutant steaagainst thek CKLstrain. The
literature reports thatirhA knock out mutants exhibited higher activity of flagella class | and II
gene promoters(Lehnen et al., 2002¥IhDCpromoter activity was 3.5 x higher in tHehA
knockout mutant. Therefore it is expected that both gene expression and secretion assays will
RAALX & KA 3KSNJIrhSEn? Sain-in/c@nparisoyf to theCKlstrain.

3.4.3.1. Effects of deletion of IrhA on FT3SS secretion

Following verification of thgnCKLnIrhA strain by antibiotic resistance and PCR, the secretion
assay was performed. A plasmid harbouring the E2etiear construct wagransformed by
heat shockA y (iGKLagd nCKLnIrhA cells. The supernatant was analysed by Western blot
(Fgure3v ® . I yRa ¢6SNB LINBaASy(d Ay CKlathour#! YLX Sa 4Ad
Straln 1€ G/ -€ € € 2 ik Lk Lk S
Time[Hours] 4 § 6 7 7 IR - SRR R
55kDa- :

43kDa-

aH48

Fgure3.17y { SONBGA2y 2F 9u T NEM mitdtSduriagie giwitre NJ &

curve.

E.colinCKL(C) ornCKLnlrhA (L) containingthe plasmid pTr&2 wasgrown in LB. Cells were
harvested at hourly intervals and the @Pmeasured. fie supernatat from 1 OD unit of cells

was precipitated with TCA (10%/v) before SD®AGE iad Western analysis of supernatant
using antiflagellin (H48) antibody and an HRP secondary E2 protein standard (S) was

loaded to allow quantification of secreted proteior@entration.
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Densitometry of each band on the Western bléig(re 3.) was measured using ImageJ and
values were calibrated to the E2 protein standard to calculate the concentration of E2 protein
in samples frm both strains at hour time points. Results reflect the amount of E2 secreted per
OD unit, however if this value is adjusted to account for the volume removed to amount to 1
OD unit, a mgteulture can be calculatedFigure3.). Cell densities (QR) of the two cultures
were very similar throughout the growth curve, demonstrating that there was no detrimental
effect of the mutation on strains. In tHeCKlLstrain there was no E2 secreted at 4 hours. From
5 to 24 hours the concentration of E2 in secretor strain culture media increasethe&xianum

of 8.742ng L*. E2 was present in the media p€KLnIrhA after 4 hours. This continued to
increase up to hours where there was 6.638g [ E2 in the media. A decrease was observed
following 24 hours growth. From-@ hours protein secretion was higher jmCKLpIrhA
however at 7 and 24 hours more extracellular E2 was presenk GKLstrain media.
ExtracellularE2 concentration continued to increase during the stationary phase for both

strains, only decreasing after 24 hourgi@KLnlrhA
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curve

E.colinCKLand nCKLnlrhA containing the plasmid pTrE2 was grown in LB and the &P
assayednCKLz , nCKLnIrhA: g , left hand axis). In parallel cells were harvested and the
supernatant from 1 OD unit of cells precipitated with TCA (1% before SDSPAGE rad
Western analysis using asitagellin (H48) antibody and an HRP secondafjie amount of
protein secreted is showim mg L* cell cultureascalculated from a standardised amount of E2
protein using ImageJ based densitomefnCKL blackbar, n\CKLnIrhA: grey bar, right hand

axis)

The results shown irfrigure 3. show the cumulative amount of E2 present in the media,
however this is not a true representation of secretion over time. By subtradtingtotal
protein at a given hour by that calculated for the previous a rate of protein secretion per litre
of cells per hour can be determinedrigure 3.). For both strains the rate of E2 protein
secretion intothe supernatant increased up until 5 hours, where the rate of protein secretion
was 2.834mg I Hour® in the kCKlstrain and 4.260ng " Hour"in the k CKIkIrhA mutant.
After 5 hours the rate of protein secretion began to decrease. At 24 hours the rate of protein
secretion was 0.075mg*IHour® in the KCKLstrain and-0.145 mg L Hour® in the IrhA
mutant. A negative value for the rate of protein secretion is indicative of protein degradation
exceeding secretion. Overall the rate of protein secretion in the LrhA mutant initially exceeded
that of the KCKLstrain from 4 to 5 hoursk CKLkIrhA also demonstratd the highest rate of
protein secretion observed at 4.2660g * Hour® , however after 5 hours, while the rate of
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secretion decreased in both strain, it decreased at a faster rg€KLnirhA. At 24 hourgiCKL
NnIrhA performed less efficiently to th&CH. strain as a negative rate of secretion was
observed, indicating that secretion was low and degradation high. This information can also be
used to allude to the impact of protein degradation following secretgomanifesting in a
negative value for the rat of protein yielded. Protein degradation can be masked by protein
secretion if secretion exceeds degradation, as the rate of protein secreted will appear as a
positive number. While it is not possible to conclude how much these impact on the observed
yield it would seem appropriate to suggest that degradation occurs more in later stages of
protein secretion, as at 24 hours there a negligible or negatik@&K{and KCKLKIrhA
respectively) rate of protein secretion. Further to this at 6 and 7 hours the ofiterotein
secretion was lower than that seen at the previous hamowever it is not possible to
conclude whether this is due to a decreased rate of protein secretion or an increased rate of

protein degradation.
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Figure3.19: Scretion of E2 from the secretoé (i NJ A yfhAlmyitaéht daring the growth

curveper hour

E.colinCKLand nCKLnIrhA containing the plasmid pTrE2 was grown in LB and the &P
assayednCKLz , nCKLnlrhA: g , left hand axis). In parallel cells were harvested and the
supernatant from 10D unit of cells precipitated with TCA (18%) before SDPAGE rd
Western analysis using asitagellin (H48) antibody and an HRP secondafjie amount of
protein secretedper hour is shownin mg L' Hour' cell culture as calculated from a
standardied amount of E2 protein using ImageJ based densitom@@KL black barnCKL
nirhA: grey bar, right hand axis)
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These results were inconsistent with the literatureprotein secretion was predicted to be
KA 3 K S NJ IriAymutéink &s itjwas reported thalrhA knockout mutants exhibited 3.5x
increased flagedl gene expression and were hypermotileshnen et al., 2002Flagella gene
expression assays werarded out to assess whether this was a reflection of gene expression

or whether it was a result of poor secretion capacity.

3.4.3.2. Effect of deletion of IrhA on flagella gene expression

Increase in flagella gene expression is indicative of an inaleasmber of flagella in the
phenotype. To measure flagella gene expression, flatgléreporter gene fusions which had
previously been used gtafford et al (2005 were transformed into straindacZencodes the

i3t O0G2aARFAS i LKIF OKFIAY ¢KAOK -gaciosiddelsa S
enzyme. This was implemented by plasmidsohardzNJ& y 3 fliAipfoBoter fragment fused

to a truncatedlacZgene. Initiation of transcription at the promoter results in the translation of

i K Sgalactosidase alpha chain, following complementation and formation of the functional
enzyme, thiscleavessubstrates including lactose anotnitrophenyh -d-galactopyranoside
(ONPG)Rigure3.). IASELINS&&A 2y A& dzyRSNJ G6KS O2yiNRf 27
directed by the presence of theElhDG complex, to initiate fliA transcription (Aldridge et al.

2006) CtA! A& |ftaz (y26y I & -premptd gedekrSnNEHNS A
| 26 SOSNI " HYy OCTt AL0OHW AC 02azy RipoBNER theekdesshingdl &

class lll genedliA included)when FIgM has been exported from the lcéh response to hook
completion Figure 1.%. As flagellagene expression is all under a common regulation system

any flagella gene is a good indicator of overall flagella gene activity. Increase in gene
expression ofliA0 & s indicative of moré-hD,G, being present and therefore upregulated

gene expression throughout the flagella gene hierarchy. This should result in the more

modified flagella being translated, which will allow more product to be secreted.
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Class Il gene promoter —

ONPG

v

Figure3.20: Schematic of the gene gxession assay.

Class Il promoters are fused tacZin the plasmid. Therefore when the master regulator
FIhDG activatesi KS Ft¢F3Stft Oftlaa LL 3ISyS LINRBY2(GSN

catalyses the hydrolysis of ONPG into ONP which produces a yellow colour.

A key measurement in the assay is the time taken for a reagent to turn yellow as a result of
ONPG cleavageyaR hbt LINRPRdzOGA2yd ¢KA& Aa OFGFte&ast
response to promoter activation. As the assay is measuring gene expression over time and in
Ydzt GALX S AGNXAy&a | Nry3asS 2F i 3t O0G2%ARIAS
times and OD results will be observed. It is essential that the assay is accurate through the
NI y3aS 2F O2yOSyidNrdAzya 2F i 3JLtlFOG2aARIasS
that the time taken for the yellow colour to arise was within ageaable time and colour

change was measurable with a spectrophotometer. This was particularly relevant for high OD
assays as the colour change occurs at a high rate. Preliminary results indicated that performing

the assay with the same volume of culturezduffer was a suitable ratio.

CtlF3asSttlr 3ISyS SELINBAAATK ¥V ECKIpihAstranS guardify NNA S |
flagella gene expression through the growth curt#gqre3.). Samples of cell culture were

removed every hour to acceggne promoter activity throughout the growth curve.
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Figure3.21: Flagella gene expression throughout the growth curve.

E. coli nCKLand nCKLnlrhA containing the plasmid pGRi®& was grown in LB and the @
assayednCKL ,pCKlplrhA ¢ | lefthand axis)Ly LJ- N> £ £ St OSftfa &SNB K
galactosidase assay was carried out with ONPG as the substrate. Miller Units were derived
from assaysj(CKLblack bamCKlLnirhA: grey bar-right hand axis One biological y@icate of
each.NOTE: no reading obtained fo€HK_at 5 hours.

Growth curves of the two strains were very similar for both strains. The overall trend for both
strains was an increase ifiA gene expression as @ increased. HowevefliA gene
expresan fluctuated throughout the growth curve inCKLnpIrhA® CKlLpromoter activity
exhibited a constant increase from a negligible amount in the early exponential phase to a high
amount in the stationary phas@.CKLlnlrha fliA promoter activity was consistelyt higher and
showed an overall increase during the exponential phase. At 6 hours activity decreased and
gl a f 2 ¢ CKUactiviyl This was followed by an increase at 7 hoyn€KLnlrha fliA
promoter activity levelled off from 7 to 8 hours and wag I8 NJ (CKIfliA actjvity.

IrhA knock outmutants are reported to exhibihigher activity of flagella class | and Il gene
promoters and master regulator promoter activity was 3.5 x higher in tineA knockout

mutant (Lehnen et al., 2002)Thereforeit was expected that both gene expression and
ASONBGOAZY | a4l &a ¢2dd R &KAdutakt StAIK SINS etfedt MEs2 NJY |
not seen in secretion assay resultxither was it obseved in gene expression resuliBespite
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this nCKLnlrhAgene expression results do not reflect the secretion assay redBdtsed on the
secretion assay, gene regtitn would be expected to increase up to 7 hours then tail off.
However gene regulation fluctuated through the growth curve. Consistency between secretion
and gene expression results was observed in the earlier growth phases (up to 5 hopsilLas
nirhA outperformed the kCKLstrain in both assays. However this was short lived and
potentially inaccurate, given the poor reliability of results obtained for the remainder of the

growth curve.

The regulation phenotypef n f N#as different to that reported irthe literature. These
inconsistencies may be due to the genotype of the strain, which may incur genetic variation
over time. This can result in the accumulation of suppressor mutations which reverse the
phenotype.Another possible cause of the unexpecteults in that an insertion sequence is
present in strains. Insertion sequences (IS) are mobile genetic elements which cause genomic
plasticity (Naas etal., 1994) As sme strains of MC1000 have been showrharbouran IS5
elementAy 2y S 27T {3208 or ¥2B@bpapsirédth 6fIhelhD promoter (Barker et

al. 2004 Wang& Wood, 2011) Experimental work will turn to investigatnwhether this is

true of the strain utilised in this study.

3.4.4. Presence of insertion sequence 5 in the fInDC promoter region

2KAES L{p KIa 0SSy & Rbinymotiezstraivs i2 wd® fowml Jaal NS | Y
would not insert in structurallynjon motile mutants (i.dlgK, motA) therefore if present , the

IS5 element will have be an inherited from the parent MC1000 s{isiang & Wood, 2011)
IS5elements caused increased motility in these strains, by reducing transcriptional repression
IS5 insertion does not altdlhD or the promoter regiorper se instead it is thought to alter the

AT-rich region upstream ofihDC.Through this modification it is assumed that IS5 uncouples
binding of theLrhAfrom transcriptional regulation ofhDC(Barker et al., 2004 If the 1S5
elementis upstream offlhD in the MC1000 straimsed in this thesjsthismay account for the
unexpected results obtained for both secretion and flagella gene expression ifritAe

mutant.
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3.4.4.1. Testing for the presence of insertion sequence 5 in the flhDC
promoter region

The presence of the 1S5 element upstreamfloD was confirmed when the entire MC1000
kCKLstrain was sequenced by the MicrobesNG service, University of Birmingham. The

genomic region is constructed belowigure3.).
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Figure3.22: Schematic of the genetic region upstream of tiflaD operon with and without
the IS5 element.

Construction of the upstream region 8hD in (A) MC1000 without any IS elements, based on
literature and genomic databases and) (RC1000k CKLbased on sequencing of the whole
genome. Binding sites for regulatory proteins shown for-N$ (histonelike nucleoid
structuring proteir), OmpR, LrhA, CRP (cAMPeptor protein), RscAB and QseB. Th®
gene, transcriptional start site of thi#hD operon and the-10 and-35 promoter sequences.
Also shown are the IS5 insertion site and in (2) tleilSertion and duplication of the 1S5

insertion site to flank the 1S5 elemefanagihar&t al. 1999; Barker et al. 20p4
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Figure 3.23: Annotated nucleotide sequence of the genetic region upstream of tfieD
operon with and without the 1S5 element.

Constuction of the upstream region dfhD in (A) MC1000 without any IS elements, based on
literature and genomic databases and) (RC1000k CKLbased on sequencing of the whole
genome. Binding sites for regulatory proteins shown for-N$ (histonelike nucleoid
structuring proteir), OmpR, LrhA, CRP (cAMPBeptor protein), RscAB and QseB. Th®
gene,transcriptional start site (+19f the flhD operon and the10 and-35 promoter sequences

are also labelled. Also shown are the IS5 insertion site and in (2) the IS5 insertion and
duplication of the IS5 insertion site to flank the IS5 elem@f@nagiharat al. 1999; Barker et

al. 2004 Clarke & Sperandj@005)

As shown irFigure3. and Figure3., the IS5 element is present upstreamflbiD in the MC1000

k CKlLstrain. This leads to the disruption of the LrhA binding site, one of thiSKites and one

of the QseB sites. It also results in the decoupling of furthé&SHsites, one ofhe OmpR
binding sites and one of the QseB sites (not shown) fronfltiizoperon. With regards to LrhA
and OmpR the IS5 insertion has been shown to result in increased transcriptional activation of
flnD, presumably due to the inability of transcriptiornapressors to bind to site@arker et al.
2004). When osmolality is high, phosphorylated OmpRdbito two sites in thélhD promoter
region, causing a reduction fflnDCgene expressiofShin & Park1995) It is unclear if OmpR
binding is required at both sites to instigate thiffect in E. coli It was reported that OmpR
was required at both binding sites to initiate an effectviarsiniaso this may well be the case
in E. coltalthough it is important to note that ilversinidOmpR binding causes upregulation of
flhDCexpressin therefore conservation between the two species may be I¢iwu et al.,
2009) The HNS is a positive regulator of tifibD operon, and requires binding at altMS dies
(Soutourina et al., 1999)Throughout theE. coligenome HNS binds at mitiple sites in
promoter regions, lateral interaction of-NS proteins causes altered transcriptional control
(Oshima et al., 2006Jsually FNS binding exerts negative regulatory control, as it either traps
or inhibits binding of RNA polymerase; it is suggested that in flagella gene expressisn H
binding allows additional transgtional activators to bind to the promoter region.
Interestingly HNS also positively regulates motility, by binding to the FliG motor protein
promoter region(Donato & Kawulal1998) The quorumsensing regulator QseB is also a
positive regulator which binds at two sites in tfleD promoter region-the proximal weak

affinity site was disrupted and the distal high affinity site (not shown as it is 650+ bp upstream
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of the flhD transcriptional startsite) was decoupledClarke & Sperandi®005) However as

the overall effect of IStnsertion is for a 2.7 fold increase filnD transcription the negative
effect of decoupling HNS and QseB transcriptional control seems to be negated. Some
transcriptional binding sites are upstream of the IS5 site therefore unaffected by the insertion
in the MC100k CKLstrain. The binding site for the negatiflbDCtranscription factor RscAB
complex remainsn situand can therefore potentially negatively reguldtaD. However the
CRPbinding site is still intact, which is beneficial in terms of fleggjene expression
upregulation, as in the absence of glucose CRP activity incrifaB&3expressionZhao et al.,
2007) In has been showim vitro that the presence of CRfan relieve the repression observed

in an HNS knockout mutant. This was not shoinrvivobut may suggest that a combination of
transcription factors act to negate the negative effects of-&lNlecoupling fronflhD by

positively increasing gerfthD expresion beyond their usual capacitoutourina et al., 1999)

Therefore it ispossible to conclude that MC1000 is a hypermotile strain and flagella gene
expression is already upregulated. Therefore the removal of master regulator repressors such
asLrhAis ineffective in increasing flagella gene expression. While this rendersrtteggt to
increase flagella gene expression through the removaltok void, this is not an issue as
flagella gene expression is already high. Investigation will continue, to observe whether this
can be improved upon further with the removal of genes whiencode transcriptional
repressors which are not affected by the IS5 insertion or act directlifh@@ FIhDG (DksA

and ClpX respectively).

3.4.5. Mutant characterisation : dksA

Previous studies have shown that flagella gene expression is higtlesAknock out mutants
(Lemke et al., 2009)acZreporter gene fusions show thdthDCpromoter activity was 2.3 x
higher in log phase and 9 x higher in stationary phase. Here investigation focused on whether
the KCKLkIrhA strain exhibited higher flagella gene expression and whether this translates to
more secretion apparatus and therefore more secretion. This mutant holds pramsisevas
foundthat protein secretion in the secretor strain cleases in the stathary phaseKigure3.),
therefore thismutant has potential to opposthis characteristic and improve protein secretion

throughout the stationary phase. DksA acts by binding near the active site of RNA polymeras
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reduced RNARhDCpromoter DNA complexes and therefore Ig§sDCgene expression. As
DksA is indirectly linked tthDCpromoter DNA (through decreased open RNAP), its route of
action is not alteed by the presence of IS5, which only concerns transcriptional control

upstream of theflhDCpromoter.

3.4.5.1. Effects of deletion of dksA on FT3SS secretion

Once thedksAknockout was confirmed by PCRgure3.) a secretion assay was carried out to
establish the secretion profile of the strain. As it has been reported that flagella gene
expression increases in the stationary phasgnadksAmutants the secretion was measured
through the growth curve, withamples being taken every houyrCKLexpressing E2 protein
were also grown in tandem so that the secretion capacities of the two could be compared. A
protein standard was also loaded onto the SBYSGE gel to allow yields to be quantified.
Following Westerrblotting E2 protein could be observed after 5 hours in both straigufe
3.). More protein was seen in the supernatanfdEKlcells thanndksAat all time points.
Strain C C C C C C
Time[Hours] 3 4 5 6 7 ON
55kDa- . ‘ ' -

43kDa-

aH48

Figure3.24: Secretion of E2 from the skl 2 NJ & (dksh hutant Idyfify the growth

curve.

E.colinCKL(C) ornCKLndksA(D) containingthe plasmid pTr&2 wasgyrown in LB. Cells were
harvested at hourly intervals and the gPmeasured. ie supernatant from 1 OD unit of cells
was precipitaed with TCA (10%/v) before SDAGE iad Western analysis of supernatant
using antiflagellin (H48) antibody and an HRP second&iwy E2 protein standard (S) was

loaded to allow quantification of secreted protein concentration.
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Densitometry analysis vgacarried out on the Western blot. While the standard appears only
faintly on the Western blot, it was detectable in ImageJ software analysis; therefore secreted
protein yield could be calculated and plotted against§®Figure3.). The two mutant strains
grew similarly, suggesting that removidgsAdoes not confer a change in growth phenotype.
The concentration of E2 found in culture supernatant was consistently highpCkKLin
comparison tonCKIndksA Thehighest concentration of protein observed was 93.117 mg L

in nCKlfollowing 6 hours of growth. At every time point following 6 hours the concentration of
E2 protein decreasedwith the exception ofnCKLafter 8 hours, which exhibited a slight
increase.After 24 hours E2 protein was still detected in the supernatant of both strains at

concentrations of 48.1581g I and 15.646 mgtfor nCKlandnCKlindksArespectively.
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Figure3.25: Secretion of E2 from the secretor strain agmaiksA mutant during the growth

curve

E.colinCKLand nCKLndksAcontaining the plasmid pTrE2 was grown in LB and the QD
assayednCKLz , nCKLndksA g , left hand axis). In parallel cells were harvested and the
supernatant from 1 OD unit of cells qmipitated with TCA (10%/v) before SDPAGE rd
Western analysis using asitagellin (H48) antibody and an HRP secondafjie amount of
protein secreted is showim mg L* cell cultureascalculated from a standardised amount of E2
protein using ImageBased densitometrf{nCKL black barpnCKLhdksA grey bar, right hand

axis)
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When visualised as secretion per hokiigure3.) it is evident that the majority of E2 protein is
secreted into the media between hour 4 and 5, where tate of secretion is 93.117 mg'L
Hour' and 63.876 mgLHour' for nCKLand pCKindksArespectively. Following this (with

the exception ofnCKLat hour 7, where a slight positive value for the rate of secretion is
observed) the values obtained forefrate of protein secretion is always negative, indicating
protein degradation. The concentration of E2 protein observed here is markedly higher than
that seen in the previous experimerfigure3.). Potential reasons for thiwill be discusseih

a later section.
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curveper hour

E.colinCKLand nCKindksAcontaining the plasmid pTrE2 was grown in LB and the QD
assayednCKLz , nCKLndksA ¢ , left hand axis). In paralleells were harested and the
supernatant from 1 OD unit of cells precipitated with TCA (M%) before SDAGE iad

Western analysis using afitagellin (H48) antibody and an HRP secondafjie amount of
protein secretedper hour is shownin mg L' Hour' cell cultwe as calculated from a
standardised amount of E2 protein using ImageJ based densitorfedigt black barnCKL
ndksA grey bar, right hand axis)

Following the initial positive rate of protein secretion at 5 hours, protein was secreted at an

increasingly reduced rate; this was opposite to what was expectgdCKLndksA had

performed as antigiated. If thedksAknockout resulted in increased flagella gene expression
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in the stationary phase as reported in the literature, increased secretion apparatus formation
and therefore E2 secretion would have been observed. To investigate if flagella gene

expression was higher in tldksAmutant a gene expression assay was carried out.

3.4.5.2. Effects of deletion of dksA on flagella gene expression

Flagella gene expressiovas measured throughout the growth curve of bgiKLand nCKL

ndksA
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Figure3.27: Flagella gene expression throughout the growth curve.

E. coli nCKLand nCKLndksAcontaining the plasmid pGHRi& was grown in LB and the @B
assayednCKL , nCKindksA ¢ , left hand axis)In parallel cells were harvested and lysed. A
I -galactosidase assay was carried out with ONPG as the substrate. Miller Units were derived

from assaysn(CKLblack barpnCKIindksA grey bar, righhand axis)

Growth curves of the two strains were very siamifor both strains. The overall trend for both
strains was a decrease flA gene expression as @pincreased. However between hour 3
and 4 (late log stagdhA gene expression increased in bgi@KLdksAand nCKL After 2 hours

the promoter activityof nCKlwas higher thamCKLdksA following 3 hours this was still true,
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however the difference had reduced. From 4 hours the promoter activity of both strains was
very similar ¢both exhibiting a steady decrease until the stationary phase where gene

expression was negligible in both strains.

It was expected that both gene expression and secretion assays ‘beutigher in ndksA
mutant strain, particularly in the stationary phasé&his effect was not g@ in either secretion
assay results or gene exprassiresults, howevenCKLNdksA gene expression results do
reflect the secretion assay results, both showing a decrease through the growth cuiie in
promoter activity and E2 protein secretion respectively. In the early stationary phase both
strains dispayed an increase in gene expression from 3 to 4 hdeigu(e3.); this coincides
with the high initial rate of E2 secretion seen in bgi@KLand nCKLhdksA during the early

stationary phase ifrigures..

3.4.6. Mutant characterisation : clpX

As ClpX has been shown to actively degradeRh&GC complex(Tomoyasu et al., 2002he
ClpXknockout mutant is expected to exhibit increased flagella gene expression and therefore
secretion. This has been shown experimentaliyjhelpXmutants were shown toaccumuate
FIhDG, the complex had increased hiife and cells were more motilitagawa et al., 2011)
Therefore emoving pclpX from the kKCKLstrain may result in increased flagella gene
expressionand more secretion.Furthermore as this concerns the reduction in proteolysis of

the FIhQYG, protein complex, the presence of IS5 is not relevant to this investigation.

Prior to the investigation of thelpXknockout mutation in the immotile secretor straithe
effect of the same mutation was investigated in the wijge MC1000 strain. As the MC1000
NnclpXstrain is able to form functional flagella, it enables comparable measurements of motility
and quantification of the abundance of filament protein in wild type MC1000 and the MC1000
NnclpXmutant.

3.4.6.1. Effects of deletion of clpX on the abundance of filament protein

Increased flagella gene expression will result in an increase in the amount of filament (FIiC)
protein which is presented on the surface of cells. Relative concentration of filament protein

associated with the cell surface of MC1000thwand without the nclpX mutation was
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measured to ascertain how thegclpXmutation alters flagella assembly and by proxy, type IlI
secretion. To achieve this strains were grown with low agitation at 30°C to ensure that flagella
filaments remained intact. Cells were then calg collected from the supernatant to ensure
filaments remained intact and normalised for gPto allow direct comparison of the
concentration of filament proteins obtained from each inoculate. Following vortexing to shear
the filaments from the cellshie filament proteins were isolated via several centrifugation
steps, ensuring no intracellular filaments contaminated the sample. Isolated filaments were

then analysed by SEFFAGERigure3.).

MC1000 MC1000 AclpX

Figure 3.28: ncentration of sheared flagella filaments from WT MC1000 and MC1000
nclpX

E.coliMC1000 and MC100@clpX were grown in LB and the Q) assayed. Cells were
harvested and normalised according §yof cultures from which they were derived, filaments
were isolated and loaded onto an SIPAGE and stained with Instant Blue. Results from four

biological replicates.

Densitometry analysis was then carried out on the image of the-FSTEE gel, to allow
quantification of the concentration of filament proteins @bed from the two strains. As a
protein standard was not loaded onto the SBSGE it is not possible to calculate a numerical
value for the yield of filament proteins; however a relative value is also informative as to the

effect of thepclpXmutation on the concentration of FliC protein secreted through the flagella
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type 1l secretion system. ThepXknockout mutation resulted in an average of 1.95 times

more filament protein being secreted through the flagella type 1l secretion sy@§tayare3.).
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Figure 3.29: Relative concentration of sheared flagella filaments from WT MC1000 and

MC1000nclpX

E.coliMC1000 and MC100@clpX were grown in LB and the Q) assayed Cells were
harvested and normalised according §yof cultures from which they were derived, filaments
were isolated and loaded onto an SBAGE. king ImageJ based densitomethe abundance

of filament protein was quantified; results were paired tdoal the calculation of relative
abundance of filament protein to MC1000. Results from four biological replicates, grown on
the same day. A pairedtést was carried out for the praormalised values, to give more
power to the calculationlndividual data pints, mean and standard error of the mean and

result of two way itest shown (** = p<0.01)

Significantly more (2 fold) FliC monomers were isolated fromjitieX mutant, suggesting
that more filament proteins assemble in the mutant as opposed to the tyjié. As they are

secreted through the fT3SS, this would suggest higher secretion capguoitpX¥mutants.
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3.4.6.2. Effects of deletion of clpX on motility

Motility agar plates were inoculated with either WT MC1000 or MC1069X to allow
measuremens of motility. As flagella are intact in these strains, increased flagella gene
expression will manifest in increased motility. The swimming motiligGKLmutants was also
assessed. As these mutant strains do not form functional filaments, it is net&pthat they

will exhibit any motility behaviour. Inoculates from all four strains were stabbed into each
plate to reduce any variability that may arise from the environment. Following inoculation by
stabbing individual colonies into the motility aggiates were incubated at 30°C in humid
conditions, allowing swimming motility to occufigure3.). The radius of the swimming zone
from the inoculation point was measured at time intervals and plates were retuto the
incubator. Over time the swimming zone of motile strains extended and was in some cases
obscured by the perimeter of the agar plate, therefore a measurement of radius was chosen

over circumference. Results were used to calculate the rate of swigm

Figure3.30: The effect ofclpXon the swimming motility of MC1000 and MC10@0IgKLkfliC

strains.

0.25% LB agar plates were inoculated with (clockwise from the top), MC1000, MKXigKIO
kfliC,MC1000k clpXand MC 1000k flgK Lk fliCk clpX.Swimming motility was measured at time

intervals during incubation at 30°C. Images were rdedrfollowing 1 hour (left) and 24 hours
(right).

Results were used to calculate the rate of swimmiSgcretion apparatusk{lgkL kfliC)
mutants always exhibited a lower rate of swimming than strains with intact flagetiare3.).
After 1 hour a 0.625 and 0.875 mm Hdumate of swimming was observed for tHeCKL

mutants, however from 2 hours onwards this rate reduced to around O for both strains. This
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indicated that thek CKLmutation resulted in a strain whicwas entirely immotile, presumably

due to the absence of flagella. Both the wildtype flagstiains displayed swimming motility
throughout the experimentcthis demonstrates that growth conditions were suitable for
motility to occur, confirming the immde phenotype of the secretion apparatus mutants.
After 1 and 3 hours the rate of swimming in MC1000 strains was slightly higher that MC1000
kclpX,however at 2 and 20 hours the rate of motility was significantly higher in MC1000 cells
with the kclpXmutation (p = <0.01. Pairedtést). After 20 hours the average rate of motility

for MC1000KkclpX cells was 1.13 mm Hobr-1.33 times that of MQ100. These results
demonstrate that the removal oflpXfrom the MC1000 chromosome results in increased

motility in cells which produce functional flagella.
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Figure3.31: The effect oftlpXon swimming rate of MC1000 and MC10R@gKLkfliC strains.

0.25% LB agar plates were inoculated with individual colonies. Swimming motility was
measured at time intervals during incubation at 30°C and recorded, allowing the rate of
swimming to be calculated. MC1006:, MC1000kfliC kflgkL: , MC1000kclpX 6 and
MC100GkfliCkflgkLkclpX: . Four biological replicates for each strain.

The secretion capacity of tHeCKLk clpXmutant was then investigated to see if the phenotypic

effects observed ifrigure3. extend to the modified FT3SS secretion platform.
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3.4.6.3. Effects of deletion of clpX on FT3SS secretion

As discussed, the literature suggests that the removalpffrom the chromosome will result

in an increase ifrlhXG complex, therefore inreased flagella gene expression. The secretion
capacity ofk CKLkclpXin comparison to thek CKLstrain was investigated throughout the
growth curve. A plasmid harbouring the E2 secretion construct was electroporategi@ia
andnCKlnclpXcells. Following inoculation and induction with 0.05mM IPTG measureménts o
ODyoo Were taken every hour and the supernatant and cells were prepared foPRIBE and
Western blot Figure3.), to ascertain the concentration of E2 protein. Previously only the
supernatant of cells has beemalysed by Western blot in secretion experiments through the
growth curve, however more information can be obtained by observing the concentration of
E2 located intracellularly. Bands were present in all samples at each time point. A higher
concentrationof E2 protein was seen both intracellularly and in the secreted fractigrCéfL

nclpXmutants in comparison tpCKlat all times.

) Secreted

Intracellular

5 6 7 8 9 24 5 6 7 8 9 24 S

ACKL ACKL AclpX aH4s

Figure3.32: Intracellular and secrete® H FNRB Y (KS & S Oo¥BuitadtNiritgh NI A y

the growth curve.

E.colinCHK. (C) ornCKLnclpX(C)containingthe plasmid pTr&2 wasgrown in LB. Cells were
harvested at hourly intervals and the @bmeasured. 1 OD unit of cells were prepared with 2x
SDSPAGE loading bufferh& supernatant from 1 OD unit of cellsas precipitaed with TCA
(10% v/v) and prepared with 2x SBE8ading buffer. Samples underwenSDSPAGE rd
Western blot analysis of cells and supernatant using-#agellin (H48) antibody and an HRP
secondary An E2 protein standard (S) was loaded to allow quaatifia of intracellular and

secreted protein concentration.

Densitometry of each band on the Western bl&igure3.) was measured using ImageJ and
values were calibrated to the E2 protein standard to calculagedbncentration of E2 protein
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in samples from both strains at hour time points. In addition to the results obtained by the
Western blot shown ifrigure3., a further biological repeat was analysed and is includdte
following results. Results reflect the amount of E2 secreted per OD unit, however if this value
is adjusted to account for the volume removed to amount to 1 OD unit, aTaglture can be
calculated Figure3.) for both intracellular and secreted E2 protein. Cell densitiesdfPef the

two cultures were very similar throughout the growth curve, demonstrating that there was no
detrimental effect of the mutation on strain§.he concentration of E2 in theupernatant of
NCKlpclpXég - & | f g1 @& 3 NBCKIFghk3i I&ft). The highesticonteyitration of

& SONB (i SR CKlstraih yas dbkeBredyin the mid log phase at 5 hours (1.237 g L
after which slight fluctuations in E2 concentration were observed, however the concentration
was always lower in the hours following this initial measurement. From 5 to 6 hours the
O2yOSYUuNF GA2Y 2F 9H GKhclpkees indréasetiEoin 3@ toBRAO OG A 2 y
mg ! and then began to decrease to 2.324 mgskcreted E2 following 24 hours growth. As
observed in the secreted fractioRigure3.: right), the highest intracellular concentration of E2
(1.748 gL 46 a 2 06 a S NI SOKL After 24phoufé hdmdllias G440 GE2 protein
present in cells. There was always more E2 presenCiinclpXO S f f & CKii e hyighgst
concentration of intracellular protein inCKLnclpXwas observed after 5 hour®.633 g L)

and decreased every hour following this, with the exception of 7 hours where there was a

slight increase. After 24 hours 1.4399H2 was visible in cells.
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Figure3.33: Intracellular and secreted2 from thea S ONXB @ 2 NJ cp¥ mdtakt Wurilgy R n

the growth curve

E.colinCKLand nCKLnclpX containing the plasmid pTrE2 was grown in LB and the QD
assayednCKLz , nCKIndksA ¢ , left hand axis)In parallel 1 OD unit of cells were prepared
with 2x SDSAE loading buffer. Theupernatant from 1 OD unit of cells precipitated with
TCA (10%/v) and prepared with 2x SEFAGE loading buffer. Samples underwBmRtSPAGE
and Western blot analysis using afifigellin (H48) antibody and an HRP secondafhe
amount of protein secreted (A) or located intracellularly ®)shownin mg L cell cultureas
calculated from a standardised amount of E2 protein using ImageJ based densitgni&xity

black barpnCKLndksA grey bar, right hand axis). Results from two biological replicates.

By subtracting the concentration of E2 present in the supernatant at the previous hour from
each value it is possible to observe the rate of protein secregioeach time point in mg™L

Hour?, rather than a cumulative view. A positive value shows that protein secretion exceeds
degradation, while a negative value suggests the opposite. The highest rate of E2 secreted by
nCKlwas 1.971mg ! Hour* and 3.745mg L* Hour* for nCKlnclpX For both strains this high

rate of E2 secretion was observed from 4 to 5 hours (the mid log phase). As the concentration
of E2 was not measured at 4 hours, it is not possible to ascertain whether the rate observed at
5 hours $ accurate or whether protein was also secreted prior to 4 hours. After 5 hours the
rate of E2 secreted bgCKLwas either negative or negligible, suggesting that secretion was
low and degradation high. After 6 hours cells reached early stationary pha&seath of
secretion observed in thelpXknockout mutant was reduced, but positivsuggesting that
either (or both) secretion was slightly lower or degradation slightly higher than at 5 hours.
After 6 hourgnCKlnclpXdemonstrated a negative rate of prdtesecretion, suggesting protein
degradation was higher than secretion of E2. The rate of secretion observed between 9 and 24
hours for both strain was aroundqduggesting that both E2 protein secretion and degradation

were matched.
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Figure3.34: Secreton2 ¥ 9H FTNRY (K &IXOditEN (] iy thelighivth Y | Y

curveper hour

E.colinCKLand nCKLnclpXcontaining the plasmid pTrE2 was grown in LB and the &P
assayednCKLz , nCKLnclpX ¢ , left hand axis). In paralleells were harvested ahthe
supernatant from 1 OD unit of cells precipitated with TCA (M%) before SDPAGE rad
Westernblot analysis using anflagellin (H48) antibody and an HRP secondadrite amount
of protein secretedper houris shownin mg L' Hour® cell cultureas calculated from a
standardised amount of E2 protein using ImageJ based densitorfedigt black barnCKL

nclpX grey bar, right hand axidResults from two biological replicates.

One of the advantages of measuring both secreted and intracellular protein is that a broader
picture of strain effects can be inferred, to include translatiband secretion capacity of
strains. By calculating the total concentration of protein in cell cultures (both secreted and
intracellular), it is then possible to calculate the proportion of total protein which is secreted
(expressed as a percentage ofdbprotein). This provided information as to which strain is the
most efficient secretor. This is informative as it is probable that the tuning of protein
production to secretion capacity may be beneficial to improving the rate of protein secretion.
For example if the cell invests metabolic energy in producing recombinant protein, less energy

is available to produce secretion machinery.
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Figure3. shows the secretion efficiencies of bgiiCKLand nCKLnclpXover the growth curve.

¢ K SlpX¥mutant is more efficient at protein secretion than tipeCKLstrain throughout the
growth curve. At 6 hours (late log phase) it is over 5 times more efficient at secreting E2
protein thannCKLAIlthough it is reasonably consistetihe overall trend is for the efficiency of

E2 protein secretion to increase through the growth cuiiiee highest proportion of secreted
protein observed was 0.217%. This indicates very low efficiency of protein secretion. With
additional strain improverents and alterations to the fermentation method, it may be

possible to improve this.
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the growth curve

E.colinCKLand nCKLnclpXcontaining the plasmid pTrE2 was grown in LB and the &P
assayednCKLz , nCKlnclpX ¢ , left hand axis)In parallel 1 OD unit of cells were prepared
with 2x SDSAGE loading buffer. Thepernatant from 1 OD unit of cells precipitated with
TCA (10%/v) and prepared with 2x SEFAGE loading buffer. Samples underwBmSPAGE
and Western blot analysis using afitagellin (H48) antibody and an HRP second&agllowing
the calculation of he amount of proteirsecreted or located intracellularly (mg tell culture),
the percentage of secreted protein as a proportion of total protein was ascertameet(

black barpnCKlindksA grey bar, right hand axis). Results from two biological replicates.

As the measure of secretion efficiency of the FT3SS is devised by comparing secreted and

intracellular protein, it cannot distinguish the route by which pioteappears in the

supernatant. A high value for secretion efficiency may suggest that cell lysis is occurring. This
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was investigated by stripping the nitrocellulose membrane used for Western blotting of
antibodies and reprobing this with an ai®roEL andsuitable secondarHRP conjugated
antibody Figure3.). As GroEL is a cytoplasmic contaminant, the presence of it in the secreted
fraction suggests some level cell of lysis has occuakidough this cannot beefated to cell
numbers or concentrations of GroEL. As a degree of cell lysis is expected in cell culture, a low
level of GroEL is always expected to be present in samples (visible band at all time points, in
both strains inFigure3.) and is never observed at a high enough level to suggest it accounts for
the differences in secretion levels observed. The exception to this is seen following 24 hours
growth, as a higher concentration of GroEL is detected in theetegtifraction (more so with

the clpXknockout mutation), suggesting an increased rate of cell lysis. This means that E2
found in the extracellular fraction following 24 hours growth, may in part be due to cells lysis,

rather than directed FT3SS secretion.

5 6 7 8 9 24 5 6 7 9 20 S
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Figure3.36: Abundance of GroEin the supernatant ofnCKLand the nclpXmutant through

the growth curve

E.colinCKL(C) ornCKLnclpX(C)containingthe plasmid pTr&2 wasgrown in LB. Cells were
harvested at hourly intervals and the @bmeasured. 1 OD unit of cells were prepared with 2x
SDSPAGE loadinguffer. The supernatant from 1 OD unit of cellsas precipitated with TCA
(10%v/v) and prepared with 2x SBi&ading buffer.An E2 protein standard (S) serves as a
negative control. Samples underwelDSPAGE md Western blot analysis of cells and

supernaant using antGroEL antibody andHdRP secondary

¢ KS ST T SdpX maafion apiiedirs 1o have a positive effect of both the amount of E2

protein produced intracellularly, the concentration secreted protein, the rate at which this
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protein is secreted and finally the proportion of total protein thatsecreted. This is very

promising in terms of the aim of improving protein secretion through the fT3SS.

It was hypothesised that an increase in FT3SS secretion would be obsejveédinhitants

due to decrease®lhDyG complex degradation and therefoiecreased-IhDG half-life, which

will amount toincreased flagella gene expressionofder to investigatewhether this increase

in protein secretion is due to increased flagella gene expresgiEme expression assays were
carried out. As described g@viously, the use plasmids which harbour a flagella gene promoter
fragment, fused to a truncatedacZa Sy S 066 KA OK Sy O2RSa i 3t C
expression to be measured based on the rate of ONPG cleavage. Despite several rounds of
optimisation and the use of plasmids harbouring either theZfliA promoter fusion used
previously, or alacZflnB promoter fusion it was not possible to obtain results for gene
expression inthgn OXMLdzi F yio® ''a | aalrea 27F i laddfudiohsOni 2 a8 AR
kclpXmutants is reported in the literature, it is unlikely due to incompatibility. In fact one

exaY L S Ay@SaidAalrasa i 3 fliA-l6cd Risioh R KApRPmutddii A FA G ¢
straing and concludes thatliA gene expression is increased almost 4 fold with ktudgpXP

mutation (Kitagawa et al.,, 2011) While this investigation was carried out in
enterohaemorrhagi. colithe experimental procedure was otherwise very similar, although

this was in akclpXPnot kclpX background, so potentiallyNES / f LJt O2dzZ R 0 S
galactosidase, although this has never been reported. Another possibility is that flagella gene
expression has not been increased, instead the increase in E2 expression may be due to the
absence of ClpX directed degradationFiC (E2), RNA polymerase or ribosome degradation

for example (although there is no experimental evidence for this in the literature). As it is
evident from the literature that the removal alpXfrom the chromosome oE. colresulted in
increased flagéa gene expressiorfTomoyasu et al., 2003; Kitagawa et al., 20Q1if)is
postulated that this is the route by which E2 protein secretion was increased maK#n OX LJ

strain.

While p OX hatl a positive effect of the concentration of E2 protein secreted uglothe
FT3SS into the media, the literature also highlights that ClpX protease acts on many proteins in
addition to FIhnDG and alters many gene regulatory pathways in addition to flagella. ClpX
protease confers protein quality control, control of stresssponse and DNA damage,
stationary phase gene expression and cell divigklgnn et al. 2003; Baker & Sau2012)It

has been previously shown that agpXImodulates the balance of cell division proteins, the
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absence of ClpX protein leads to elongated filamentBusoliMC784 straijp and that cell

division is delayedCamberg et la 2011) The phenotype ohCKLnhclpXwas investigated to

observe whether it igphenotypically altered in any wagboth by observing the growth and
Gradz f LIKSy2GeLIS 2F GS A0GNIAY Ay O2YLI NRazYy

3.4.6.4. Effects of deletion of clpX on growth ph enotype

A number of factors can alter the growth phenotype of cells (chromosomal mutations, the
production of plasmid derived protein, growth conditions). The effect of this can vary from
marginally increasing or decreasing the growth rate, altering thee tat which stages of the
growth curve are reached or entirely compromising cell growth, should the strain be non
viable. TheclpX knockout mutant proved beneficial in increasing the concentration of E2
protein both produced and secretethis modificationmay also alter the growth phenotype of

the mutant in comparison to thke CKlstrain. In addition to this the expression of plasmid DNA
and production of protein can also change the growth phenotype of cells. This effect is usually
detrimental to cell growh, as metabolic energy is diverted to rohromosomal protein
production and away from growth processed. Both the effeckdpXand the production of

plasmid derived E2 was investigated with regard to cell growth.

Figure3. shows that the induction of gene expression in cells harbouring pTrc E2 resulted in a
decrease in growth rate. Cells exhibited a prolonged lag phase (until 1.5 or 2.5 hours, as
opposed to 1 hour) and the rate of growth (mean generation tinmeased 1.36 and 1.49 fold

for KkCKLand kclpXrespectively) in the log phase was reduced. However in late stationary
phase similar final Qf) values for the cultures were achieved. This effect was more
pronounced inkclpXcells, which were shown to exhibit significantly lower opticahslties
throughout the growth curve when expressing pTrc E2 in comparison to empty vector (p =
<0.0001. Pairedest of average Oy values at each time point). The introductionkafipXto

cells resulted in a lower rate of growth in cells expressitigeeiempty pTrc or pTrc E2. In cells
expressing empty vector, this effect was not significgnthile the addition ofkclpX did
compromise growth rate it was not sufficient enough to suggest the mutation is very
detrimental to cell growth. Optical densitied all times were significantly lower fdéclpX+

pTrc E2 than all other strain and plasmid combinations vector (p = <0.0001. R#astdot

average OB, values at each time point). The lag phase was 1.5 hours longer, growth rate in
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log phase slower ahthe time taken to reach stationary phase longer. This is likely to be an
additive effect of the reduced growth rate of both cells expressing pTrc E2 an#édcthX
mutation, although it would appear that the production of E2 protein contributes more i® th
effect. Growth ofkclpX+pTrc E2 was still satisfactory, however it reveals that whilek teX
strain may be preferable for secretion of E2 protein, it may require a longer incubation time, as

the growth lags.

0 5 10 15

Time [Hours]

Figure3.37: Growth of the secretor strain and th&clpXmutant with pTrc or pTrc E2 plasmid

in LB media over time in a 96 well plate. Calibrated to LB media.

E.colinCKland nCKLnclpXcontainingeither empty pTrc vector or the pTrc E2 wep@wn in

96 well plate wdk inLB and the Ofg,assayedCells were supplemented with 0.05mM IPTG to
induce plasmid expression. Results were calibrated to values for LB only values. Averages were
calculated to account for technical repeats and then biological repeats. The stagtardf

the mean is shown for biological repeats (NF8}KL+ pTrc E25, nCKlb  LJ¢ NO SCOKLJIG &8 Y
nelpX+pTrc E2¢ |, nCKlpclpX+pTrc empty:

3.4.6.5. Effects of deletion of clpX on cell morphology

Previous studies have shown that the absence of ClpX protein leads to elongated filamentous
E. coliCamberg et al., 2011 his observation was made in a MG1655 background strain with

a kminCdeletion, this knockout mutation resulted in elongated cell phenotype, presumably
because MinC inhibits the cell division protein FtsZ. The removal of ClpXkmth€strain
resulted in increased cell elongation. Therefore the overall conclusiarthed removal of ClpX
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resulted in a higher abundance of proteins which delay cell division and lead to cell elongation.
This was investigated by measuring the lengthk@KLcells -with and without the kclpX
mutation- following growth in liquid culture, qoor to fixing cells onto microscope slides and
Gram staining cells. Images were captured at 100x magnification and a scale was added to the
images Figure3.). Cell length was measured using ImageJ from thesmgé@s A range of
lengths are visible by eye and care was taken not to preferentially select cells of a certain
length, instead a small area was selected and 33 cells lengths were measured for each
biological sample. Cell morphology looks similar by eyhpagh it is evident that there are

some very elongated cells presentie k CKLk clpXimages (i.eFigure3.: K CKIkclpX3).

ACKL1 ACKL?2 ACKL 3

ACKL AclpX 1 ACKL AclpX 2 ACKL AclpX 3

I 20 ym l

Figure3.38: Microscope images of Gram staindéCKland k CKLk clpXcells.

Followng liquid culture cells were fixed onto microscope slides and Gram stained before
imaging under 100x magnification. Three biological replicates of each strain:k @igl-
bottom: kCKLkclpX A 20um scale was added to images. Cell length was measured using

ImageJ and adjusted by calibration to the scale to calculate the length of cells.

The results following measurement of cell length show thepXresults in elongation of cells
from an average of 0.611um f&CKLto 0.782um fork CKLkclpX this represernd a 1.28 fold
increase which was found to be statistically significaxgre3.: left). Sorting this data into
bins with 0.1uM increments for the centre of each bin, revealed that the distribution of sizes
differs for the twostrains Figure3.: right). K CKLk clpXwere more commonly larger in length
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that k CKLThe modal length df CKlcells was centred at 0.5uM, whereas fCKILk clpXit was
0.9uM. The distribution ok CKLk clpXcell length extended beyond the highest length seen for
kCKL(1.0pM), to 1.5uM.
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Figure3.39: Length of Gram staine# CKLand k CKLk clpXcells and histogram following bin

sorting for length.

Following liquid culture cells were fixed onto microscope slides and Gram stained before
imaging under 100x magithtion and length under analysis with ImageJ. Cell length was
adjusted by calibration to the scale to calculate the length of cells. N = 99 (33 measurements
from each biological replicate; three biological replicates of each strain). Left: Average length
of cells. Standard error of the mean shown. **** = p <0.0001. Unpairegstt Right: Results
sorted into bins for length (0.1uM centre®lack’k CKL Greyk CKLk clpX

3.5. Negative control of FT3SS secretion

Altering the secretion capacity of the FT3SS by altéhgaCexpression was not feasible in the

case oflrhA or dksA,however some progress was made wkblpX.Prior to implementing
additional strategies to improve FT3SS secretion, negative control of FT3SS secretion was
investigated, to ensure the presence of E2 in the supernatant is indicative of FT3SS directed

secretion and no other route.
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3.5.1. Rationale for mutagenesis: negative control of protein secretion
through the FT3SS

As the E2 protein harbours the secretion signal for FT3SS, it is expected that this is the route
for protein secretion into the supernatant. Currently the low and consistent concentration of
GroEL detected in thsupernatant of cells, suggests that cell lysis is not prevalent enough to
be responsible for the presence of the majority of E2 visible in the supernatant of cells. To
confirm this with more confidence, strains were developed which do not form fully ifumeit
secretion apparatus to observe whether E2 protein would be found in the supernatant of

these cultures.

3.5.1.1.flhDC

As described the class | operoithDC sits at the top of the flagellayene transcriptional
hierarchy(Figure 1. andinitiates allflagella gene expression (whether directly or indirectly).

The removal offhDCin the kCKLstrain will result in the total absence of flagella gene
expression and thus lack flagella structures (i.e. secretion apparatus). The basis of the
secretion platfom is the directed secretion of proteins which harbour the 47 amino acid FIiC
secretion signal though the FT3SS, therefore secretion of FIiC secretion signal tagged proteins
will not be achieved in strains void of secretion apparatus. Any protein obsérvehe
supernatant will be a result of undirected extracellular transit i.e. cell lysis, cytoplasmic

leakage.

3.5.1.2. flgDE

The rationale behind th&flgDEmutant concerns the early and late substrates of flagella gene
expression. As flagella synthesis is a metabolically expensive process, it is under tight
regulatory control, with checkpoints throughout. A key point of control of flagella gene
expres#on is the inhibition of class Il gene transcription until the hook structur@ isitu
(Figure 1.5) Prior to the formation of the hook structure FIgM is retained by the cell and
inhibits class 1ll gene expression by binding to the transcriptionahtimitiof class Ill gene

expressionFliA { # factor). Upon completion FIgM is secreted through the hook structure and
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Of Faa LLL 3ISyS (NI y & CHRtRHIGRe®R00R; Karliksgyretiah 20A0$ R 0 &
ThekflgDEstrain shouldnot secrete FliC, although this is not just due to inhibition of class I
3SyS SELINBaarzys GKS &GNIXAYy Attt Ffaz o6S wS|
(FIiC included) will not be secreted. Previous work has demonstrated that Etetice signal

tagged proteins are not secreted through hook deficient strains. As statedwBli@l not

usually be present in &flgDE strain (Stafford et al.,, 2007)However as the design of the
secretion construct allows induction of plasmid expression via the IPTG induciptemoter

of the pTrc vector, it will be possible to express the FliC variant E2 in this strain, regardless of

the incomplete hookbasal body structure.

3.5.2. Mutant generation : flnDC and flgDE

3.5.2.1. Knockout mutagenesis via phage transduction: fIhDC

Attempts to ug P1 phage transduction to transfer a kanamycin link#dDCmutation from

an MC100&kflhDCparent stain into MC100@CKLconsistently resulted in strains with poor
growth in liquid culturecthis could possibly be attributed to the retention of phage, however
the sodium citrate procedure was carried out mplé times to eliminate phage. Therefore the
MC1000kflnDCparent strain was utilised as a negative control. While the absentigkifand

fliC from the chromosome would have represented a true negative control, the fact that the
absence offlhDCwill in turn ensure that these genes (along with all flagella genes) are not

expresseawill effectively result in the same phenotype.

3.5.2.2. Knockout mutagenesis via the Lambda Red recombinase
method: flgDE

As a strain with thdlgDEknockout mutation was noteadily available, it was necessary to
derive KCKLkflgDE de novousing the Lambda Red recombineering method. Primers were
designed to amplify the FRT flanked resistance gene from the appropriate template plasmid
(pKD4). Successful PCR reactions were confirmed by the presence of product DNA which
corresponded to the anticipated PCR product size of 1.6 kbp. A positive result was achieved

(Figure 3.), the band was excised and DNA isolated. Product DNA comprises of FRT flanked
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kanamycin resistance cassette ttvhomologous ends to the umnd downstream regions of
flgDE.

s cnmim o |

Figure3.40: DNA gelof gene knockout construct PCR products.

PCR reactions were carried out using the pKD4 template psimders in Appendix2 with

Phusio® HighFidelity DNA Polymerase. PCR mixtures were analysed on a 1% TAE agarose
DNA gel supplemented with a trace of ethidium bromide, visualised under UV light and
AYOSNISRD® {FYLX Sa 6SNB Nizy ¢AGK DSy Stiodadf SN ™

the flgDEgene knockout construct harbouring the kanamycin resistance cassette

Once isolated, the linear PCR derived DNA was electroporated into parent strains expressing
Lambda Red recombinase enzymes. This resulted in the linear DNA temgiladeimserted

into chromosomal DNA at homologous regions. Successful recombination events were
screened by plating on agaates supplemented with kanaynin. Positive colonies were
observed for all and following the curing of the Red recombinase plasmildas no further

recombination events occur, the deletion ftfDEwas confirmed with PCR.

3.5.2.3. PCR conformation of knockout mutagenesis: flgDE

To confirm that the acquisition of antibiotic resistance was indicative of the removal of the
gene targetel PCR reactions using combinations of primers which anneal either in the
antibiotic resistance cassette or the region of chromosomal DNA upstreafigDE were
carried out The presence of a 1333kbp PCR product confirfigBE::Km knockout

mutagenesisKigure3.).
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Figure3.41: AgaroseDNAgel of PCR product to confirm successful knockout mutagenesis of

flgDE

PCR reactions were carried out using the templates@irders inAppendix2 with Phusio®
HighFidelity DNA Polymerase. PCR mixtures were analysed on a 1% TAE agarose DNA gel
supplemented with a trace of ethidium bromide, visualised under UV light and inverted.
{FYLXf Sa ¢SNBE Nizy ¢AlGK DB pesfikedzh BieNfarmatidoba 1538 ! I |
kbp PCR product.

3.5.3. Mutant characterisation: Further optimisation of the secretion

assay

Prior to the assessment of the secretion capacity of the negative control strains, the secretion
assay was optimised to jpnove throughput. While informative, this secretion assay was time
consuming, as samples and measurements must be taken every hour during growth. In
addition, as sample must be removed from the cultures every hour, cultures must be a large
volume ¢this limits the number of experiments which can be carried out in tandem, due to
limited incubator space. These two factors limit the throughput of the secretion assay,
therefore the assay was modified so that secretion was assessed based on a single time point,

allowing smaller culture volumes to be grown.

As the secretor strain was grown alongside all of the growth curve secretion assays for the
strains which were designed to increase flagella master regulator expredditi,(k dksA

kclpX, a wealth of infamation about the secretion capacity of the original secretor strain
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through the growth curve has been gathered in this theBigyre3., Figure3. and Figure3.).
Overall, so far in this thesis, the highest concentration of E2 in the supernat&@kKifand
fastest secretion rate was observed betweeng8D and 2. Therefore QR 1.5 was selected

as the optimal time point to measure secretion capacity of strains expressing E2 protein
herein. The volume of cells grown was scaled down from 100mL rtd- kfultures, allowing

many experimental variables and repeats to be tested in one experiment.

3.5.4. Negative control mutant characterisation: Effects of deletion of
flnDC and flgDE on FT3SS secretion

While the secretion capacitior E2 protein by the dginal secretor strain and mutants has
been investigated it cannot be confirmed that cell lysis, a leaky cell membrane or undirected
protein secretion through other secretion systems are not the cause of this. Routine
Coomassie stain SIPAAGE gels of treupernatant of cell cultures provides evidence cell lysis is
not prevalent, as supernatant fractions are clear of contaminating proteins. Further to this
Western blotting of supernatant fractions and probing with an antibody for the cytoplasmic
chaperone potein GroEL does not reveal major cytoplasmic contamination of the supernatant
prior to the late stationary phaseF{gure3.). Despite this information, the utilisation of a
negative control for FT3SS secretinmuld add more power to this assumption. Protein
expression and secretion of E2 was measured in the original secretion strain M2KDéhe

most promising mutant strain MC1000CKLkclpXand the two negative controls MC1000
kflhDCand MC100& CKIk flgDE(Figures3.).

Aside from the 42kDa E2 protein in the supernatant fractions no other protein is visible in the
Coomassie stained SIPAGE, showing that the supernatant is free of protein contaminants. It
is appaent that E2 is overexpressed in the cell fraction of all strains; however it is only visible
in the supernatant ok CKLand k CKLkclpX In this experiment the concentration of secreted
E2 is higher in th&clpXmutant. The same pattern of expression and secretion is observed in
the H48 antibody probed Western Blot of the same protein samples. This shows that the two
methods give an accurate representation of the concentration of E2 protein present both in
the cell and secreted fractions of all strains. Despite the E2 seen in the Coomassie strained
SDSPAGE being more linear, the Western blot underwent densitometryyaislas the cell
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fractions of the Coomassie stain are not suitabile analysis by this method, due to the
abundance of other protein. However it is evident from the Coomassie stained?SGE
(Figure 3.: top), that E2 is visible in the intracellular fractions of all strains at a similar
concentration, with the exception &CKLkflgDEwhere the concentration is lower. While no
E2 is seen in the secreted fractionskdthDCand kflgDEmutants, around four times ore is
seen in thesupernatantof KCKLkclpXcells in comparison t& CKL Densitometry analysis of

Coomassie stained SIPAGE shown confirmed this to be 3.8 times more E2.
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Figure3.42: Intracellular and secretedE2 from the secretor straimflhDC,pflgDEL Y RelpXh

mutants.

E.colinCKLC) nflIhDC(DC) nCKnflgDE(DE) omCKlnclpX(X)containingthe plasmid pTr&2
wasgrown in LB. Cells were harvested ats6D.5. 1 OD unit of cells were prepared with 2x
SDSPAGE loading bufferh& supernatanfrom 1 OD unit of cellsvas precipitated with TCA
(10%v/v) and prepared with 2x SEI8ading buffer.Samples underwenSDSPAGE rad either
Coomassie staining with Instant Blue or Western blot analysis of cells and supernatant using
anti-flagellin (H48) arilbody and an HRP secondaAn E2 protein standard (S) was loaded to
allow quantification of intracellular and secreted protein concentratitmtracellular: 5uL;

secreted: 15uL; standard: 5uL.
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Densitometry analysis by ImageJ was carried out on two habgepeats of the experiment.
The use of the E2 protein standard allowed the protein concentration to be quantified for both
intracellular and secreted protein, this enabled values from the two replicates to be combined
(Figure3.). A higher concentration of E2 was found in the intracellular fractions of mutant
strains in comparison to theCKLkclpXdisplayed both the highest intracellular (136 L

cell culture) and extracellular (23.457 mig E2 concentration. No E2 protein was found in the
secreted fraction of either MC10GGIhDCor MC100k CKIkflgDE.
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Figure3.43: Intracellular and secreted?2 from the secretor straimflnDC,pflgDEI v RelpXh

mutants.

E.colinCKI_nflnDC nCKinflgDEor nCKnclpXcontainingthe plasmid pTr&2were grown in

LB to Olgy 1.5. An E2 protein staaad was loaded to allow wgntification of intracellular and
secreted protein concentration. Following Western blot analysis of cells and supernatant using
anti-flagellin (H48) antibody and an HRP seconddsnsitometry analysis was carried out
using ImageJlhe amount of proteiiocated intracellularly (cells) @ecreted(SN)is shownin

mg L' cell cultureas calculated from a standardised amount of E2 protddata from two

biological replicates. Individual data points, mean and standard error of the mean are given.

In additon to this the same protein samples were also examined for the presence of GroEL by
AONRLIIAY3I GKS 2S5aiSNYy of20 LINRPOSR ¢AGK hlny
As a cytoplasmic chaperone protein GroEL is expected to be present in similantcatices

in intracellular protein fractions across strain. The presence of GroEL in the secreted fraction
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indicated some leakage of protein from the cytoplasm into the supernatant. It is apparent that
the abundance of GroEL in the intracellular fractiohshe strains is very similawhile this is
expected it is also a useful indicator that protein loading onto the-BBGE iaccurate Figure

3.). Less ®ELis present in the supernatant in comparison to cetlsere is more GroEL

present in the supernatant of MC10@®hDCthan the other three strains.
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Figure3.44: Abundance of GroEL in the intracellular and supernatant fractiongn6KlLand
the pflhDC, pflgDE Iy RelpXamutants, following expression and seetion of E2 protein
through the FT3SS.

E.colinCKL(C),nflnDC(DC) nCKInflgDE(DE) onmCKlLnclpX(X)containingthe plasmidpTrcE2
was grown in LB. Cells were harvested atq@[.5. Samples underwenSDSPAGEand
Western blot analysis of cells and psunatant using antgroEL antibody and an HRP

secondarylntracellular: 5uL; secreted: 15pL.

Densitometry allowed comparison of the abundance of GroEL in both the cell and secreted
fractions of all strains in both biological replicatés. a GroEL proteistandard was not used it

was not possible to absolutely quantify the concentration of GroEL, therefore to enable the
comparison of results across biological replicates densitometry results were normalised to the
value calculated for either secreted ortriacellulark CKL(Figure3.). As seen ifrigure3., the
abundance of intracellular GroEL of all strains was very similar and demonstrated low
variability¢suggesting azurate loading of cell protein onto the SIPBGE. This is interesting as

it has been reported that GroEL levels are elevatedpXknockout mutantgWeichart et al.,
2003) In secreted fractions of protein very low levels of GroEL were detected injifigibE

and npclpX mutants, suggesting that cell lysis and @lasmic leakage were low. The

concentration of GroEL ipflhDCwas slightly higher overall than in the secretion apparatus
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mutant. Despite the presence of cytoplasmic protein in the supernatantfloDC E2 protein
was not detected Kigure3.). This suggests E2 detected in the supernatant of other strains
(k CKlandk CKIk clpX has been secreted through the modified FT3SS.
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Figure 3.45. Densitometry analysis of the abundance of GroEL in the intracetludad
supernatant fractions of nCKLand the pflhDC, pflgDE |y RclpXmutants, following

expression and secretion of E2 protein through the FT3SS.

E.colinCKInflhDC nCKLnflgDE,or nCKLnclpXcontainingthe plasmid pTr&2 wasgrown in
LB. Cells were haested at Ol 1.5. Samples underwel8DSPAGENd Western blot analysis
of cells ad supernatant (SN) using ai@oELantibody and an HRP secondabensitometry
analysis was then carried out, and results normalised to the value derivguCigtio allow

comparison across biological replicates (N=2).

The complete absence of E2 protein observed in the supernatants ofjtiitBCand nCKL
nflgDE confirm that they are both suitable strains to demonstrate negative control of FIiC
secretion signal directed 2Eprotein secretion through the FT3SS. Complementary to this
finding is the evidence that cell lysis or cytoplasmic leakage are not prevalent in the positive
secretion strains; contaminating protein is not observed in the Coomassie strains of the
supernatant fractions and the concentration of GroEL is not higher in positive strains in

comparison to negative strains.
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Now that negative control of E2 protein secretion has been established, it can be concluded
with confidence that E2 found in the supernatamadtion is present due to directed FT3SS

secretion.

3.6. Improved FT3SS secretion: reduced metabolic

burden and negative feedback

3.6.1. Rationale for mutants: reduced metabolic burden and feedback

mutants

An alternative strategy is to improve flageligne expression by reducing internal negative
feedback which occurs within the FT3SS gene expression hierarchy. An additional strategy
would be to remove FT3SS genes which are obsolete in the modified FT3SS mutant. This may
include genes linked to motilitor precursors or chaperones to deleted genes. It is presumed
that the removal of any gene will result in decreased metabolic cell burden and therefore
increased energy for other processes (such cell growth, the production of secretion apparatus
or plasmd protein). The rationale for the mutantk CKL kmotAB, kfliDSTand kflgMN

comprise of a combination of these strategies.

3.6.1.1. motAB

The MotAB complex attaches to the cell wall tia MotB protein forming the flagella motor
stator. In addition the complex forms the channel which allows gmoand sodium transport
down their electrochemical potential gradient through the cell membrane. This process
provides energy (known as proton or sodium motive force) which drives the flagella motor
(Hosking etl. 2006 Minamino et al. 2016 MotB blocks this channel prior to the other F83S
elements being in place, only unlocking it when it comes tdatact with the basal body
motor. Overexpression of MotAB increases the proton permeability of cells and causes a

reduction in proton motive force, which results in growth impairmégBtair & Berg, 1990;
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Zhou etal. 1998) Whereas, increased proton motive force has been shown to increase
secretion of FT3SS substrates through the existing strugtdneamino et al. 2015 MotAB
has been shown to be essential in flagella rotation but not assembty tfarefore by proxy
one can infer secretioriBlair, 1995) This suggests that deleting MotAB in tk€KLstrain
should have no effect on the secretion properties of the secretion apparatus.kTke
kmotABstrain may have a reduced metabolic burden, therefore direct more resources to cell
growth and potentially flagella and secretion protein productidn. addition to this the
knockout mutation may result in reduced proton permeability of cells, therefore an increase in
proton motive force and an increase in growth rate and improved secretion due to more

secretion apparatus being situ

3.6.1.2. flgMN

FIgN is a chaperone to FIgK and FIgL therefore unnecessary in the secretor strain. It is also a
translational regulator of class Il aisigma 28 factor FlgM-{gure3.) (Aldridge et al., 2003)

Loss of FIgN leads to reduced FIgM (FIgM is still present as it is still translated from the class Il
promoter), resulting in higher levels of sigma 28 gene expres@f@mlinsey et al. 2000)
Conversely it is reported that reduced levels of sigma 28 are observed in FIgM mutants, this is
because FIgM tightly binds sigma 28 and while this inhibits function, it also protects it from
proteolysis(Barembruch & Hengg®007) Sigma 28 is traeribed fromfliA, which also has

two promoters¢ one class Il and one class lll. When uninhibited by FIgM, sigma 28 activates
class Il gene expression. While the majority of class Il genes are involved in rotation or hook
and filament proteins and areherefore not conducive in the secretor strain; sigma 28 has
been shown to activate transcription of the master reguldtbDC increasing flagella numbers
(Clarke & Sperandj@?005) Deletion of FIgM and FIgN in the secretor strain should have no
effect on the existing secretion apparatus structure. It should result in the metabolic burde
being reduced and ifiA activity is increased, an increase in class IlIfdiiiCgene expression,

the latter of which may result in an increased number of secretion apparatus.
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Figure3.46: Schematic of the gene regulatory network of the FIgMN protei

3.6.1.3.fliDST

Another operon which if removed has potential to both reduce metabolic burden and have an
effect on regulation of the master regulator,flDST(Figure3.). As discussed previously FIiD is
the cap protein vhich aids the assembly of FliC proteins to form the filament. Therefore in a
FliC deficient mutant, FliD and the corresponding chaperone FIiT, are not necgssaer et

al., 1999) Furthermore FIiT has been shown to be amti FIhDG factor, preventing the
protein binding to class Il promote(§¥amamoto and Kutsukake, 2006§1iS is the chaperone

of FliC, therefore unnecessary in th#éiC secretor strain(Yokoseki et al., 1995FIiS has also
been shown to bind and stabilise flgM in the cytoplasm prioflitoexpression (FliA siplaces
FliS) and supress secretion of FIgM upon Hoa&al body completio{Galeva et al., 2014 he
removal of all genes in th#iD operon have been shown to result in an increase in secreted
FIgM (Yokoseki et al., 1996yvhich as discussed leads to an increase isscli flagella gene

i NJ y a O NibSTinutahty dve noamotile, however as motility is not required this is not
problematic. The main advantage of this strategy is that FIiT will not ifFii}C, and FIiS will

not bind FIgM, therefore class Il anddene expression will be increased respectively, this may

result in the presence of more secretion apparatakiridge et al., 2010)
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Figure3.47: Schematic of the gene regulatory network 8fDST

3.6.2. Mutant generation : fliDST, motAB, flgMN

3.6.2.1. Knockout mutagenesis via the Lambda Red recombinase
method: fliDST, motAB, flgMN

Primers were designed to amplify the FRT flanked resistance genes from the appropriate
template plasmid. Swessful PCR reactions were confirmed by the presence of product DNA

which corresponded to the anticipated PCR product Siable6.).

Table6.1: PCR products for gene knockouts

Gene knockout Antibiotic resistance Template plamid Size of product (kbp)
motAB Cm pKD3 11
motAB Km pKD4 1.6
fliDST Km pKD13 14
flgMN Cm pKD3 11
flgMN Km pKD4 1.6
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Positive results for all PCR experiments wachieved Figure3.) -bands of the correcsize
were cut out and DNA isolated. Product DNA comprises of FRT flanked antibiotic resistance
cassettes, with homologous ends to the-igmd downstream regions of chromosomal DNA of

the gene selected for knockout mutagenesis.

2 kbp-
1.5 kbp-

1 kbp-

Figure3.48: DNA gels ofiene knockout construct PCR products.

PCR reactions were carried out using the templated primers iPAppendix2 with Phusio®
HighFidelity DNA Polymerase. PCR mixtures were analysed on a 1% TAE Bidhogel
supplemented with a trace of ethidium bromide, visualised under UV light and inverted.
{FYLX Sa 6SNB Ndzy 6AGK DSySwdz SN m16 5b! IR
knockout constructs harbouring antibiotic resistance cassettes (as listeTaloe 6.). A.

motAB:Cm motAB:Km, fliDST.Km B.flgMN::0m , flgMN::Km

Once isolated, the linear PCR derived DNA was electroporated into parent strains expressing
Lambda Red recombinase enzymes. This resulted in the lingArtBmplate being inserted

into chromosomal DNA at homologous regions. Successful recombination events were
screened by plating on agar plates supplemented with the relevant antibiotic (chloramphenicol
or kanamycin). Positive colonies were observed foremibmbination strains and following the
curing of the Red recombinase plasmid so that no further recombination events occur, the

deletion of chromosomal genes was confirmed with PCR.
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3.6.2.2. PCR conformation of knockout mutagenesis: fliDST, motAB,
flgMN

To confirm that the acquisition of antibiotic resistance was indicative of the removal of the
gene targeted PCR reactions using combinations of primers which anneal either in the
antibiotic resistance cassette or the region of chromosomal DNA eitherdidiee target
knockout gene. Either the size or the presence of the resulting PCR products allowed further

confirmation of knockout mutagenesis.

Table6.2: PCR products for confirmation of knockout mutagenesis in the secretor strain.

Positive results wer obtained for the following knockout mutagenesis conformations. The size
of PCR products which denote positive results is given along with the size of the PCR product (if

relevant) expected if knockout mutagenesis was not successful.

Gene knockout Antibiotic Resistance Size of product if Size of product if

positive (kbp) negative (kbp)
motAB Cm 492 N/A
motAB Km 777 N/A
fliDST Km 993 N/A
flgMN Km 1698 813

Ideally the primer pair used to confirm mutagenesis is comprised of one primer which anneals

in the antibiotic resistance cassette and one in the chromosomal region flanking the target
knockout gene. When knockout mutagenesis by homologous recombination of the antibiotic
resistance cassette into the chromosome is successful a positive result vell Bhis size of

the PCR product can be predicted. If knockout mutagenesis is not achieved this will result in a
ydzt £ t/w NBadzZ i Fa GKS LINAYSNJI RSaArAaySR (2 Iy
Table6.. In the cas of kflgMN::KmPCR conformation by this method was not successful ,
instead a primer pair which annealed in chromosomal DNA either side of the target gene was
utilised. In this instance a positive PCR result will arise whether mutagenesis is achieged or n
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Here knockout mutagenesis can be confirmed by the size of the resulting product, as the
expected size differs depending on whether the primers anneal to chromosomal DNA flanking

either the flagella gene or the antibiotic resistance gene.

Positive PCResults were achieved for all flagella gene knockout mutants with the exception of

flgMN::Cm
Q N &
o & < >
3 o N \x\“*
« ¢« ¥ ©
e
e
s 2 kbp- -
= 075 ie - O = ti: .
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Figure3.49: AgaroseDNAgels ofPCR productto confirm successful knockout mutagenesis

PCR reactions were carried out using the templates and primexppendix2 with Phusio®
HighFidelity DNA Polymerase. PCR mixtures were analysed on a 1% TAE agarose DNA gel
supplemented with a trace of ethidium bromide, visualised under UV light and inverted.
{FYLX Sa ¢ SNB NXzyb DNA iadder. PSR/ r8switazt irStidformatidmproducts

of the sizes listeth Table6.. A. motAB:Cm, BmotAB:Km, CfliDST:Km D. flgMN::Km

The secretion capacity of these strains was then assessed, to observe whethezghlgd in

improved rates of protein secretion via the FT3SS.

3.6.3. Reduced metabolic burden and feedback mutants: Effects of
deletion of motAB, flgMN and fliDST on FT3SS secretion

Once derived, the expression and secretion capacity of E2 proteinmeasured in these
strains to ascertain the suitability of these mutants. The expression of pTrcyE2oiABand

nflgMN resulted in secretion of E2 into the media of cebigyre3.). E2 was also secreted in
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the original secretor strain and thkCKLkclpX mutant, allowing comparison of secretion
capacity to be rade in relation to strains already investigateBigure 3.). Densitometry
analysis was carried out on the secreted fractions of protein showfigare3.. As an E2
protein standard was not included on this SBAGE, the concentration of E2 protein secreted
cannot be quantifiedper se however relative improvement in comparison k@CKLcan be
ascertained. This confirmed thkflgMN secreted a very similar amount (0.94) of E2 protein to
kCKL Secretion of E2 was 1.52 times higher in kmeotAB mutant in comparison t&k CKL.
however thekclpXmutant secreted the highest concentratiorf protein (1.82 timesk CKI,

which is similar to the fold improvement seenkigure3.. The lack of protein (aside from E2)

in the supernatant of all strains, suggests that lysis is not prevalent in any of the mutant stains.
DS G2 SELISNAYSy(dlft FIAfdNBE I NBftAlLotS NBadz
antibody probed Western blot, it is not possible to measure the concentration of intracellular
E2 protein in strains. The concentration of E2 in the cells of stragipeaas to be similar, as

there is no clear overexpression in any of the strains.
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Figure3.50: Intracellular and secretedE2 from thek CKLstrain, nmotAB, pflgMN | Y RelpXh

mutants.

E.colinCKLC),nCKLhmotAB (M), nCKnflgMN(MN) ornCKlLnclpX(X)containingthe plasmid
pTrcE2 waggrown in LB. Cells were harvested ats6D.5. 1 OD unit of cells were prepared
with 2x SD®AGE loading bufferh& supernatant from 1 OD unit of cellgas precipitated
with TCA (10%/v) and prepared with 2x SBEI8ading bidfer. Samples underwen§DSPAGE

and Coomassie staining with Instant Blue.

E2 secretion was then quantified the most promising novel straimCKLhmotAB (Figure3.)
and the as yet untesteghCKLnfliDSTstrain. While the concentration of E2 located in the
media of nmotAB cells in comparison to the secretor strain looked lower in the Coomassie
stained SD®AGE, it apmeed much higher in the Western bldtigure3.). This is an example
of the lack of linearity of Western blots. Intracellularly, less E2 was observed jmib&AB
mutant, suggesting that it is also more effidient secreting E2. In contrast thliDSTmutant
expressed less E2 than the secretor strain and secreted a small amount (some observed in the
Coomassie stain, none detected in the Western blot.) This is presumably due to the similarity
of E2 to the FliShaperoned FIiC, this will be discussed later.
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Figure 3.51: Intracellular and secretede2 from the secretor strainpfliDSTand pmotAB

mutants.

E.colinCKL(C),nCKLnfliDST(DST) onCKLhmotAB (M) containingthe plasmid pTr&E2 was
grown in LB. Cellsare harvested at Ofg 1.5. 1 OD unit of cells were prepared with 2x SDS
PAGE loading bufferh& supernatant from 1 OD unit of cellas precipitated with TCA (10%
viv) and prepared with 2x SE&ading buffer. Samples underwenSDSPAGE md either
Coomase staining with Instant Blue or Western blot analysis of cells and supernatant using
anti-flagellin (H48) antibody and an HRP secondEng BLUeye Prestained Protein Ladder was
loaded, as was an E2 protein standard (S) to allow quantification of intrskezednd secreted

protein concentration.
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These observations were confirmed with densitometry analysis of the WesternHAijpir€3.).

Very little E2 protein was detected in the supernatantndifDSTcells, vhereas E2 secretion
was improved over two fold, from 0.612 pg tin the secretor strain to 1.534 ug fhiin
NnmotAB.When secreted E2 is calculated as a proportion of total E2 protein it is evident that
nmotABis not only the strain with the highest setimn capacity, but also the most efficient

protein secretorgsecreting over 17% of the total E2 protein expressagure3.).
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Figure 3.52: Intracellular and secretedE2 from the seator strain, nfliDSTI Yy RmotAB

mutants.

E.colinCKE CKINfliDST2 NCKnmotABcontaining the plasmid pTrc E2 were grown in LB to
ODyy 1.5. An E2 protein standard (S) was loaded to allow quantification of intracellular and
secreted protein concentration. FollowiMyestern blot analysis of cells and supernatant using
anti-flagellin (H48) antibody and an HRP secondary, densitometry analysis was carried out
using ImageJ. The amount of protein located intracellularly (cells) or secreted (SN) is shown in
ug 'cellculdzNB & OF £ Odzf F i SR FNRY | aflgMNyF RIRNOA & SR

mutants, following expression and secretion of E2 protein through the FT3SS.
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Figure 3.53: The proportion of secreted E2 as a percentage of total &pressed and
secreted by thesecretor strain pfliDSTand pmotAB mutants, following expression and

secretion of E2 protein through the FT3SS.

E.colinCKL.nCKLnfliDSTor nCKLhmMotAB, containingthe plasmid pTrd&2 wasgrown in LB.
Cells were harvestedt OQ 1.5. Samples underwer8DSPAGEDensitometry analysis was
then carried out using ImageJ and the proportion of secreted protein calculated as the

concentration of secreted protein in comparison to the concentration of total E2 protein (both
secreked and intracellular).
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3.7. Discussion: a prototype secretion platform for

secretion of native protein

The focus of this chapter has been to produce a prototype platf@rroolistrain for secretion

from a base chassis strain. MC1000 was chosen onb#sés of its broad similarity to a
WadlkyRFENRQ YMH &GNIAY o0dzi Ffaz2 aiayoOS Al Aa
auxotrophy for safety. Secretion of protein from the cytoplasm to the extracellular media was
achieved in the chassis sineby modifying the flagella type 11l secretion system (FT3SS) to form
a pipe like secretion apparatus. Strain improvements were then employed to this strain with
the aim of increasing the amount of secretion apparatus expressed or by removing
unnecessaryflagella genes to reduce the metabolic burden. It was hypothesised that this

would result in more protein being secreted into the media.

Development of assays that quantified secretion and flagella gene expression in strains was
central to all of the workin this study. Without an accurate assay method, suitable for
application to all strains it would not be possible to assess if strain modification resulted in
improved secretion. Protein secretion via the modified FT3SS has been measured in a number
of mutant strains-including strains which were designed to exhibit total absence of FT3SS
secretion, which serve as negative controls. This could be paired with information on flagella
gene expression to give an extensive view of flagella protein secret&imains. These results

are used to assess whether strain improvements have been effective.

3.7.1. Protein secretion a ssay development

Through knockout mutagenesis it was possible to develop a novel platform strain capable of
secreting a variant (E2) tfe native flagella filament protein FIiC through truncated FT3SS and
into the media of cellgthis forms the basis of the protein secretion assafich allowed
accurate quantification of protein expression and secretion in mutant strains. The secretion
assay provides a method of quantifying protein secretion in strains either as a concentration

per volume of media or as a secretion rate or efficiency. The secretion assay was optimised to
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report protein secretion in strains throughout the growth curve. ligdtion of a protein
standard allowed the calculation of a weight per OD unit or weight per volume of cell culture
concentration of protein to be derived from Coomassie stained-BBSE or Western blots.
Quantifications of secretion rates are powerful thgy provide information on the change in
secretion capacity of cells over time or with the implementation of mutations. The wiv
measurement is advantageous because it allows direct comparison of secretion efficiency
between experimentsand is a common ingstry standard used by contract manufacturing
organisations to compare protein yields from fermentatiowhich is ultimately the aim of this
work. A variation of the protein secretion assay involved growing cell cultures in smaller
volumes and measuringesretion at one time point; this improved the throughput of the
assay, allowing protein secretion to be measured in more mutant strains in parallel
experiments. These points combined mean that a wealth of information can be gained from

the secretion assayo aid secretor strain improvement.

3.7.2. A modified FT3SS platform secretion strain

Strain improvements were made . colito implement protein secretiothrough the FT3SS
twasSadl of AaKSR GKFG 9H LINE (S piigkL @AP@NBNG the y 2 O
NfliCD (CAPlessmutant E. coli(Figure 3.). As both he volume of proteinproduced and
secreted was around double that observed in the HAP&san this formed the basis of
further strain optimisation in thistudy (Figure3.). This effect may be due to the shorter
distance that secreted protein has to pass through to reach the extracellular environment
although it has been demonstrated that length of the existing flagella straaoes not alter

the rate of secretior(Evans et al., 2013Additionally it may be due to the effect of FIiT on the
master regulator. FIiT is the chaperone to FliD, therefore in the absence of FliB,RiD is
available to negatively regulafthDC which in turn will result in downregulation of all flagella
genes (Yamamoto and Kutsukake, 2008)ess flagella gene expression will lead to less
secretion apparatusaand therefore a reduction in secretion. In théAPless mutant FIiD is
expressed, therefor&liT is less readigvailable ér interaction withflhDC FIgK and FIgL are
secretion competitors to FIiC (and any other protein directed for secretion through the FT3SS,

furthermore it has been shown that they are preferentially secreted, as their chaperone FIgN
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has a highe affinity for the secretion apparatus(Evans et al. 2008 therefore this may
account for the reduced concentration of E2 secreted through the CAPless strdigKas

still present. Finally as FIgN is the chaperone to FIgK and FIgL, there is more free FIgN when
these proteinsare absent. As FIgN is a translational reguladbrFigM, this will lead to
increagd FIliA inhibition(but with increased protection)which has been shown to result in

increased flagella gene expressi@idridge et al., 2003)

3.7.3. Negative control of FT3SS secretion

Negative control of E2 secretion through the modified FT3SS was established, confirming that
the presence of E2 in the supernatant of strains was due to directecktsmt through
secretion apparatus and not through cell lysis or cytoplasmic leakage. This was characterised
by an absence of E2 protein in the supernatant of culturesfibDCand k CKLk flgDE ,paired

with the presence of E2 in the intracellular fractidRigure3.). To ensure the absence of
secreted E2 was not due to experimental failure, samples from strains with functional
secretion apparatuswere run in tandem. Following Western blotting the nitrocellulose
YSYONIySa ¢gSNBE (KSy ai-SBihHEILtGSHRmMoNsfde thafScyipBsmis R & /
contaminants (i.e. GroEL) were not present at a high concentration in the supernatant of
strains with or without functional secretion apparatus-igure 3.), confirming that directed
FT3SS secretion and not cell lysis or membrane leakage is the route of E2 transport into the
supernatant.Although some lysis was GroEL was detgcthis antibody is known to be very
sensitive; therefore it is unlikely to represent a lot of cytoplasmic derived prat#iis is
supported by the lack of cellular contaminants seen in the secreted fraction of Coomassie
stained SD®AGE gels. It would eeneficial to carry out a complete cell lysis to see how this
compared to the concentration of GroEL observed in these blots, this is true for GroEL

detection throughout this thesis.
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3.7.4. Strain improvements : reduced negative regulation of the master

regulator

Based on the literature, additional straimprovements KIrhA, kdksA,kclpX were made to
kCKLto decrease negative transcriptional control 8iDCor degradation of theFIhQXG
complex. This should result in an increased number of secretion apparatus and therefore an
increase in the amount of protein secretdd 2 A (i K K S cl@Xividics wais detived b T n
phage transductionall gene knock out this chapterwere implemened with lambda Rd
recombinase(Datsenko & Wanner2000) P1 phage was successfully eradicated fro@KL
ncpX¢ KS RPOUNESNAYIQ SFENAIFGAZY 2y (KA& YSGK2R
plasmid until cleavage by Scel is indugedvivo prior to homologous recombination) was
considered and there are now versions of this method which do nexlten FRT scars in the
chromosomegKim et al. 2014, Lee et al. 2008pwever as the method used was selecsedit

was well established in the laborator&ll mutant strainshave been verifiecdnd assay based

secretion characterisation was carried out the strains.

3.7.4.1. Effects of deletion of IrhA on FT3SS secretion

NCKLnlIrhA secretion Figure 3) and flagella gene expressiofidure 3.) results showed
disparity with one another and were inconsistent with those reported in the litera(Lednnen

et al., 2002) This is due the presence of an IS5 element upstreaith@{Figure3.), therefore
reduced transdptional repression of the master regulator is already active as the IS5 site
decouples negative transcriptional regulation sites from the promoter. Consequentially
removing master regulator transcription repressors had limited effEbepresence of théS5
element is not a drawback as is beneficial to improved secretion. Evolution has already
resulted in an improved strain by IS5 insertion. With this evidence in mind it seemed more
beneficial to focus on other routes to improving flagella gene expresbiecause while there

is still scope for some increased transcription, this willileremental. This strain can be
improved further by other strategies such as reducing metabolic burden which is still valid as

the effect of IS5 is not concerned here.
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3.7.4.2. Effects of deletion of dksA on FT3SS secretion

Although gene expressioffrigure3.) and secretionKigure3.) results complement each other

in the nCKLndksA mutant, the observations are not concordant with expectations based on
the literature.9 H aSONBUGA2Y ¢ CHNIRSAZOKMparigog ® Nk EKLstrgin

and showed a negative correlation tine amount secreted over the growth curee. in the
stationary phase) HoweverLemke et al., 2009eported that flagella gene expression for all
three classes of flagella genes were increased with the removagldk$A from strains.
Furthermore the literature states that flagella gene activittgreased during the stationary
phase(from 2 times to 9 times wild type gene expressiaherefore an increase secretion
should be expected in the stationary phase, tio# decrease observed in this thesis DksA
inserts into RNA polymerase (RNAP) to cause a structural change, which in turn acts on the
flnDC promoter. The presence of the IS5 element is not responsible for these differing
observations as it concerns geit elements upstream of the promoter, whereas DksA
induced disruptions in RNAftomoter binding occurs in thes to +6 positions (relative to the

+1 transcriptional start site)Rutherfordet al.2009)

Thisunexpected effect may be due to the nature of the assay. DksA inhibits ribosomal RNA
promoter activity and also binds to RNAP, reducing the lifespan of open RNAP. DksA also
amplifies the activity of the atenone ppGpp, which also binds to RNABmke et al(2009

found that this effect was much more pronounced when genes which encode the alarmone
ppGpp was also deleted from the genome, however it is assumed that ppGpp was intact in this
work. Another reason may be linked to the fact that exments in this thesis were carried

out in rich media. While DksA is produced at a relatively constantpa@ppis linked to the
stringent response angroduced in response to low nutrient concentratificemke et al. 2009;
Magnussonret al. 2007; Paul et al2004) ppGpp causes the redirection of a cells resources
away from costly biosynthetic processes. Therefather than producing more flagella to
move to an area where nutrients are more abundgepGppinitiates an alternative strategy
where the cell repesses noressential functionssfuch as motility in a bid to conserve
nutrients. Lemke et a(2009)performed experiments in minimahedia where nutrients were

low. Therefore the effect ohdksAin this study may be not as expected because experiments
were carried out in rich media, therefore the stringent response would not be in effect and
therefore ppGpp wald be present at a low abundandeurther searching of the literature has
uncovered results which suggest that DksA activity may differ to that reported in the Lemke et

al. (2009)LJ LISNX hy S & ( dzRdksA QRayit® iedeRiGrivvtileliaiid that PksA
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positively regulated flagella expressi@Wiagnusson et al., 200./RReports on the effect of DksA

on flagella expression are very conflicting, suggesting that DksA may not be a very suitable
target. It should be considered that in this work or any of the other studies that the mutant
may have reverted to bedksAand this may be the reason for conflicting results. Finally, the
unexpected secretion and gene expression results may have come aboub due flact that,

as DksA alters gene expression throughout the genome via RNAP it is likely that there are other
phenotypic alterations to the strain beyond flagella gene expression. Many promoters are
directly affected by DksA conformational change of RNAese include promoters involved in
ribosome synthesis, membrane stress response and transport and amino acid biosynthesis and
transcription may either be activated or inhibitédemke et al., 2009; Rutherford et al., 2009)
While the growth of thenCKLndksA strain was not hindered in comparison p&KL the remit

for additional strain effects to cause unexpected observations linked to any of the
aforementioned DksA regulated genes is likely. Due to the poor secretion performance of the
strain and he inconclusiveness of the literature, focus will concern other strategies to increase

flagella expression.

3.7.4.3. Effects of deletion of clpX on FT3SS secretion

The effect of the removal oflpXon the FT3SS was tested in both strains which produced
wildtype flagella and in the modified FT3SS secretion apparatus sk&Kl)( Both the
increased concentration of sheared filament protelfigure3.) and swimming motilityHigure

3.) inclpXknockout mutants in the MC1000 strain background and the increased E2 sacretio
capacity ofk CKLstrains with theclpXknockout mutation, suggest that the removal cpX
from the chromosome results in increased flagella gene expres3ibis. is likely due to
reduction in negative regulation of flagella gene expression, which iallysdownregulated
due toClpXdirected proteolysis of th&lhDG complex by ClpPTomoyasu et al., 2002; Takaya
et al., 2012) This is independent of the presence of the IS5 element, as it concerf¢iRE,
complex. Mre FINDG A & LINB afiXyhidtants, yhick demonstrate upregulated flagella
gene expression, and increased flagella type Il secréfiitagaweet al.2011; Tomoyaset al.
2003) However as reliableesults were not obtained for flagella gene expression assays in
ad0NJ Ay a cipXniutation) &i§ cafinot be confirmed experimentally in this study. In
further work it would be desirable to assess flagella gene expression usig@®H. This

techniqueinvolves first converting cell mRNA to cDNA using reverse transcription, then using

194



primers to amplify cDNA. The incorporation of fluorophores results in fluorescently labelled
DNA and allows the concentration of product to me measured at each cycle edtthcycle

DNA and therefore fluorescence increawes this is proportional to the initial concentration of
MRNA in the sample, this can be used gene expression. This would allow quantification of the
concentration of flagella gene mRNA in cedlbowingdirect comparison of strains for flagella
gene expression. Furthermore as primers can be designed to amplify any cDNA, the gene
expression of a number of flagella genes could be assessed, providing a more detailed picture
of gene expression throughout thieierarchy. As ClpX proteolysis is evident throughout the
cell, there is a possibility that flagella gene expression is not increased due regindsG
degradation, but instead due to an indirect effegor example ClpX has been previously been
shown to degrade a subunit of the RpoS RNA polymerg&esavento & Hengge012)
therefore it would be interesting to carry out proteomic analysisctpXknockout mutants to
investigate changeat a proteomic level also, so see if flagella protein is effected in a different

manner to that expected with information on genomics.

While anincrea8 C¢o{ { &S ONIB i A dpXmutahts) thexfacBtiBiNapSR &ets Asya &
cell wide protease means that the mutation may have other effects on cell phenotype. ClpX
targets SsrAand nonSsrA tagged proteins for degradation, these include RpoS, a fagina
that induces cell stress resistan¢8chweder et al.,, 1996RpoS haslso been shown to
negatively regulate flagella biosynthedimwever if this was the case in this mutant, this effect
if presumablycompensatedelsewhere(Patten et al., 2004)CIpX recognisesIhDG directly,
however degradation is accelerated with the YdiV adapter protam it directs CIpXP to
proteins to undergalegradation(Takaya et al., 2012nd no SsrA site is present in the protein
sequence of FIhD or FIhC. Reduced ClpX mediated proteolysis could also be beneficial i.e. less
degradation of other flagella proteins (although there is no experimental evidence for this).
SsrA is added post translationally to incompletely translated pmotg the ribosome. This
occurs in 0.5% proteins, of which >90% are degraded by QlpX® & Maurizi 2008)
Therefore ClpX is capable of degrading a wide range of protein, although whether these
incompletely translated proteins would become released from ribosomes and complete
enough to be funtional is not certain. A notable reported phenotype @pX mutant is a
reduced optical density in the stationary phase and decreased survival of cells if stationary
phase is prolonged; this was linked to an increase in grephtise regulated proteins
(Weichart et al., 2003)This was alluded to in the experimehtgork carried out in this thesis
Fa Ad ¢l & 2 0dpXmaastRada detrinental kffect & growth in comparison to
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strains which did not carry this mutatiphowever it was not a large differencé&n additional
phenotypic observation is the algation of cells witltlpXknockout mutations, due to the role

of ClpX in the regulation of protein associated with cell divi§itamberg et al., 2011\hile in

the experiments dr this thesis, cells looked similar in microscope images, analysis of length
found that cells with thekclpXmutation were 1.28 times longer than thoséthout (Figure3.

and Figure3.), thus confirming this report and highlighting that the removatipiXdoes result

in wide phenotypic effectsAs theCamberg et al(2011)study was carried out on cells with a
kminCbackgroundwhich is therefore already susceptible to altered phenotype related to cell
division, this is the first time this effect has been reported in WT chiterestingly ClpXP ka
been shown to degrade Dkgklynn et al., 2003)howeveras results for the effect of the
removal ofdksAon flagella gene expression were inconclusive, it is not possible to comment

on this based on this study.

3.7.4.4. Promoter replacement or promoter reg ion modification for
increased transcription of the master regulator

As discussed improvements to FT3SS secretion through increlde@ expression are
hampered slightly by the presence of IS5, however improvement can still be.nTdue
promoter region cald be modified to remove the negative regulators (RscAB) still present and
restore IS5 disrupted or decoupled positive regulatory binding sites NS H)seB, OmpR). In
isolation -or in combination this may result in improvethDC expression. A prooter
replacement strategy may provide a route of greater change. Replacement of riliive
promoter with a strong promoter may result in increased flagella gene expression in excess of
that reached through the presence of the IS5 element. In another siadyrabinose inducible
extra copy of thelhD promoter was inserted into thehromosome this resulted in a 60 fold
MRNA increase, however only 5 fold change was seen in class Il flagella gene expression
(Erhardt & Hughes2010) suggesting that there may be limits to how much increaiiedC
expression can increase gene expression throughout the hiergudilg/ to feedback regulation
for example. Promoters of varying strengths arem@cterised and available as BioBricks on
The Registry of Standard Parts and would be ideal to carry out this svatkar choice for this
would beto placea strongsigma 70 promoter upstream dlhDCto overexpress the FlhG,
complex and in turn upragdate all flagella genes. This may result in more flagella and
therefore more secretionAdditionally there are benefits in using inducible promoters so that
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there is an element of control of gene and therefore protein expression with regards to
strength and timing of inductionDubendorf & Studierl991; Dragosits et al. 2012§ must be
noted thatincreasing promoter strength may havetdmental effects on the cell with regard

to homologous protein production and therefore cell growth and viabilibpng efal., 1995) If

this occurs, the promoter auld be exchanged for aveaker promoter, which would still

upregulate gene activity in comparison to wild type levels

3.7.5. Strain improvements : reduced metabolic burden and negative
feedback

Alternative straegies to increase flagella gene expression independent of the master regulator
included reducing metabolic burden by removing unnecessary genes. It was hoped this would
result in either the redistribution of energy to processes concerning growth, seoretio
apparatus and plasmid protein production or a reduction in negative feedback on flagella gene

expression.

3.7.5.1. Effects of deletion of motAB on FT3SS secretion

It was predicted that the removal aghotABfrom cells would result in an increase in peit
secretion due to reduced metabolic burden and increased proton motive force. The removal of
motAB ¥ NP ¥KLrksulted in just over double the concentration of secreted E2 protein,
despite the concentration of intracellular E2 being 0.75 fold that sgerCKL(Figure3. and
Figure3.), this demonstrates that the removal ofiotABfrom cells increased the efficiency of

E2 secretion through the secretion apparatus. This is possibly due to the reduotion
metabolic burden due to the absence of MotAB allowing more metabolic expenditure on other
cellular activities, including cell growth, and expression of E2 and the modified FT3SS
apparatus. It is also anticipated that as the MotAB complex acts as anpanductive
pathway, the absence of MotAB will result in reduced drain on proton motive force. Cells have
a more robust growth phenotype, which may aid protein production as cells will be more
productive, furthermore as PMF is required for secretion wibstrates, this may facilitate
increased protein secretiofMinamino et al. 2016 Zhou et al. 1998; Blair & Bertj990;

Hosking et al. 2006; Minamino & Naml2908) As supernatant fractions were free of cellular
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contaminants Figure3. and Figure3.), it was not evident that the absence of MotAB caused
membrane breakage or permeability, although it would be beneficial to confirm this with a
more sensitive method, suchas3 G SNy o6f 20 FylFf@aia 2 FroEldzLIS NY
antibody. It would also be preferential to have growth curve data for this strain, to observe
whether growth rate is increased whenotABis removed from the genome. These factors will

be invesigated in Chapter Four.

3.7.5.2. Effects of deletion of flgMN on FT3SS secretion

The main focus of this strategy was the removal of the-sigtina 28 factor (FliA) FIgM. Prior to
hook completion FIgM binds FliA and inhibits both flagella class Il gedeflaDC
transcription. While FIgM inhibits FliA, it also protects it from proteolysis and the literature
reports either increased or decreasdthDC expression following the removal of FlgM
(Karlinsey et al. 2000; Barembruch & Heng@€07) The removal of FIgN was also
implementedas it is a chaperone to FIgK and FIgL and a transcriptional regulator of FlgM
(Aldridge et al., 2003)therefore unnecessary in theCKLkflgM mutant. While only one
biological repeawas carried out and it was not possible to measure the concentration of
intracellular E2 in the mutant, it would appear that it did not result in an increase in secretion,
as less E2 (0.94 fold) was seen in RIGKLkflgMN strain compared t&k CKIFigure3.). This is
likely due to the role of FIgM in protecting FliA from degradatipnthe absence of FigM, the
concentration of FliA should be reduced and therefifdCgene expression was reduced.
Investigationinto the gene activity of this strain with thlacZfusion assay used in this thesis,
would give insight into whether this was true here, however since the aim of this project is to

investigate strains which result in increased secretion, this was nab&tpr

3.7.5.3. Effects of deletion of fliDST on FT3SS secretion

Many strategies interplayed to support the removalflddSTF N2 GKL At the most basic this
involved the removal of chaperone and cap proteins to deleted proteins to reduce metabolic
burden. Other intricacies includethe removal offlhDCinhibitor FIiT and FIgM binding FIiS
with the inclination that this would cause class Il and Il gene expression will be increased
respectively, which may result in the presence of more secretion apgm(Aldridge et al.

2010; Yamamoto & Kutsukake 2006; Yokoseki et ab)199
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The failure of thefliDSTknockout mutation to result in improved secretion of E2 protein
centres on the inability of the cell to accumulate intracellular EBure3.). It is beyond the
scope of the experiments conductéd ascertain whether E2 gene expression was reduced in
the kfliDSTstrain, therefore the focus of my discussion on this will be at a protein level.
Knowledge from the mechanism of flagella protein expression in the literature, would suggest
that the absene of the flagellin chaperone protein FliS is the route of this phenomenon. As E2
is a variant of the native FIiC subunit, and the chaperone binding region is conserved, it is likely
that it benefits from the chaperone effects of FIiS. While the removdliDfor fliT does not
inhibit the production of viable flagella in certain environments, the removdli®fvas shown

to greatly reduce the length to flagell@vokoseki et al., 1995FIiS prevents premature
polymerisation of FliC in the cyttasm(Auvray et al., 2001Xhis should alste true of E2. If

E2 was present in the intracellular fraction and not the secreted (as found with FIiC in the
Yokoseki et al(1995) study), this could be because of secretion inhibition of E2 tu
polymerisation in the absence of FliS. However as it is also displays reduced concentration
intracellularly it is likely that E2 is degraded more readily in the FliS mutant. However while the
disordered @erminal region of FliC (present in E2 alsojiégraded in the absence of FIiS, this

is not true of the whole FIiC protein and resulted in a 5kDa smaller prq¢@ain et al., 2003)

This discrepancy in size was not observed with E2 protein. In addition to this the negative
secretion strain&flhDCandkflgDEshould also be FIliS deficient, as class Ill gene transcription
will not occur in either. Slightly less E2 was seen in the cell&flgDE, however the
concentration inkflhDCwas similar FFigure3.). A low rateof secretion can also be attributed

to the absence of FIiS, as FliC secretion is initiated by FIiS. IARiGIc®mplex, FliS binds to
docking platform FIhA, anchoring FIiC to the export gate, where FIiC is unfolded for efficient
export (Furukawa et al., 2016)t was recently found that a major rate limiting factor in
reduced FIliC secretion was lack of FIliS, resuitirigadequate unfolding of FliGurukawa et

al., 2016) In summary, as with FliC, both E2 intracellular accumulatimh export may be
hindered in the FIiS mutant. In later chapters the chaperone binding site is absent in secretion
constructs, therefore chaperondecoupled expression and secretion in this strain can be

investigated.
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3.7.6. Limitations of the E2 protein secretion assay

3.7.6.1. Variation in results

Inter-experimental variation of yields of both intracellular and secreted E2 was observed; while
variation is common in biological systerfisndy 2005, discussion will focus on experimental
sources of variation. In the growth curve E2 protein secretion assays variation was common,
for ease only the highest recorded secreted E2 yield is discusgpde3. (below) shows thi

there was large variation between experimergas the results fok CKLyield are biological
replicates. While great care was taken to ensure that experimental procedure was consistent,
the yields vary dramatically. Steps taken to ensure consistency saesqeeriments included,
thoroughly rinsing glassware of detergent or residual salts before use and using the same
brand of LB media and agar throughout; these steps were of particular importance because it
is reported that increased concentrations of Na€sults in elongated hooks and reduced
flagellin secretioncthis was in &algE pseudarevertant background, however still applicable
(Saito et al., 1998)rozen aliquots of IPTG and antibiotics were used to ensure concentration
remained consistent. And asrterature alters flagella assembiGerber et al., 1973)cells

were incubated in the same incubator every time, as temperature (and agitation) was found to
vary between incubators, despite the settings reporting the same setup. pH habedso
shown to result in differential flagella gene express{Maurer et al., 2005)therefore in the

future less variable results még obtained following buffering of LB broth.

A source of error relates to the lack of linearity exhibited by Western blot analysis of protein
concentration. This refers to the disparity in concentration of protein and chemiluminescent
output. It is knownthat results derived by Western blot show limited linearity, this leads to
inaccuracies in the estimation of concentratifraylor et al., 2013)T'his could be investigated
further by measuring chemiluminescent output related to protein concentration, by producing
a standard curve of dilutions of E2 and relatingdensitometry results. Alternatively Western
blot technology which relies on infrared signal, rather than chemiluminescence could be
utilised instead, however it was not possible to access one for this work. This would allow
confidence that the proteievels detected are within the linear dynamic range of the Western
blot. Even if this was implemented the nature of Western blots lends itself to inaccuracy due to
the number of steps associated with the experiments, there are multiple opportunities for
variation to occur. Use of Coomassie stain eliminates inaccuracy which may occur due to lack
of linearity of Western blots and also has less experimental steps, therefore less sources of
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potential error; however in low concentrations of secreted E2 it isuiiable as it is not
detectable. Additionally, Western blots provide information on the concentration of
intracellular E2, this is not possible with Coomassie stainedP3E gels. It should also be
noted that use of densitometry based analysis servea asurce of error, while care is taken

to remove background saturation and define the boundaries of protein bands, this is
subjective. These facts do not make the method void, but it is important to be aware that

there are sources of error associated.

Another source of inconstigncy is likely tdhave arisen from the E2 protein standaRtotein

was notinitially stored in aliquots therefore was subject to successive freeze thawing, which
can degrade proteirCao et al., 2003)rhis would affect the quantitative yieldhluesderived,
meaning that absolute protein secretion values cannot accurately be derived; however
quantitative comparisons between experimentgge reliable. While the concentrain of the
protein standard may be variable between experiments, w#xg@erimental results are
proportional; therefore this will not affct the relationships observeollowing growth curve
secretion experiments, protein standards were aliquotectliminate any freezghaw effects

While preventing E2 standard degradation would reduce variation in quantification of yield,
the use of a protein standard itself is another source of inaccuracy as it contributes another
variable in measurement of E2 concentaat. This is evident iRigure3.; wherethe pattern of
results for strains in comparison foCKLvary depending on whether secretdeR yield was
measured in mgtor as a relative concentratiorFigure3.), For this reasoft CKLis always
grown, prepared and analysed in tandem so that relative concentrations can also be derived,
so that the concentration of E2 can be assessed based on two points of reference and very
variable results (i.e. very low qutitative yields okmotABand kflgMN in Figure3.A) can be

excluded.
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Figure3.54: Combined results from E2 secretion assays in this chapter.

Both absolute quantificatios (A and B) and relative yields in comparison to the one achieved
for kCKLin that experiment (C and D) are given for each strain. Results are comprised of
secreted (A and C) and intracellular (B and D). Note: only results for cultures grown in 10mL LB
broth, supplemented with the 0.05mM IPTG are included. Standard error of the mean is
shown. Unpaired-test of KCKLto each strain: **, *** and **** denote p = <0.01, 0.001 and

0.0001 respectively.

3.7.6.2. E2 as a substrate

The use of E2 as a substrate &l quantification of intracellular and secreted protein to be
measured in a number of strains, however as a variant of the native FliC protein it is subject to
biological factors associated with the cell environment (as seen in with the removal of FIiS in
Figure3.). Production of a nomative protein would be desirable as it may reduce the effect of
native biological control on protein expression, therefore reducing variables from strain to
strain. Furthermore, the ability ohe modified FT3SS to secrete recombinant proteins, would
be beneficial both in terms of showcasing the capability of the modified FT3SS structure and
also in opening up the strain for further applications concerning the production and secretion

of industrally relevant proteins.
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3.7.7. Outcomes of strain improvements to the FT3SS platform

secretion strain

Despite the limitations described the addition of knockout mutations to Ri@KLstrain did

lead to improvements in E2 concentration. Overall the implementatiok aypX resulted in

great improvements to the concentration of E2 both expressed and secreted whether
measured by quantification or relative ERiqure3.). The addition okmotABresulted in the
highest average vyield of secreted E2 relative to that achieved @Lgrown in the same
technical replicate. This shows that it is possible to implement additional gene knockouts in
the secretor strain to further improve the directed secretion of E2 through the secretion
apparatus. Based on the difference in E2 concentrations in intracellular and secreted protein
fractions, it is clear that it is not the production, but the secretiopagty of E2 which limits

the yield of secreted E2 protein. Through the addition of knockout mutatibnetAB), it is
possible to improve the secretion capacity of the secretion apparatus (more secreted in
comparison to intracellular). This may be indicative of improved capacity of the secretion
apparatus itself or that show that tuning of E2 expressiosdoretion capacity is important so

as not to overload cells with high concentrations of intracellular E2. This will be investigated in

the next two chapters.

In 10mL cultures (with a neineeze thawed E2 protein standard) the highest yield of secreted
E2 potein achieved was just under 35 mg following 6 hours of culture dfCKlLkclpXcells.

This is an improvement to the concentrations reported in studies which have previously
modified the FT3SS for protein secretion (12 rifgfdllowing at least 16 hours growth in
Majander et al. 200and1.8mg L Hour" in Widmaier et al.2009 which would equate to 10.8

mg ! in this system, assuming cultures are grown for six hours). This shows great promise of

this protein secretion platform in relation to secretion capacities previously reported.

In this chapter a modiéd FT3SS secretion platform for the secretion of protein into the
extracellular media was established. A protein secretion assay was developed and it was found
that the addition of knockout mutations to th&CKLstrain resulted in variation in the
secretion capacity of the secretion apparatus. While some of these mutations appear to
increase the secretion capacity of the modified FT3SS, further improvement is required for this

secretion system to be competie with industry and competitors in different research
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groups;for example the 60mgL™" yield of periplasmic secreted GFP in a small batch
fermentation (Matos et al., 2012)The work in this chapter laid a good foundation for both
measuring and improving secretion in strains. However as it was found that the use of E2 to
measure secretion is not ogatible with all strains, the next chapter will investigate the
development of a secretion assay for a ruative industrially relevant proteiawhich is of
course main aim of the thesis. This should allow quantification of expression and secretion in
all strains and also show scope for secretion of a range of proteins through the secretion

apparatus.
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Following the successfukdelopment of a platform strain for the secretion of native protein
through a modified flagella type Ill secretion system (FT3SS), it was desirable to make further
improvements to extend the secretion capacity of the platform technology to-metive
reconbinant proteins. This was for a multitude of reasons; firstly, it was found that production
and secretion of the native E2 protein was not compatible with all strains and therefore
constituted a limitation of the suitability of the protein secretion asadych was developed to
assess secretion capacity of strains. Second, it will showcase that the secretion platform design
permits secretion of a range of proteins. Finally, secretion of recombinant proteins through the

FT3SS is central to the suitabilitytios platform technology for bionanufacturing.

4.1. Design of a synthetic modular secretion construct for
FT3SS secretion

Previously, secretion of a neaative flagellin termed E2 was achieved by expressing E2
protein fused to a 47 amino acid FliCcation signal peptide. The signal peptide could be
fused to a recombinant protein and the same principle could be applied, however while this
strategy was successful, there are some limitations. Protein detection by Western blot with
H48 (flagellin) antibdy was protein specific; therefore it would be necessary to use a novel
antibody for each recombinant protein. This would be costly, time consuming (as each
antibody would require optimisation) and limit the range of recombinant proteins to those
with comresponding antibodies. Another limitation concerns downstream processing of protein
following secretion. Currently secreted E2 is not readily isolated from the media; furthermore
if E2 protein was isolated it is not able to be cleaved from the FT3SS sigrtiale to yield a
purified product and is prone to polymerisation due to it being similar to native FIliC, flagellin.

Therefore to facilitate directed secretion of recombinant proteins, followed by purification
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then isolation, a synthetic modular secratiacconstruct was generated. This was achieved
previously in the laboratory by a processimsilicodesign and synthesis (by DNA 2.0) and was

the basis for studies here.

Flag Strep
Pr5 P[,'c 47 aminoacid tag tag
secretionsignal
Startcodon TEV
|5’ UTRi CH2
W N SUN

Flag Strep
47 aminoacid tag tag

secretionsignal
TEV TEV
|
1] CH2

Figure4.1: Schematic of (A) the prototype synthetic modulaesretion construct iserted

into an IPTG inducible plasmid and (B) the resulting peptide.

(A) The genomic prototype modular secretion construct is comprised of the transcribed
elements of the secretion construct along with tHEp Q YR 0Q dzy i NI} yaf I i ¢
and the start and stop codons. Restriction enzyme sites are incorporated throughout to allow
modification of the secretion construct in a modular fashion. The prototype secretion
construct is under transcriptional control of the IPTG inducible T5 promoter amditima

factor-28 (FliA) induciblliC LINR Y2 1 SNJ 6 KA OK A& KI[ThebsectaB R A Y
construct shown harbours CH2 car@®) The resulting peptide comprises of the FIliC 47 amino

acid secretion signal, tobacco etch virus protease (TEV) sitéf@ fag, a streptavidin Il tag

and the protein for secretioghere shown with CH2 cargblote: it is also possible to express

Fy WSYLIieQ ASONBGAZ2Y O0O2yai NIEGR andPstsiiek y2 LINE

The genetic prototype secretion construdtz y aAatda 2F (GKS pQ ! ¢w NBI
acid Nterminal secretion signal peptide of FliC, restriction sites to incorporate interchangeable
protein for secretion, TEV protease recognition sites, a FLAG antigen epitope tag (FLAG tag)
and StreptaidinlL L LJzNRA FAOF A2y (I 3 offChed Eiguréd). ATEVF Yy R (]
protease site was selected as the incorporation of just seven amino acid residues, allows highly

site specific enzyme cleavage, furthermate use is very well characterised and although
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other protease are available which are much more efficient at cleaving protein, TEV protease
activity is adequatgFrey & Gorlich2014; Waugh2011) Both the Strep Il and FLAG tags are
also small and readily expresseddncoliand are compatible a large range of laboratbased
systems for purification and antibody detection, additionally although in principle they may be
a bit costly, they are acceptable in indus{§araswat et al., 2013%trep Il does not interfere

with folding or activity of fusion proteins or induce protein aggregation and facilitatesstape
purification of high yields of protein. The hydrophilic nature of FLAG mtwt it is presented

on the outside of protein, so easily assessable to antibo@iao et al., 2013)The construct

has restriction enzyme sites to insert the whole construct into a vector (the IPTG inducible
pJexpress in this study) and to interchange the proteirséaretion via centraPstland EcoR1

sites. The FliC UTR regions were incorporated into the secretion construct as they have been
shown to be critical in the implementation of FT3SS secretion of native enative proteins,
possibly due to the presencef a secretion signa{Majander et al 2005) ¢this will be
SEFYAYSR Y2NB (K2NRdzAKte&e Ay GKS ySEG fiIOKI LIG S
promoter; therefore it was incorporated to allow natural induction of the secretion construct
by the cellcas it seemed sensible to make use ative flagella gene regulation as well as
being able to induce higher expression using the {REBBonsiveT5 promoter on this plasmid
backbone (pJexpress404yanslation results in a multifunctional protein suitable for secretion

by the FT3SS. Thet&rminal 47 amino acids of FIiC are thought to act as acleavable signal
peptide which confer targeted FT3SS export of the cons{iDobé et al., 2010)The FLAG tag
provides a means of detectioof secreted protein by FLAG specific antibody. The Strep tag
allows purification of the secretion construct following secretion into the media by affinity
chromatography. Finally the tobacco etch virus (TEV) protease recognition site allows the
cleavageof the purification tags and signal peptide following purification, so that the final

product is comprised of the protein of interest only.
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4.2. Antibody fragment within the synthetic modular

secretion construct

Once the synthetic modular secretiaonstruct (secretion construct) was developed a number

of proteins (including enzymes and antibody fragments) were inserted by DNA ligation
between the Pst and EcdRl sites This included thes y 1 A 6 2 R& FNIZ3 YBSKYAIO KW/ 6
generously donated byDrJagoopPandhal, University of Sheffieldkollowing preliminary
protein secretion tests, the antibody fragmentZCH2, which had been codon optimised for

E. coliwas found to express and secrete reliably and for this reason forms the basis for the
investicgation of the secretion of nomative protein in through the modified FT3SS. CH2 refers

to the second (of three) constant heavy (CH) domain of an immunoglobulin antibody. CH2 is of
particular interest because unlike other antibody domains it is able to fostable monomer.

CH2 is amenable to modification for target binding and also for use as a scaffold, examples of
which include HIV binding therapeutic molecules therefore has many uses in biotechnology
(Gehlsen et al., 2012; Ying et al., 2014)

4.3. Investigation of the performance of the synthetic

modular secretion construct

Prior to the investigation of the secretion capacity of CH2 through the modified FT3SS of
mutants, initial research focused on the robustness of the secretion construct. This involved
testing the suitability of the FLAG tag fotibody based detection of protein, the performance

of the Step tag during protein purification and the effectiveness of the TEV sites in isolating

protein product from the secretion construct.

4.3.1. Protein purification of the CH2 harbouring secretio n construct

To confirm functionality of the Strep tag located in the secretion construct, CH2 was
overexpressed in BL21 (DE3). Cells were harvested and lysed by French press, before

undergoing Strep tag purification on a Strepp column. The insolubland insoluble fractions
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of cell lysate, along with samples collected from the flow through, wash and elution steps of

the Streptrap column protocol underwent SEFAGE and Coomassie staining.

5\3’&\\ Elution fraction

Figure4.2: Protein fractions following overexpression and ffication of Strep tagged CH2
protein.

E.coliBL21 (DE3) containing the plasmid pJexpF&3CH2FLAGStrep was grown in LB to
ODy 0.6-0.8 before induction with 1mM IPTG. Cells were harvested 3 hours after induction
and resuspended in 100mM TH#KCI, 150mM NaCl, 1mM EDTA pH 8, prior to cell lysis by
French pressure cell. The resulting lysate was centrifuged for 10 minutes, 13,000g, 4°C to
remove cell debris. The resulting supernatant was then centrifuged for a further 30 minutes
and to yield insoluble(pellet) and soluble (supernatant) cell lysate protein fractions. Soluble
Strep tagged CH2 protein was purified using a Strap column. Protein was applied to the
column; residual protein was washed off with 10 column volumes of 100mMiQiis150mM

NaCl, 1mM EDTA, pH 8 buffer and eluted with 2mNbi@in. The flow through, wash and
elution fractions were collected. 2 x SDS loading buffer was added to protein samples at a 1:1
ratio. Samples were run on 15% SPYSGE gels. Protein samples were loadedlois. Lane:
(DEZvdzy x t NBadlAySR wSO tNRGSAY [FRRSNE 6HO A
Strep column flow through, (4) elution following wash stepl% elution fractions 410. 5pL
sample was loaded in lanes42and 15pL in langs15. SDSAGE gels were then stained with
Lyadlyd. tdzSu /22YF3aaAS adlAyo
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The expected size of the CH2 protein is 12.6kDa however within the secretion construct it is
predicted to be 22.4 kDa. An overexpressed protein can be seen clearly in the insotubie p

and in elution fractions -B. As the protein ran just below the 26 kDa marker, it can be
assumed that this is the CH2 protein. Despite around 50% of CH2 protein being insoluble in
this strain when expressed at these high levels, adequate solublkeiprallowed protein
purification on the Stregrap column. The wash fraction is free of CH2 protein, suggesting that
CH2 remains bound once associated with the Strap column. Elution of CH2 was achieved
within the application of the first 1mL elutiobuffer. The highest concentration of CH2 was
eluted in the third elution fraction; following this no CH2 was detected in elution fractions.
There are some additional protein contaminants in the elution fractions which contain CH2,
which are seen at 72kDaround 55 and 36kDa and in the third elution fraction only, around
20kDa. The concentration of these contaminants seems to increase, with increased
concentration of CH2. Despite efforts to remove these contaminants it was not possible. This
included altemg the Strep column protocol, by using different buffers for binding, different
concentrations of Ebiotin in the elution buffer and also by applying additional downstream
steps. These additional steps included dialysigh the best results achievedollowing
overnight dialysis (40000 MWCO) in 100mM -H@&, pH 8Kigure4.); the 72 and 36kDa
protein contaminants are no longer visible and the 20kDa protein contaminant can be seen
faintly in elution fractions 2 @d 3. The major remaining protein contaminant is seen around
55kDa and is present at a similar concentration to the CH2 protein, which runs at 26kDa here.
It is possible that this could be a dimeric version of the 26kDa protein, although dimers should
be absent following preparation with DTT and SDS it is around double the size. There was less
total protein in elution fraction 1 prior to dialysis; following dialysis very little protein is visible.
Elution fractions 2 and 3 both contain adequate protein d@tection by Coomassie stain.
There is a higher concentration of both CH2 and the 55kDa protein contaminant in elution

fraction 3.
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Figure4.3: CH2 containing protein fractions following purification and dialysis.

Soluble Strep tagged CH2 protein wagified using a Strefrap column. Fractions which
contained CH2 protein were dialysed overnight in 100mM Tris, pH 8. 2 x SDS loading buffer
was added to protein samples at a 1:1 ratio. Samples were run on 15%/ERES gels, with
empty lanes between eackProtein samples were loaded as follows. Lane: (1) elution fraction

1, (2) empty lane, (3) elution fraction 2, (4) empty lane, (5) elution fraction 3, (@) &Z¥ »n
Prestained Rec Protein Ladder. 30uL sample was loadedPSBE gels were then stained

withly &G yia. f dzSu /CR2proteix indic&ted Dyiarrdwy ®

4.3.2. Antibody detection of CH2 protein in the secretion construct

While dialysis aided the removal of some of the protein contaminants in purified CH2, it was
not possible to remove them glFigure4.). Protein fractions were analysed by Western blot to
investigate whether the FLA&g was functional in CH2 and to see if protein contaminants
harboured a FLAGg Figured.).
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Figure 4.4: Detection of the FLA&g in CH2 containing protein fractions following
purification and dialysis.

Soluble Strep tagged CH2 protein was purified using a -8@ppcolumn. Fractions which
contained CH2 protein were dialysed overnight in 100mM Tris, pHX3SDS loading buffer
was added to protein samples at a 1:1 ratio. Samples were run on 15B/ARESgels. Protein
samples were loaded as follows. Lane: (1) elution fraction 1, (2) elution fraction 2, (3) elution
fraction 3. 5uL sample was loaded. SBSE gels then underwentVesternblotting with an

anti-FLAG antibody.

The FLA@ag was detected at around the 26kDa marker as before, supporting the observation
from the Coomassie stain. This was the only FtaGignal detected, demonstrating that the
contaminant proteins, including the 55kDa protein did not harbour Fta&S. In keeping with
observations from the Coomassie stained $FIA&E gel, there was an increasing concentration
of CH2 from elution fraction 1 to 3. In elution fraction 1 is can be asduthat the
concentration of FLAGgged protein was below that of the detection threshold of the anti
FLAG antibody. As CH2 was visible in elution fraction 1 on the Coomassie staife8iGEDS

this would suggest poor transfer efficiency of protein on te ttitrocellulose membrane.

4.3.3. CH2 protein isolation from the secretion construct

TEV sites were incorporated into the secretion construct to facilitate cleavage of accessory
peptides in final produced proteins (i.e. the FT3SS signal peptide, FidAStrap tags). The

effectiveness of this strategy was assessed by incubating purified CH2 protein from elution
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fractions with TEV enzyme. Following a repeat of the purification protocol (protein eluted in
fractions 2 and 3 again, as seerFigure4b = LINRP GSAY g1 &4 (GKSy AyOdzl i
Protease and DTT for 2 hours at room temperature. As a negative control, tandem reactions
were set up without TEV protease. The resulting mixtures were prepared folPAGE
followed by Coomassie stain or Western blot to ascertain whether cleavage at the TEV sites
had occurred in the presence of TEV protedsigyre4.). In the elution fractions following
dialysis there is more total protein in elution framti 3, both in terms of CH2 and also
additional protein contaminants. The TEV protease is visible on the Coomassie stained SDS
PAGE gel and runs at 27kDa. When fused to the secretion construct CH2 runs just below the
26kDa marker but following successfuNT8leavage it should run at 13kDa. TEV protease is
visible in lanes 9, 11 and 13. CH2 protein fused to the secretion construct is visible following
incubation without TEV protease (lanes 10 and 12), but not in fractions where TEV protease
was present. A mtein with a small molecular weight (around 13kDa) is seen in elution fraction

2, following TEV cleavage. This same protein is seen in all fractions which contain elution
fraction 3 (whether TEV treated or not), suggesting some non TEV directed cleav@ge of
protein. This could also be a contaminant proteirmweverasa higher concentration of this

band is present following incubation with TEV as opposed to witffeigtire4.: last four lanes

in Coomassielthis is more likelyo be the TEV cleavable CH2 protdiurthermore if protein
dilution during incubation with (or without) TEV protease is considered, a higher concentration
of the small band is seen following TEV cleavage in comparison to that seen in the elution
fraction 3 only. In the Western blot when a high concentration of protein was loadedTgké
treated samples) a HRP fluorescent signal was detected for multiple bands, suggesting that the
anti-FLAG antibody bound nespecifically to protein. In samples with CH2tein and no TEV
protease, an antibody signal is detected. This is not as strong as the signal seen in elution
fraction prior to incubation with TEV protease, due to dilution of protein and perhaps protein
degradation during incubation. No FLAdg is deteted at any other molecular weights
following incubation with or without TEV protease. When CH2 protein is incubated with TEV
protease, no antFLAGHRP signal is detected, this shows that FtagG@used CH2 is no longer
present in the protein fraction, daonstrating successful TEV protease cleavage of CH2 from

the FLAG tag. This combined with the appearance of a higher concentration of protein which is

213



around 13kDa, suggests TEV cleavage is successful at both TEV sites in the secretion construct.
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Figure4.5: Protein fractions following overexpression and purification and TEV cleavage of
CH2.

CH2 protein was overexpressed in BL21 (DE3) and soluble protein was purified using a Strep
trap column. Fractions which contained CH2 protein were dialysed overnmd@OmM Tris

HCI, 150mM NaCl, 1mM EDTA, pH 8 and then incubated for two hours either with or without
TEV protease. 2x SDS loading buffer was added to protein samples at a 1:1 ratio. Samples were
run on 15% SDBAGE gels. Protein samples were loaded dewsl Lane: (1) B& dzy
Prestained Rec Protein Ladder, (2) elution fraction 2 following dialysis, (3 and 4) empty, (5)
elution fraction 3 following dialysis, & empty, (9) TEV protease only, (10) elution fraction 2
only, (11) elution fraction 2 and TpYbotease, (11) elution fraction 3 only, (12) elution fraction

3 and TEV protease. 20uL sample was loaded-PRGE gels were then stained with
Lyadalyd. tdsSu /22YFaaAsS adl Ay oG 2EWAG ankdodyzy RS N.
(bottom).
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4.3.4. CH2 protein structural properties

CH2 can also dimerise, due to tlweak carbohydratanediated interchain proteigprotein
interactionsthat occur between two CH2 domains at residue 2®&additionone intra- and

one inter chain disulphide bonddorm (Chintalacharuvu et al., 2002)he interchain bond
forms between the hinge regions associated with QRgabakaran et al., 2008AsE. coliare

not capable of glycosylation or disulphide bond formation (without the aid of strains such as
CyDisCo, which produces catalysts for diside bond formation and isomerisation or
expression of theN-linked glycosylation system @ampylobactejejuni (Wacker et al., 2002;
Matos et al., 2019) it was not knownif intracellular expression of CH2 would result in
disulphide bond formation.Formation of disulphide bridge requires a Rmducing
environment; however as CH2 protein is routinely prepared for-BBSE in 2x SDS loading
buffer with the reducing agent OT only the monomer has been detected. To investigate
whether recombinant CH2 harboured in the secretion construct was capable of forming
dimeric structures, purified CH2 was prepared for $B&E in 2x SDS loading buffer with and
without the DTT componerdnd run on SDBAGE gels. On the Coomassie stainedP3lsE

gel it is evident that this round of protein purification resulted in an elution fraction with less
contaminant protein.-with DTT a band is seen at 26kDa, however the band at 55kDa is not
presen. Without DT the 26kDa band is not preseimstead a band is seen at around 15 and
20kDa (both too small to be the predicted 22.6kDa Se&etion construct protein). When
probed with antiFLAG antibody on a Western bl&idure4.), the 26kDa band is detected and

a very faint signal just below 55kDa is detected with DTT. In the absence of DTT the band
which is present at around 26kDa is not present, whereas a band is visible at around 50kDa,

which could sugges dimeric form of the 26kDa CH2 protein.
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Figure4.6: CH2 protein following overexpression and purification prepared for SDEGE
followed by Coomassie stain or Western blotting in both the presence and absence of DTT.

Soluble Strep tagged CH2 protevas overexpressed in BL21 (DE3) and purified using a Strep
column. Fractions which contained CH2 protein were dialysed overnight in 100mMdlripH

8. 2x SDS loading buffer either with or without DTT was added to protein samples at a 1:1
ratio. Samplesvere run on 15% SEFAGE gels and underwent (A) Coomassie staining or (B)
Western blotting with antFLAG antibody. The resulting Western blot was cropped to remove
irrelevant lanes. Lanes shown are (left) CH2 with DTT, (right) CH2 without DTT. 20 sampl

was loaded.

Experimental work has shown that CH2 protein expressed within the secretion construct is
amenable to overexpression, Strégg mediated purification, antibody detection by Fl-tG

and TEV protease cleavage of accessory peptides. In additiohese secretion consict
facilitated characteristicshe CH2 protein was also shown to be functional in forming dimeric
structures presumably by disulphide formatioWhile successful, these findings all concern

intracellular derived protein, focuwill now move to secreting this protein through the FT3SS
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into the extracellular media but they at least show the feasibility of the use of this construct

and some element of native function in terms of dimerisation.

4.4. Investigation of secretion of th e synthetic modular

secretion construct through the FT3SS.

4.4.1. Secretion of the CH2 harbouring synthetic modular secretion

construct through the modified FT3SS

In the previous section, CH2 was overexpressed in BL21 (DE3). It was confirmed that the
seaetion construct plasmid expressed protein upon induction and also established that
purification (Strep IlI) and antigen tags (FLAG) were faithfully presented. TEV cleavage
capability was also verified. However, investigation of the potential of the lddRT3SS to
secrete a heterologous protein within this prototype secretion construct required expression
of the pJexpres&liCCH2FLAGStrep plasmid in FT3SS secretion strains. Initial investigation of
CH2 expression and secretion was carried out inattiginalk CKLsecretor strain as a starting

point for studies. Following cell culture of the secretor strain, with induction of the plasmid
harbouring the FIiC secretion signal peptidgked CH2 in the secretion construct; FeaGged

protein was visibleby Western blot in both the intracellular and supernatant (secreted)
fractions Figure4.). Less CH2 protein was seen in the secreted fraction and no FLAG signal was

detected in the cells or supernatant of cells expressing thptgmector.
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Figure4.7: CH2 protein in the secreted and intracellular fractionstd€KLsecretor strain cell
culture.

E.colik CKLcontaining either the plasmid pJexpradSBCCH2FLAGStrep or pJexpressmpty

vector were induced with 0.05mM IPTG and grown in LB at 37°C with 180rpm agitation. Cells
were harvested when cell culture reach@isy 1.5. 1 OD unit of cells were prepared for SDS
PAGE and the supernatant (SN) from 1 OD unit of cells was precipitated with TCA (10% v/v)
before SDAGE and Western blot analysis with &itAG antibody. Protein samples were
loaded as follows. Lanél) CHZ;SN, (2) empty vectarSN, (3) CH2cells, (4) empty vectog

cells.

4.4.2. Optimisation of a standardised protein secretion assay to

guantify secretion of CH2 through the modified FT3SS: induction

The data presented above showed that the segrettrain was effective in both expressing and
secreting CH2 protein, however the expression protocol carried out was based on that derived
from the optimisation of secretion of the E2 monomer following expression of pTrc E2. As CH2
secretion involves thexpression of an entirely different protein and more importantly from a
different plasmid backbone (pJexpress), a range of expression protocols was tested to ensure
that CH2 expression and secretion are robust before the effect of strain improvements is
assessed. As described, there are two means of expression of genes within pJé&tiZ€s$2
FLAGStrep plasmid: with IPTG via ti& promoter and through native expression of the FIiC
LINEY2(GSN)] g KAOK A& adAtft AyO2NLRMNdughSHR FICY (K
promoter is regulated by the flagella genetic regulonfii®CandfliA, CH2 protein expression

was tuned with IPTG to maximise protein secretion inkkXLstrain. CH2 protein expression

and secretion were measured as before, however cultures were supplemented with 0, 0.01,

0.05, 0.1 or ImM IPTG.
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Figure4.8: Intracellular and secreted fractions of MC10@dliC kflgkL supplemented with
different concentrations of IPTG.

E.coli nCKL containing the plasmid pJexpreBEGCH2FLAGStrep was grown in LB
supplemented with 0, 0.01, 0.05, 0.1 or ImM IPTG. Cells were harvested,gl@DThe cells

and supernatant from 1 OD unit of cells were prepared fopXt8DSPAGE and (bottom)
Western blot analysis of supernatant using a@AtiAGHRP antibody. 15uL supernatant derived
protein was loaded onto SEFAGE gels and 5uL and 2L cell derived protein was loaded on to

SDSPAGE gels for Coomassie staining and Wedtlatting respectively.

The Coomassie stained SBPSGE gel shows that the addition of different concentrations of
IPTG did not alter levels of total intracellular protein expression and that overexpressed CH2
protein was not visible, suggesting expressiay not be as strong as in BL21(DER)ufe4.:

top). Secreted fractions are clear of protein, demonstrating that cell lysis did not occur at a
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detectable level with the induction of recombinant protein expression with amgcentration

of IPTG. The absence of any visible protein in secreted fractions also suggests that the
concentration of secreted CH2 was below the detection threshold of Coomassie stain. The
results of the Western blot show that CH2 was both produced inthalegly and secreted
without and with IPTG inductiorFigure4.: bottom). CH2 expression was lowest with the
addition of 0 or 0.01mM IPTG and was optimal at 0.1mM but surprisingly dropped off at 1mM
IPTG. This was mirrored wittecreted CH2, where CH2 was detected in the supernatant
increased from 0 to 0.05mM IPTG where after the concentration of secreted CH2 decreased
with the addition of more IPTG. This was confirmed following analysis with densitometry
(Figure4.). Secretion efficiency was calculated by adding the values derived for secreted and
intracellular CH2 (total CH2) in a strain and then dividing this by the value for secreted CH2.
This showed that the most efficient secretion occurred witle tddition of 0.01mM IPTG
(Figure4.C). There was little difference in the secretion efficiency of cultures supplemented
with 0.05 to 1mM IPTG, however 0.05mM resulted in the next mostiefficsecretion

capacity of CH2.
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Figure4.9: Expression and secretion capacities of MC1(ahC kflgkL supplemented with

different concentrations of IPTG.

E.coli nCKL containing the plasmid pJexpreBECGCH2FLAGStrep was grown in LB
supplemented with 0, 0.01, 080 0.1 or ImM IPTG. Cells and supernatant were harvested and
prepared for SDBAGE and Western blotting with an aRtiAGHRP antibody, Densitometry
analysis was carried out on the resulting Western blot using Image J. Results are shown for (A)
densitometry value of secreted protein as a percentage of total secreted CH2 protein for all
IPTG induction concentrations, (B) as stated, but for intracellular CH2, (C) as a proportion of

CH2 detected in the supernatant in comparison to the intracellular fraction.
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In subsequent CH2 secretion assay experiments, media was supplemented with 0.05mM IPTG.
lf 0K2dAK &aSONBiOA2Yy o6layQli Yz2ad STFAOASYydH i
highest intracellular and highest secreted concentration of CH2. Dthenqvestigation of E2
secretion samples were taken once cultures reacheg,£ID5, here samples will be taken at

ODy00 1.0 due to the time constraints associated.

4.4.3. Isolating monomeric CH2 to quantify secretion capacity

As with the E2 secretionsaay, it was beneficial to derive a CH2 protein standard to allow
gquantitative measurements of CH2 expression and secretion. This will give an indication of w/v
yields of CH2 protein and also allow inperimental comparison of expression and
secretioncapacity. CH2 protein was overexpressed in BL21 (DE3) and purified and dialysed as
described in previous sections. The concentration of CH2 was measured by BCA assay,
however as multiple protein bands were seen in purified protein the total concentration o
protein calculated by BCA assay cannot all be attributed to CH2. To account for this
densitometry analysis was carried out on the Coomassie stainedP88E gel of CH2 protein
standards Figure 4.), this then allowed the propdion of CH2 in total protein to be

determined and therefore the concentration of CH2 to be calculated.

The total concentration of protein found in elution franction 3 of the protein loaded onto
Figure4. was 41.4ug mt Densitanetry calcualted that the band present at around 26kDa
(CH2) comprised 33.708% total protein seen on the Coomassie stainefARES gel.
Therefore the concentration of CH2 protein in the protein standard is 141§ fterefore
following Western blotting wh the ant-tFLAGHRP antibody it can be concluded the intensity

of the band seen at around 26kDa for the protein standard is due to a 14jigonkcentration

of CH2. This allows calculation of the concentration of CH2 in other samples due to

proportionaldensitometry.
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4.5. Improved secretion of recombinant protein through
the FT3SS

With the protein secretion assay optimised to ensure that CH2 expression and secretion
through the modified FT3SS are maximised and measurable in a quantitative manner, the
focus of the study could now shift to testing the secretion capacity of CH2 in the secretor strain

mutants, with the aim ofmproving CH2 protein secretion.

4.5.1. Establishing that secretion in engineered strains is truly FT3SS

dependent

Prior to the inestigation of improved secretion of CH2 through the modified FT3SS of strains
with additional knock out mutations, it was important to ensure that CH2 secretion was
facilitated by the FT3SS and not through cell lysis or other routes ofdimected protein
secretion. This was investigated by measuring protein secretion in the negative secretion
strains MC100@flhDCand MC100&¥ t 3 Y[ kTt A/ k¥t 359

As seen irFigure4., CH2 was detectable by asRLAGHRP in the intracellular fraction of all
strains, however in strains designed to act as negative controls for secretion of CH2 through
the FT3SSn(F f rd/n T f )AE&s® CH2 was produced. In terms of strains which should
demonstrate CH2 secretion, te ¥ f Jrauthtion resulted in slightly reduced CH2 expression

in comparison tok CKL These observations were confirmed with densitometry lgsia of
Western blots (two biological replicates) and quantification of CH2 protein concentration by
calibration with the protein standard. In terms of intracellular protein, 54.8 thgrid 33.9 mg

L™ CH2 was produced. While te ¥  Jrautiation did not result in more intracellular CH2 it

did result in more secreted CH2: on aver&geKlsecreted 69.31 pglCH2 ankCKLp ¥f Ja b
128.21 ug t, suggesting it is also more efficient at secreting protein tR@KL Although a

maximum of 0.51% total protein wagcreted into the supernatant.
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Figure4.10: Intracellular and secreted CH2 from thHeCKl.np ¥t ridk / [T { Jaad
kCKln ¥ { ehdteits.

E.colinCKLS / dIRDC(PC) nCKLNflgMN 6 a b 0 CRLMIYDE (DE) containing the plasmid
pJexpress$-liGCH2FLAGStrep was grown in LB supplemented with 0.05mM IPTG. Cells were
harvested at OFy1.0. 1 OD unit of cells were prepared with 2x $IA&E loading buffer. The
supernatant from 1 OD unit of cells was precipitated with TCA (10% v/v) and prepared with 2x
SDSoading buffer. Samples underwent SBAGE and Western blot analysis of cells and
supernatant using an anRELAGHRP antibody. A CH2 protein standard (S) was loaded to allow
quantification of intracellular and secreted protein concentration. Samples weaded as
follows: Supernatant: 20uL, cells: 2uL, standard: 5uL. Note supernatant and cell fractions were

run on separate SBIBAGE gels.

To measure cell lysis, Western blots were stripped of-BbAGHRP and reprobed with anti
GroEL to observe the presencof the cytoplasmic GroEL protein. Roughly similar
concentrations were seen in the intracellular fractions of the different strains, however in the
secreted fractions more GroEL was present with the addition oftfef ZhadpflgDE(where

no secretion of CH2 was seanjtations. As in Chapter 3, in the absence of a total cell lysis
sample, it is not possible to calculate how much lysis this represents, however on account of

the lack of protein in the supernatant ftdons, this is unlikely to be very high at all.
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Figure 4.11: Abundance of GroEL in the intracellular and supernatant fractions of the
4 S ONXB (i 2 NBD&,AfIyMNAI yy>RilgPE mutants, following expression and secretion of
CH2 protein through the FTSS

E.colin/ Y¢).n Tf KKEYNCKILn T ANy orn/ Y[ ADOE) édiadning the plasmid
pJexpress$-liGCH2FLAGStrep were grown in LB. Cells were harvested ad,£ID0. Samples
underwent SDPAGE and Western blot analysis of cells and supernatany @ntiGroEL

antibody and an HRP secondary. Samples were loaded as fofloyernatant: 20uL, cells:

21L.

While CH2 is seen in the supernatant of positive secretion strains and is negligible in negative
secretion strains, it is not possible to concluthat this is due to the FT3SS secretion alone
because negative secretion strains express much less CH2 piéignined.). Therefore at this

stage it is not possible to confirm that CH2 protein seen in the media is due t& Eirgsted
secretion. The reduced level of CH2 expression in negative secretion strains is due to the
presence of thdliC promoter in the secretion construct. THEC promoter is subject to native
transcriptional control of the cell, therefore as the K6 / Iy R mytaffohsarésalt in
reduced class lll gene transcription due to trapping of FIgM inside the cell, less plasmid derived
protein is expressed. To counteract this, the media of negative secretion strains was
supplemented with additional IPTGjtiwthe aim of compensating for reducdtiC promoter
induction via increased T5 promoterduction. An alternative to this would be to produce a
kflgDEKflgM mutant, resulting in frees®® and therefore decoupling hook completion and the
initiation of clas Il gene transcription. Despite several attempts to produce this mutant
through LambdeRed recombineering and phage transduction it was not achieved. It is not
thought that this mutation combination would be lethal; therefore no explanation for this can

be given, other than the common synthetic biology concept of the unpredictability of biology.
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To investigate whether increased induction of the T5 promoter in the CH2 secretion construct
harbouring plasmid, would result in increased CH2 expression imebgative control strains

(n Tt &wh F£)IA edia was supplemented with additional IPTG. FollowingFSIisE

and Coomassie staining no visible differences in total intracellular protein were observed. CH2
was not visibly overexpressed with the additiohincreasing concentrations of IPTHgure

4.B), neither was it observable in the supernatant fractions of cell culteigu(e4.A). There is
evidence of some intracellular protein contaminatiofi the supernatant ofpn ¥ f Kn5all
induction conditions. This is also true pfT f B B less pronounced. The result of the
Western blot Figure4.C) showed that increasing concentrations of IPTG correlated with an
increase in intracellular CH2mcentration. Whilen ¥ f Eneljp T £ 8xprlssed less CH2 than

the secretor strain with the addition of 0.05mM IPTG, this could be compensated with the
addition of 1ImM IPTG. This was confirmed by densitometry anahjigisré4.). CH2 was found

in the supernatant of the secretor strain (837.36 [fj &nd in low quantities in ¥ f K.G3/36

ug LY when supplemented with ImM IPT@ what was almost certainly a phenomenon
caused by cell lysis in these cells (as illustrated byGmEL Western belowrigure4.). This
amounted to 4.59% CH2 protein being secreted in the secretor strain, as opposed to 0.64% in
n ¥t &h%im T{ @ith he addition of ImM IPTG.
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Figure 4.12 Intracellular and secreted | H FNBY GKS &ASONBG2NI aid NI

nflgDEmutants when supplemented with increasing concentrations of IPTG

E.colinCKL6 / (lIDC5 / v CKMGDER(DE) containing the plasmid pJexpr&s€CH2
FLAGStrep was grown in LB supplemented gas concentrations of IPTG (see annotation).
Cells were harvested at @1.0. 1 OD unit of cells were prepared with 2x $FIA&E loading
buffer. The supernatant from 1 OD unit of cells was precipitated with TCA (10% v/v) and
prepared with 2x SDBadingbuffer. Samples underwent SIPAGE and either staining with
Instant Blue Coomassie stain (A and B) or Western blot (C) analysis of cells and supernatant
using an antFLAGHRP antibody. A CH2 protein standard (S) was loaded to allow
quantification of intraellular and secreted protein concentration during Western blot analysis.
Note supernatant and cell fractions were run on separate-BRSE gels. Samples were loaded

to as follows: Supernatant: 20uL, standard 10pL. Cells: 2uL (Western blot), 5uL (Goomassi
stain), standard: 5pL.
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|y RlgDEmutants following the addition of various concentrations of IPTG.

E.colinCKLo / dIfDC(PC)NnCKL  ZKIhflgDE(DE) containing the plasmid pJexpr&$i€
CH2FLAGStrep were grown in LB supplemented with various concentrations of IPTGgge OD
1.0. A CH2 protein standard (S) was loaded to allow quantification of intracellular protein
concentration. Following Western blot analysis of cells using-FmGHRP, dnsitometry
analysis was carried out using ImageJ to calculate the concentration of CH2 in cells per litre of

cell culture.

Cell lysis was measured by measuring supernatant fractions for the presence of the
cytoplasmic chaperone protein GroHigure4.0 @ ¢ KS a S O NBgDEmMtadt Gadd Ay |
AAYAT I NI O2yOSy (NI GA2ya 2F DNEROY9J[ flhbgmutarksada dzLIS N
higher concentrations suggesting that cell lysis was higher in this strain. This comf@dmen
results seen in the Coomassie stakig(ire4.). The addition of increasing concentrations of

IPTG did not result in increased GroEL. Cell lysis suggests that cells are not healthy, however it
is not documented that theflhDC mutant should have poor fitness, in fact it is a more
competitive in animal and plant mode{&auger et al., 2007; TalK®rsten et al., 2004)t is

possible that some deleterious mutations have occurred in the strain; therefore it beay
favourable to generate a fresh version of this mutant knockout. However for the purpose of

this investigation lysis was still relatively low and presence of E2 protein in the supernatant

was only visible following 1mM IPTG induction, suggesting thaplasmic leakage was very
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low. For these reasons it was concluded that the strain is still suitable for use as a negative
O2y (N2t ® az2ad AYLRNIFIyGfte €tAGGES DRSS o1 &
suggesting that any protein seen in the supeam of this sample is due to directed secretion

and not lysis.
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Figure4.14: GroEL in the supernatant fraction of the CH2 expressing secretor strain and the
n Tt K5 fflgDEyiRants with the addition of IPTG.

E.colinCKLo / dilDC5 / 0 CKMJDR(DE) containing the plasmid pJexprE$isSCH2
FLAGStrep was grown in LB supplemented various concentrations of IPTG (see annotation).
Cells were harvested at @9 1.0. Samples underwent SIPAGE and Western blot analysis

using antigroEL antibody andn HRP secondary.

Addition of higher concentrations of IPTG is an effective means of counteracting refli@ed
promoter activity in negative secretion strains. This allowed conformation that FT3SS secretion
signal peptide tagged protein is not presentthre supernatant of strains which lack fully
functional secretion apparatus. With negative control established it can be confidently stated
that the presence of these proteins in the supernatant of strains with functional secretion

apparatus is due to dirded FT3SS secretion alone.

4.5.2. Secretion construct modification for negative control of FT3SS

secretion

While negative control of FT3SS secretion has been demonstrated by the absence of FIiC

secretion signal peptide tagged protein in the supernawingtrains with either noffunctional
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or incomplete secretion apparatus, the specificity of the secretion signal peptide has not been
investigated. The creation of a secretion construct without the secretion signal peptide will
serve as a negative contrfdr protein secretion through the FT3SS. In addition to this the
NBY2@Ft 2F GKS pQ !¢w YIe FEtS@OALGS GKS Aaac
expression through th8iCLINE Y2 G SNE | & GKS LINPY2GSNJ Aa aadd

4.5.2.1. Production of the modified secretion construct

The region of the prototype secretion construct upstream of the protein cargo is currently
O2YLINR &SR 27T (i Ki€follpwed bythe 47NaBidcka2ig Fli@ Secretion peptide.
Primers were designedo amplify DNA from the plasmid pJexprédsCGCH2FLAGStrep
gAGK2dz GKS pQ !¢w 2N gAGK2dzi GKS pQ ! ¢w |yl
la GKS aSONBGA2Y O02yaidiNHzOG NRo62a2YS O6AYRAYy3
UTRand signal peptide respectively, it was required to integrate them into the forward
primers so that PCR products would harbour extensions of the original template with these
motifs. The forward primer is capped with &dd restriction enzyme site and theverse a

BanHI restriction enzyme site, this will allow the PCR product to be cloned into pJexpress with

Ndd andBanHI sticky ends.
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Figure4.15: Schematic of the existing prototype secretion construct harbouring CH2 and the
alternative secretion confddzOda o{/! FyR {/ .0 F2fft26Ay3 (K

amino acid secretion peptide.

The genetic construct (left) and resulting protein based secretion construct (right) are given for
three variations of CH2 harbouring constructs. The originalgtype CH2 secretion construct
GKAOK O2yidltAya GKS pQ !'¢w YR n1 |YAYy2 I OAR
PCR using one of two forward and one reverse primers with elongated ends. Restriction
enzyme sites featured in the elongated ends bpamers and ribosome binding site (RBS) and

start codon featured in the two forwargrimers. Thigesulted in the generation of donor DNA,

which following restriction digest witiNdd and BamH| was ligated into &Ndd/BanH| cut

plasmid harbouring the epty secretion construct. This resulted in the generation of two novel
plasmids which novel genetic constructs (B and C), known as SCA and SCB. Expression of these

resulted in the peptide products denoted on the right for each.

PCR products for both prien sets were derived by higiidelity PCR. The size of PCR products
when run on a DNA agarose gel confirmed the successful amplification of template DNA with
the aforementioned primer mediated DNA extensions. PCR products were excised from the gel
and isoated.

230



SCA x xSCB

1kb ——— —
0.75 kbp- 1 kbp- g

Figure4.16: Agarose DNA gels showing SCA and SCB PCR products for ligatididehtand
BamHI cut pJexpres§liGempty-FLAGStrep

PCR reactions were carried out using pJexpri€SCH2FLAGStrep as template and primers

in Appendix2 with Phusio® HighFidelity DNA Polymerase. PCR mixtures were analysed on a

1% TAE agarose DNA gel supplemented with a trace of ethidium bromide, visualised under UV
fAIKG FYR AYOSNISR® {F YLI Sa ¢ SNBSONINygd-RBS (0 K D¢
ATGA47aaCH2StrepFLAGD Q -Batridl (964bp). Right: (1) Ladder, (2 and 3) not relevant to

this experiment, (4) 10uNdd-RBSATGCH2StrepFLAGo Q -Batril (823bp)

Isolated PCR products and pJexpieiGempty-FLAGStrep underwent restgtion digest with

Ndd andBanHl in CutSmart buffer. Following this incubation step the acceptor vector was
treated with Antarctic phosphatase to discourageciecularisation and then run on a DNA
agarose gel to confirm successful restriction digest. &srdrol, acceptor vector which had
been incubated without restriction digest enzymes was also loaded on to the gel. As opposed
to the smaller supercoiled circular DNA seen in lane 1, two DNA products are visible in the
second lane, showing the cut accepteector (3967kbp) and the 772kbp section of DNA

comprising of the empty secretion construct.
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Figure4.17: Agarose DNA gel showing uncut ahtld and BanHI cut pJexpres&liCempty-
FLAGStrep

Restriction digest reactions were carried out both with anthait the addition of restriction

enzymes. 5pL restriction digest mixture was prepared for DNA electrophoresis and loaded on a
1% TAE agarose DNA gel supplemented with a trace of ethidium bromide and visualised under
UV light and inverted. Lanes: (1) GedeRS N m{1 0 5b! f I RRSIBando H U  d:

BanH| cut vector

As the product resulting from restriction digest of PCR products was only 18bp shorter than
the original product, these restriction digest mixtures were not visualised by DNA
electroptoresis. All restriction digest reactions underwent PCR clean up to inactivate
restriction enzymes, aBanHl is not amenable to heat inactivation. DNA concentration of both
acceptor vector and PCR products following restriction digest and clean up wasrettasd

DNA ligation reactions were set up to contain the cut accepsmtor and either SCA or SCB
DNA Following incubation overnight, ligation reactions were transformed MEB Ealpha
CompetentE. coliand screened by plating on LB agar plates supptged with ampicillin.

Positive colonies were screened by colony PCR to confirm successful ligation of DNA.

Plamid DNA was isolated from colonies which yeilded positive colony PCR results and were
sent for sequencing with primers which arated to DNA regions flanking the insertion site of
donor DNA following ligationSequences from both plasmidslligned to the expected
sequence exactly. Protein expression and secretion can now be assessed for these newly

derived plasmids.
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4.5.2.2. Testing the modified secretion construct

Following the successful cloning of two versions of the CH2 harbouring secretion construct;
2yS gAGK2dzi GKS CftA/ pQ !'¢w o{/ !0 FYR 2yS f|
secretion signal peptide (SCB) thgeession and secretion of these plasmids was investigated

in both the secretor strain and the negative secretion stidigDE

As seen in the Coomassie stained - FBSE gel, CH2 was not distinguishable in either the cell

or secreted protein fractionsF{gure4.). The secreted protein fraction was clear of other
protein contaminants aside from a large protein seen at around 72kDa. Despite this, as the
remainder of the fraction as clear, it can be assumed that cell lysis didceot in cell culture

for any combination of plasmid or strain. Western blot analysis showed that CH2 harboured in

the original secretion construct was produced intracellularly and secret&€iicells Figure

4.. bottom), whereas (as seen previouslyHigure4.) a very low concentration was produced
inthekfigDEY dzi | yi® Ly GKS 6aSy0S 2F (KS Cfsh/ pQ
produced ink CKlcells as was when it was present. In #fgDEY dzii  y i G KS | 6aSyoO
UTR resulted in an increase in CH2 expression as opposed to when it was piedact the
concentration of CH2 was in line with that seerki@KlLcells. Witl2 dziT GKS pQ | ¢w
FoaSyid Ay GKS &dzZSNYyFdlyd 2F 020K adNIAyao |
acid secretion signal peptide, it was predicted that the size of the CH2 product would reduce to
13.5kDa; this was seen in the Western BioflglOE expressed slightly more thak / Y[ T
howeverboth strains hadnuchmore intracellular CH2 in the absence of the secretion sjgnal

this was not expectedAs expected in the absence of the secretion signal the supernatant of
cells cultures of botlkCH.andk T { @és ®oid of CH2 protein. This pattern was seen in two

biological replicates.
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Figure4.18: Intracellular and secreted CH2 from the secretor strain dnd WilgDEmutant

GAGK OFNAI6ES CEA/ pQ '¢w YR CtA/ &SONBilAZY

EcolinCKL / 0 CRUNIgDE(DE) containing the either the plasmid pJexpfeBECH2FLAG

Strep orthe SCAor SCBrariant plasmid was grown in LB supplemented with 0.05mM IPTG.
Cells were harvested at @91.0. 1 OD unit of cells were prepared with RSP AGE loading
buffer. The supernatant from 1 OD unit of cells was precipitated with TCA (10% v/v) and
prepared with 2x SDBading buffer. Samples underwent SBAGE and either staining with
Instant Blue Coomassie stain (top) or Western blot (bottorglysis of cells and supernatant

using an antFLAGHRP antibody. Samples were loaded to as follows: Supernatant: 20uL. Cells:
2uL (Western blot), 5uL (Coomassie stain).
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4.5.3. Reduced metabolic burden and negative regulation mutants:
Effects of deletion of motAB, flgMN, fliDSTand clpX on FT3SS secretion
of CH2

With the development of a protein secretion assay for the mmative protein CH2 and the
confirmation of control of directed FT3SS secretion with the negative secretion skif#ixC

andk CKLkflgDE the investigation into the secretion capacity of CH2 in the suite of promising
secretion strains which have been generated could begin. CH2 protein secretion assays were
carried out to investigate the expression and secretion capacity oktBiLstrain with the
addition ofkmotAB,kfliDST kflgMN and kclpXmutations.k CKLwas assessed in tandem for
reference and the CH2 protein standard often utilised to calculate both expression and

secretion yields.

Figure4. serves asan example of one of a number of biological replicates of CH2 protein
secretion assay experiments, which were carried out. As seen in the Coomassie stained SDS
PAGE gel, while CH2 was not visible, the supernatant protein fraction was routinely clear of
additional protein contaminants, suggesting that cell lysis was not commonplace. Western blot
analysis demonstrated that intracellular CH2 concentration is variable between strains,
however reasonable amounts are expressed in all, suggesting that CH2 @xpréss
compatible in all mutant strains tested. This is also true of secreted protein; all mutant strains
are capable of secreting CH2 through the modified FT3SS and into the media. As a CH2 protein
standard was not loaded onto this Western blot it is possible to quantify the concentration

of CH2 protein loaded onto the gel to give a yield, however it is possible to use densitometry
analysis to calculate intracellular or secreted CH2 in strains relative to that in the secretor
strain. Samples for eacltrain on an SDBAGE gel were derived in tandefrom cell culture

to sample preparation and finally Western blot analysis, therefore it is valid to normalise
results for each strain tkCKL Ask CKlis common to every experiment, normalised results can

be compared across experiments.
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C M MNDST X C M MNDST X

Secreted Intracellular

Figure419Y LY GNJ OSf f dzZf F NJ ' YR &S ONB (i SnivtAB, hflgMNF NB Y
nfliDSTF vy RlpXand mutants.

E.colinCKL6 / (CKLhnmotAB 6 a OCKILNfigMN 6 a b ([CKLnfljb { ¢ 60 5 { CKINCcI@X) n
containing the pasmid pJexpresBliGCH2FLAGStrep were grown in LB supplemented with
0.05mM IPTG. Cells were harvested agdD0. 1 OD unit of cells were prepared with 2x SDS
PAGE loading buffer. The supernatant from 1 OD unit of cells was precipitated with T&€A (10
viv) and prepared with 2x SB&ading buffer. Samples underwent SBSGE and either
staining with Instant Blue Coomassie stain (top) or Western blot (bottom) analysis of cells and
supernatant using an anELAGHRP antibody. Samples were loaded to aslovid:

Supernatant: 15pL. Cells: 2uL (Western blot), 5uL (Coomassie stain).
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Following densitometry analysis of the Western blot showfigure4. along with additional
biological replicates, relative levels of CH2 expressioth secretion in comparison to the
secretor strain were derived-{gure4.). Aside from secreted CH2 in theY 2 (imutant, there

is quite a lot of variation observed in the relative CH2 concentrations in comparido@ka

The trend observed is that all additional knockout mutations result in on average, less
intracellular CH2 and more secreted CH2 in compartsothe KkCKLn / Y[  ppFoduged b
0.71 CH2 protein in comparison to the&KIL. this was significantly less. In terms of secreted
CH2, then T f Anbtdtion resulted in an average of 1.64 CH2 relativé&k @K|. however this

was not found to be significanth& three other knockout mutations all resulted in significantly
more secreted CH2 relative o/ Y{/ WYW[Y2 2 15F p/ Y[ =nd6,fH AHO =L
1.55). These findings suggest that all four strategies to improve CH2 are effective, as more CH2
is seceted and furthermore as less CH2 is found intracellularly, these strains are more efficient

at secreting CH2 than the original secretor strain.
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Figure 4.20: Western blot densitometry analysis ofntracellular and secreted protein
TN OGAz2ya 2F /1 nv SELNBGAABMNIGEN, afDSNB/ReINgGand (i NI A y

mutants.

E.colinCKE CKiLnmotAEE CHKInflgMN, nCKL©fliDST, oiCKLnclpXcontaining the plasmid
pJexpress-liGCH2FLAGStrep weregrown in LB supplemented with 0.05mM IPTG. Cells were
harvested at OB, 1.0. Following Western blot analysis of cells and supernatant using anti
FLAGHRP, densitometry analysis was carried out using ImageJ. Results were then normalised

to the value obtaf SR T2 NJ SAUGKSNI & SONE (i ERstrailNd) Andivididl OSt
data points, average and standard error of the mean are given for secreted (left) and
intracellular (right) relative concentration of CH2. Unpairadst was carried out (* $<0.05,

FFF I LFrnodonnnp0d . A2t 2340 CKINSLIEROHtABGE4), 6 & S ON
NCKIpfigMN (9, 8) NCKINfliDST (5, 4CKLnclpX(6, 4)

While relative concentrations of intracellular and secreted CH2 are informative, itiisldes

to obtain quantitative yields so that productivity can be compared to industry standards. CH2
protein standard was loaded alongside many biological samples; however the high incidence of
high background and weak fluorescent signal resulted in mamglunsuitable for analysis by
densitometry. From the results obtained, the overall trend was the same as that observed in
Figure4.: the addition of all mutations resulted in the average yield of secreted prdieing

higher in the secreted fraction and lower in the intracellular fractibiggre4.: A and B). In
addition, all mutations resulted in more efficient secretion of CH2 into the media of cell
cultures Figure4.C), the highest being / Y1 [O fwhich secreted 1.39% total CH2 protein into

the median / Y[ natHieded both the highest yield and average yield of secreted protein
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(219.66 and 128.64 ug'L n / Wemonstrated the highest level of CH2 prot@rpression
(maximum:75.66 mg.*, average: 41.83 mg'L

2501 807 1.57
L4 v

60
A
~ 1504 - A ™ A
; ;40-
£ 100 - £
e v
N < 0.57
204
50| "o A L4 - AA :l:
v I ¢ | A
T T T T T T T T T T T T T T
<
N \v‘b \@ o \Q+
6\0 & N <

-
o
1

% secreted

o
o
[ ]

0.0

& SRR &

Figure4.21: CH2 yield in the intracellular and secreted protein fractions of the secretor strain
|y RnotAB,pflgMN, pfliDSTH Y RlpXmutants.

E.colinCKE CKinmotAE CKInflgMN, nCKL0fliDST or CKLnclpXcontaining the plasmid
pJexpress-liCCH2FLAGStrep were grown in LB supplemented with 0.05mM IPTG. Cells were
harvested at O, 1.0. A CH2 protein standard was loaded onto -BBGE gels along with
biological samples. Following Westermtanalysis of cells and supernatant using #iAG

HRP, densitometry analysis was carried out using ImageJ and CH2 protein yields were
calculated per Litre of cell culture for secreted (left) and intracellular (middle) protein
fractions. The proportion fosecreted protein was also calculated as a % of total CH2 protein
020K &ASONBUOSR IyYR NBGFIAYSR AYyidNI OSff dEKENI & @
0 0 CELnpotABS M ICELNfIgMN (5), nCKWfliDST (1)CKLnclpX(1). No significant redis

were found.
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4.5.4. Reduced metabolic burden: Effects of deletion of motAB, flgMN,
fliDST and clpX on growth phenotype

Gene deletions may lead to reduced metabolic burden as protein production is a metabolically
costly process. It was hypothesistitht the mutant strains would result in reduced metabolite
expenditure and the reallocation of metabolites to essential processes such as cell growth but
also to producing the remaining flagella proteins. Conversely the production of recombinant
protein (ie. CH2) will add to metabolic burden and may lead to a reduction in growth rate.
Finally gene deletion may lead to strains which are not viable or less healthy if essential genes
or processes are affected. To evaluate the effect of gene deletion and gh@ssion on
growth phenotype, growth curves were obtained for/ ¥ [y RCKLpmotAB:. ChipfigMN,
NCKINfliDST, oCKlnclpXexpressing either CH2 or empty vector.

When expressing empty secretion construct Yagd highest ORpat all times Figured.). The
YySEG flidD8T T2 f AgVSl Bnd in®IABA lower Ol T 2 BpXyvas consistently
recorded, both in the log phase and stationary (statistically significant for both parts of the
growth phase Paired ttest of average Ofg, values for each strain. p = <0.005). While all other
strains reached a similar final stationary phasegfg@D clpX was significantly lower. When
expressing CH2 the growth phenotype of all strains was very similar. In the late log phase
nfliDST(Paired ttest of average Ofg, values for each strain from 5 to urs. p = <0.0001)

had a slightly higher QRI Y RnotABslightly lower ORythan the other strains (Pairedtést

of average O, values for each strain from 6 to 11 hours. All at least p = <0.01). The mean
ISy SNI A 2 CKLS A.Ys5Soldthpieivhen expressingCH2 suggesting that overall
expressing recombinant CH2 does lower growth slighhig was investigated further iRigure

4.
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Empty secretion construct CH2

DfiDST P T
1.09
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Figure4.22Y D NZE ¢ (i KCKRaFU NI K § CKL)ymRtABO [1ilgMN, pfliDSTI Y Relph
mutant strains expressing empty or CH2 harbouring secretion construct over time in a 96

well plate. Calibrated to LB media.

Starter cultures of cells expressing either pJexpfgsempty-FLAGStrep (left) or pJexpress
FIGCCH2FLAGStrep (right) were grown in LB supplemented with ampicillin and 0.05mM IPTG
and aliquoted into 96 well plate wells. The 96 well plate was incubated in the TECAN plate
reader at 37°C with 6mm orbital shaking. dDmeasurements were recorded ewer30
YAYdziCGK¥y @ nptABnod , pF £ 3 a byMiDST:Z 3 clgX: bz Results represent the

combination of three technical repeats, of six biological repeats.

When visualised by strain it is possible to evaluate the effect of CH2 expression on cell growth
phenotype Figure4.b ® . CXil K RjD$iThave similar early log and stationary phases@D
however in the late log phase optical density was significantly reduced in cells expressing CH2
(Paired ttest of average Ofg values for strain expressing empty or CH2 vector from 4 to 12
YR podp (2 wmnodp K2dzZNE NBGABS @ HIgMNDAdSidilar. early K LJ
log optical densities whether expressing CH2 or not, however in the late log and stationary
phase (7 hoursmwards) cells expressing CH2 exhibited significantly lower cell density (Paired
t-test of average Ofg values for strain expressing empty or CH2 vector. Both p = <0.0001).

¢ KS 3INEP ¢ (dpXadls in $he BJFphase was comparable whether expresshi?) @

empty vector (mean generation time 1.03 fold higher for empty secretion construct), however

in the very late log and stationary phase cells expressing CH2 had a highg{Raed ttest
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of average O, values for strain gxessing empty or CH2 e®r from 8 hours onwards. Both

p = <0.0001). The main finding of tdesta is that CH2 is not toxic to cells and that cells from all
strains are healthy for the duration of the growth curve. When expressing empty secretion
O 2 y a (dpMeods ngt grow very well, however this observation is off set when expressing
CH2 protey" | cBibXhas a higher rate of growth when expressing CH2. This shows that not
only were knockout mutations nedeleterious to strains, but that cell death (and therefore

lysis) is not prevalent, therefore FT3SS secretion is true.
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Figure 423Y D NZE ¢ (LKLl ¥ RmotaB, nfigMN, nfliDST |y RelpXmutant strains
expressing empty or CH2 harbouring secretion construct over time in a 96 well plate.

Calibrated to LB media.

Starter cultures of cells expressing either pJexpFdESempty-FLAGStrep (white fill) or
pJexpress-liCCH2FLAGStrep (black fill) were grown in LB supplemented with ampicillin and
0.05mM IPTG and aliquoted into 96 well plate wells. The 96 well plate was incubated in the
TECAN plate reader at 37°C with 6mm t@abshaking. Oy measurements were recorded
every 30 minutes.Results represent the combination of three technical repeats, of six

biological repeats.
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4.6. Discussion: Secretion of a non-native antibody
fragment through the FT3SS

4.6.1. Performance of the synthetic modular secretion construct

The prototype secretion construct was designed to mediate secretion of recombinant protein
through the modified FT3SS. Design features were included to allow protein purification,
antibody detection and finallysolation of the protein product from the remainder of the
secretion construct. Initial experimental work set out to assess the effectiveness of these
features. While a number of recombinant protsicould have been selected, preliminary tests

found that exression of the antibody fragment, CH2 was both efficient and consistgr@ ki

cells, therefore the focus of this work was the expression and secretion of the prototype
ASONBlOGA2Yy O02yaidNHzOG 6AGK /1 H OF NB2 siom.K2 NI Sy S

Prior to investigation of recombinant CH2 secretion through the modified FT3SS, the features
of the secretion construct were tested to ensure they were effective, as they would enable all
characterisation and downstream processing of CH2 followegyetion. Design features
included a Streftag for protein purification, FLAfg for antibody detection and TEV protease
sites to yield pure CH2 product, free of the secretion construct. Protein purification of
intracellularly expressed CH2 was achievédiuy 3 | { G NBLJE NI L |1t O2f
purification of CH2 proteinHigure4.). The CH2 protein was predicted to be 22.4kDa by
ExPASy, however the prominent band seen following purification ran slightly larger than this.
Despite this discrepancy in size it can be assumed that this was the full CH2 protein as it is
common for proteins to run at slightly different sizes to those predicted onFREE gel, this

may be due to a number of factors, for example the amount of Sié&wbinds to the protein

may vary to that predicted, giving the protein a different negative charge, resulting in a
different movement through the SBFAGE gel matrix. Other proteins consistentlyetded

with CH2, they had no affinity for afiLAGHRPtherefore they are not aggregated or
degraded CH2 protein. While steps were explored to reduce contaminants in the elution
fractions or to remove them with dialysis or chromatography, they were not effeclifies

showed that it is possible to express GH2he secretion construct at high levels and at least
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partially purify protein although more work is needed to understand how to improve this.
Since theultimate goal is secretiomurification from the cytoplasm is relevant, but not the
ultimate goal sat was not pursued further. It does highlight issues with cytoplasmic protein
purification and demonstrates one of the reasons why industrial biotechnology companies are
so interested in true secretiorin the future more methods could be explored, foraexple
purifying CH2 from a different expression strain to BL21 (DE3). However it still allowed the
derivation of a CH2 protein standard to quantify yield of secreted CH2, therefore these

observations were not limitations to the study.

CH2 detection was tditated by the FLAGg. AnttFLAGHRP proved effective in Western blot
analysis of CH2 proteirFigure4.). Again the corresponding band was larger than predicted,
however as it corroborates with the size of the protein seerCbomassie stained SPSGE

gels following protein purificationF{gure4. and Figure4.), this further confirmed that this
protein was CH2. When high concentrations of CH2 protein were loaded ontSDISPAGE

gel some additional HRP signal was detected for different sized proteigsré4.), one of

which ran at around 55kDa and may be the dimeric form or CH2. The other bands were small
and therefore likely to be degradatioproducts of CH2. As CH2 is the most abundant protein

which antiFLAGHRP detects, this is not an issue experimentally.

Isolation of CH2 from the rest of the secretion construct with TEV protease was effective. The
results of Western blot analysis cleadfiow the loss of the full size CH2 protein following
incubation with TEV proteasd-igure 4.). The Coomassie stain was less conclusive, but
suggested that some non TEV directed cleavage of CH2 protein occurred, however a higher
concentration was always present following incubation with TEV as opposed to without.
Analysis of TEV cleavage of CH2 by Coomassie stain was hindered for a number of reasons;
firstly the initial concentration of CH2 was low, therefore not clearly visibdtiitionally, the

sizes of the CH2 and TEV protease were similar, meaning it was difficult to distinguish them. In
the future loading a higher concentration of CH2 onto -PBSE gels would be preferential in
terms of visibility. In would also be desiralite remove the TEV protease from the reaction
mixture, so that it does not obscure the visualisation of Gthis would also allow pure CH2 to

be isolated from the resulting solution by centrifugation. This could easily be achieved as a His

tagisincorpora SR Ay G2 1 0¢9+u tNRGOSFAS (2 FIFOAEtAGFGS

246



Overall the secretion construct was effective in facilitating CH2 overexpression, protein
purification, antibody detection and finally isolation of CH2 from the secretion construct.

Furthemore the CH2 protein is able to form dimeric structures as seéigimnes..

4.6.2. Secretion of CH2 through the modified FT3SS

Expression and secretion of CH2 was achieved in all strains with functional secretion apparatus
(i.e. not negative controls). The atLAGHRP antibody was effective at detecting CH2 both in
the intracellular and secreted cell culture protein fractiofég(re4.). It was found that the
addition of 0.05mM IPTG to cell culag resulted in the highest concentration of secreted CH2
(Figure4.) therefore all further work was carried out with this induction protocol as increased
secreted protein is the ultimate goal of this project. For ease of expetiahevork it was
decided to grow cells to QE 1.0, so that time constraints were limited and therefore
experimental output could be high. A CH2 protein standard was derived and although the
issues of ceelution were also a factor here, the combination @énsitometry analysis and
protein concentration assay allowed the calculation of the concentration of CH2 protein. This
could be correlated to the HRP signal which resulted from detection of CH2 to accurately
measure the concentration of CH2 in biologisamples. These considerations resulted in a
protein secretion assay which is suitable to measure variable CH2 expression and secretion in
modified FT3SS secretion strains, furthermore as the cargo protein can be substituted, this
secretion assay is suitibfor detection of a multitude of recombinant proteins, should they be

inserted into the secretion construct.

4.6.3. Secretion of CH2 through the modified FT3SS: strain mediated

negative control

It was imperative to ensure that CH2 detected in the raedf cell culture resulted from
directed FT3SS secretion and not through other routes. While other research groups have

demonstrated secretion of recombinant protein through the FT3SS, they rarely take adequate
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steps to ensure negative control of proteiacsetion which effectively exclude cell lysis as a

route for extracellular protein

Negative control strains were derivedkflhDC and K/ Y[ K) Tdnd Sddlowing
supplementation with additional IPTG@o compensate for flagella gene expression being
negatively regulated via thdliC promoter in the negative secretion strainabsence of CH2
protein in the supernatant of negative secretion strains was confirmiéidgu¢e 4.). The
comparable intracellular CH2 expression in intradatlprotein fractions of all strains and the
absence of cell lysis ikCKLcells Figure4.), gave added weight to this conclusion, as it
confirms that protein seen in the supernatant of these cells was directed by secretion and not
cell lysis. Some GroEL was detected in the supernatdfthddC cells cultures suggesting that

cell lysis had occurred, however as GroEL was detected at a low concentratidthix€and

high forkflgDEcells inFigure4., this suggests that strains do not inherently lyse dretefore

it can be concluded with confidence that any increase in CH2 in the supernatant is due to

increased capacity of the FT3SS.

¢tKS aSO2yR O2yiNRBf &A0GNraGS3e Ay@2f 3SR G(KS NI
construct (SCA). In addition to this a secnet@nstruct which also lacked the 47 amino acid

FliC secretion signal peptide (SCB) was also constructed to confirm that secretion was under
the control of the signal peptide. The modified secretion constructs were successfully
produced and expressed in thothe kCKLand the negative secretion straik/ Y [ kK¥t 3509
(Figuredv ® wSY2@Ft 2F GKS pQ !¢w RAR FftS@ALGS
observed in negative secretion strainsigure 4.), as a similar concentration of CH2 was
expressed ifkflgDEcells as irk CKlwhen this SCA was expressed. Interestingly the removal of

the fliC promoter did not cause reduced CH2 expressiok @KLcells, whereas it might be
hypothesised tht the removal of one of the two promoter sites for plasmid gene expression

would resultin less gene expression.

As CH2 was visible in the secreted fraction of secré&€&Lcells when expressed in the
prototype secretion construct, but not SCAor SBBAtA & dzd3Saida GKFG GKS ¢
secretion through the FT3SS, this is in line with the findinggMafjander et al., 2005;
Narayananetal., 2010 ! a 020K (KS pQ !¢w YR nt1 | YAy2
SCB, it is not possible to conclude whether the 47 amino acid secretion signal is essential for
secretion. Inthe future it would be beneficial to produce a secretion construct which harbours
(KS pQ !¢w sAGK2dzi GKS nT FYAy2 FOAR aASONBG7
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of the presence and absence of the UTRs and the 47 amino acid secretiah wiljrbe

investigated further in the next chapter.

4.6.4. Effects of reduced metabolic burden and negative regulation

mutants on FT3SS secretion of CH2

Once the nomative FT3SS protein secretion assay had been optimised and control of
secretion estalished with negative secretion strains, it was possible to begin to test the
secretion capacity of modified FT3SS secretion strains with confidence that CH2 present in the
supernatant was due to directed secretion through the modified FT3SS. Unlike firet&i
(Figure 3. and Figure3.) CH2 was effectively expressed and secreted in all secretor strain
mutants §igure 4.). This was expected due to the decoupling of CH2 faomg native
chaperones. This also demonstrates that a substantial concentration of CH2 was maintained
intracellularly without the requirement of a chaperone. On average all mutations resulted in
strains that secreted a higher concentration of CH2 througbretion apparatus into the
media Figure 4.). Therefore the strain improvement mutagenesis strategies which were
theorised to result in increased secretion capacity, were effective. Mutant strains were
reasonaby similar in their secretion output, ranging from 1.46 to 1.64 times the output of
kCKL Whilek/ Y [ k proédaced tke highest single and average relative CH2 secretion
value, it was not significant, whereas the other mutant strains were significantly more effective
at secreting CH2 thakCKL Conversely all mutant strains producedddstracellular CH2 in
comparison tok CKl- however aside fronkflgMN (which produced 0.71 fold intracellular CH2

in comparison t&k CK[.these were not statistically significant observatioAs the percentage

of secreted protein through the FT3SS is cdestty very low, it is unlikely that this reduction

in intracellular CH2 is wholly an artefact of high secretion through the secretion apparatus.
That asideccombined, decreased intracellular and increased secreted concentrations of CH2
does mean that mutat strains were more efficient at secreting CH2 thaDKl_as a higher

percentage of total CH2 was located in the supernat&igyre4.C).

In terms of yields, while it would be desirable to obtain some more measurements it can be

concluded that the concentratioof intracellular CH2 ranges from an average of 41.83 g L

in KCKLto 6.72 mg L in kfliDST(Figure4.). The highest single concentration of secreted CH2
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observed was 219g L' in kflgMN, this strain also denmstrated the highest average at
128.64ug L. This compared to 71.08 ug' in kCKL(meaning either a three or two fold
increase in yield of secreted protein with tkBgMN mutation depending on whether you use
highest or average yield figuresThis deronstrates that secretion capacity of strains may be
substrate dependent as in the previous chapter bdtmotAB and k O  debreted higher

concentrations of E2 into the medikigure3.).

In comparison to the yields achieved &2, CH2 was much lower by all measurements. For
examplek CKlLcells produced an average of 443.92 g2, in comparison to 41.83 mg t.

around 10 times less. This was expected as CH2 is-aatiwe protein; therefore the cell is
unlikely to be as efféwve at producing it. More striking is the inefficiency of the modified
FT3SS to secrete CH2 in comparison to E2. While an average of 3.06% total E2 protein was
secreted into the media dtCKlLcells, only 0.24% CH2 was. Reduced expression and secretion
marnifested in a reduced yield of secreted CH2 (71.08 {ig Hy around 100 times, in
comparison to E2 (7.75 m@)L Considering that E2 is essentially the native substrate of the
FT3SS, whereas the only commonality of CH2 is the UTR regions and secreibn sig
harboured in the secretion construct, this was logical. This demonstrates the limitations of
using recombinant expression systems and also highlights that while the FT3SS has affinity for
non-native proteins, it is not as efficient as secreting themitags native substrates. In
comparison to other reports of FT3SS secretion of recombinant protein (12ragd.10.8mg

L* for Majander et al. (2005) and Widmaier et al. (206&pectively), the yield achieved here

was around 150 times lowem comparison to therg L yieldsreported for T1SSecretion of
recombinant protein into the extracellular spatieis was around 30 times legfernandez,

2004; Fernande& de Lorenzo, 2001 Howeveraside from the T1SS dathe yields reported

in the literature were calculated based on a period of growth around three times longer than
observed here, therefore yields could be improved upon if cell culture was prolofidped.
concentration of CH2 reported for T2SS secretion is higher again; however as it is not

extracellularsecretion this was not strictly comparable.

The yields achieved for the production and secretion of CH2 were also low in comparison to
industrial stanards for other extracellular protein secretion expression strajfts example
1.5g insulin or 2.5g amylase secreted per LitrePinhiaor Saccharomycesespectively
although again this was over a period of 80 or 96 hoansl at high cell densitgs opmsed to

around 6 hoursand an optical density of 1i@ these experiment§Gurramkonda et al., 2010;
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Rodrigued.imas et al., 2015)In terms of intracellular production of CH2 protein, this was in
line with yields reported for antibody fragment piaction in the literature, for example a
yield of 79mg L for a Fab antibody fragment was achievedEincoli(49mg [* was secreted
into the periplasm by an unknown routeyhich was comparable to the 75.66 mg yield
attained here(Jalaliragd2013)

As stated the highest single intracellular and secreted CH2 yields we@ ihg L 6 k /) anfd

219 pg L (kflgMN) respectively. This yield relates to the weight of CH2 per Litre of cell culture
at OQ 1.0. However to make the production of low yield, low value products economically
feasible, industry routinely grow their cell culturesoptical densities in excess of §100 to
reduce production cost¢Soini et al. 2008; Shiloach & Fa®605) therefore a litre of cell
culture, will contain exponentially more cells that in the cultures gramthis study. Therefore

the weight per litre yield is misleading. For example a crude calculation estimates that 1mL of
culture at Oy 1.0 will contain8.0 x 18 E. coli compared t08.0 x 16° at ODy, 100. If the

same yield was reported per litre o&ll culture for cells at both Qg 1.0 and 100, the cells in

the OQ 100 culture would be 100 times less efficient. CultureEofcolito a high optical
density, requires adequate aeration and nutrient supply (often supplemented with glucose for
exampge) and requires a longer period of cell culture (e.g. 24 hours minimum to reagfy OD
100), compared to cell cultures in this the§8oini et al., 2008)This is unlikely to be a linear
effect as other factors such as limited oxygen and nutrient supply, along with-uquikof
growth limiting chemicals such as acetate, will interplay at different optical densities; however
this is an important conceptual point. The main finding here is that a modification of the FT3SS
followed by strain improvements and the construction of a modular secretonstruct
resulted in an intracellular concentration of the antibody fragment CH2 which could rival other
yields reported in the literature, however the next chapter will focus on the implementation
and combination of more strategies to increase FT3S@®ts@t, with the aim of improving this

yield.

It is evident that these experiments produce variable results. Nevertheless, statistically
significant differences were obtained for some strains with regards to secreted and
intracellular protein. Efforts taeduce variability have been put in place both experimentally

and through data analysis. Experimentally secretion assays for different strains are run in
tandem. A stock solution of LB media with antibiotics and IPTG is aliquoted into individual cell

culture vessels prior to inoculation to ensure concentrations of supplements are uniform.
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Cultures are incubated in the same incubator, so that heat and agitation are the same. Protein
samples are also prepared in tandem, in an effort to ensure treatment isahe. In terms of
analysis while quantification of yield is more informative, relative concentrations in
comparison tok CKLsecretor strain are beneficial in terms of reducing variability between
experiments, as day to day overall fluxes in productivity eeduced. These steps aim to
reduce intraexperimental variation, however despite meticulous repetition of this protocol
inter-experimental variation does occur. This resonates with the synthetic biology concept of
unpredictability in biological systenfgndy 2005) In addition to this the use of Western blots

is likely to be a big source of variation, as discussed in the previous chapter, lack of linearity
and the sheer number of experimentakps account for error. With this in mind it would be
preferential to develop a nofiVestern blot based secretion assay. This will be in the form of an
enzyme based secretion assay and will have the added benefit of allowing larger scale testing
of constru¢s because throughput should be reduced; this will be investigated in the next

chapter.

While it was hypothesised that the deletion of flagella linked genes may lead to reduced
metabolic burden in cells and therefore more metabolic energy available farthnorocesses,
the growth phenotypes of mutant strains were for optical density to be slightly lower than
kCKLwhen expressing empty secretion construigure4.), suggesting that the knockout
mutations slightly compromised éhfitness of cells through pleiotropic effects. Despite this,
this effect was very slight it was concluded that none of the stram® compromised enough
to consider them unsuitabldn Figure4. it is evident that expressinGH2 results in a slightly
lower optical density of cells at some point in the growth curve of strains, this is expected as
the expression of CH2 requires metabolic energy, therefore energy is diverted from cell
growth. Interestingly the opposite is true d&fclpX. The optical densities dfclpX cultures
expressing empty vector were consistently lower than other strains, particularly in the
stationary phase. However this was not the case wkelpXwas expressing CH2. Optical
densities ofkclpXwere higher wien expressing CH2 (especially in the datp and stationary
phase) as opposed to empty vectdfigure4.), suggesting that the production of CH2 may
stabilise the growth phenotype d&clpX.This effect may be because in the abse of ClpX,
there is an increase in free ClpP. In a wild type strain ClpP would be directed to specific protein
degradation targets by ClpKitagawa et al. 2011; GottesmgltB96) It is possible that in the
absence of ClpX, nespecific (or CIpA directed) ClpP proteolysis is more common, letxlang
reduction in growth rate in cells (as seen in empty secretion construct expressing cells).
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However, when CH2 is expressédis possible thathis recombinant protein is targeted by
ClpP instead of native protein, therefore growth is restored. Thly caveat to this is that
AYGNI OSt fdzf F NJ /1 H OpXgt@iSsyniconiparidon tpctpXstaing A YA £ | NJ A

The mutations implemented in the strains tested in this chapter (aside from the negative
secretor strains) were designed to improve theretion of CH2 by increasing the number of
secretion apparatus. The rationale behind mutants either involved the reduction of metabolic
burden by the removal of genes which encode proteins which are now redundant KiCGKe
mutant so that more metabolienergy was available to expend of secretion apparatus
production (and to recombinant protein production) or the removal of genes which should
result in the upregulation of flagella gene expression and therefore result in more secretion
apparatus. These stegies were effective, as CH2 secretion was increased in all mutant
strains, however it is beyond the scope of this study to determine which of the two strategies
is more effective at increasing FT3SS secretion, however further investigation of improved
secretion following the implementation of these strategies and also combinations of these

strategies in the next chapter should reveal more information on this.

The implementation of negative control means that it can be confidently stated that the
presenceof CH2 in the media is a result of FT3SS, however is not possible to confirm whether
increased secreted CH2 is due to the incidence of more secretion apparatus or whether
individual apparatus are capable of secreting a greater number of CH2 protein tsubLmi
ascertain this it would be beneficial to image the FT3SS hook basal bodies of strains, this would
be possible with a number of microscopy techniques, for example electron microscopy or
fluorescence microscopy using fluorescent antibodies which bffirty for the hook protein

or primary antthook anitbodies. This could also be investigated by cell membrane preparation
and purification of hook subunits, which could be visualised by Coomassie or Western blot
analysis with an arfrlge antibody (mangommercially available). Finally at a genetic level
gPRC could be utilised to investigate whetHgE expression was increased in mutant strains
Ay O2YLIQKR.a2Yy (G2 K

The implementation of the CH2 protein secretion assay utilising the modular synthetic

secretion construct has allowed accurate and quantifiable measurements of intracellular and

secreted CH2 in all mutant strains, along with the calculation of secretion efficiencies. This

reassuringly mirrors the overall effect of secretion observed with B substrate. Each

strategy for improved protein secretion through the modified FT3SS resulted in increased
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protein secretion capacity and increased protein secretion efficiency; however the yields
obtained are still low in comparison to those reportedibgustry. While he combination of
these knockout mutations will be investigated in the next chapter, to see if the increases in
secretion capacity will be additive. This will involve the construction and characterisation of
many mutant secretor straing:urthermore alteration will be made to the secretion construct

to see if secretion can be improved through this route. While the assay was effective, it does
show variability and is throughput limited as the assay is lengthy. Therefore work in the next
chapter aimed to harness the modularity of the secretion construct to substitute the cargo
protein from CH2 to an enzyme, with the view of developing an enzyme based protein
secretion assay. It is hypothesised that this will be maeueate, less variable drmore high

throughput for the testing of a wider range of strains and constructs.
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5.1. An enzyme based FT3SS secretion assay

The successful development of protein secretion assays in Chapters Three and Four and
subsequent preliminary development of secretion competent strains allowed measurement of
secretion capacity of a modified FT3SS secretion apparatus. It was shown that th
implementation of strain improvements increased secretion capacity of native flagellin variant
(E2) protein through the modified FT3%EK, with additional K CKLkclpX (k CK)LkmotAB

and kCKDkflgMN mutants showing promise as high level secretion strains. Following this it
was shown that recombinant protein could also be secreted and that strain improvements
resulted in around doubléhe secreted yield of CH2 antibody fragment protein. These data
were largely based on use of Western blotting and Coomassie staining to assess protein
secretion, both of which have limitations in terms of throughput. They also do not assess the

folding-state of the proteins since no attached function or enzymatic activity can be measured.

This chapter therefore focuses on the development of an enzyme based secretion assay to
achieve this higher throughput nature of an assay, in order to assess botheadmay of
strains and constructs but also to build a robust system for future studies in this area. Hence
the aim was to express and secrete a recombinant enzyme through the FT3SS and then analyse
enzyme activity of the culture supernatant as a proxydiatein secretion and visualisation by
other means. A subsequent outcome of such a goal would also be the broadening of
substrate range for the FT3SS system and also indicate the ability of proteins to refold in a
functional state possecretion. As furtonality of protein is important in biotechnology (i.e.
medicines), this folding is required should this secretion system be utilised in the
biotechnology industry. It should also enable quick and accurate screening of secretion,
allowing a number of stias and plasmids to be tested, with the aim of identifying

combinations which allow high levels of FT3SS secretion. The design of the synthetic modular
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secretion construct allows simple substitution of the protein cactjas will be exploited to

incorporae an enzyme into the secretion construas shown below.

Measurement of enzyme activity in biological systems is ubiquitous in biological research,
Ay@SaitAaalraAazy Yleé O2yOSNY |y 2NBHEFyAaYQa vyl dc
the productionof digestive enzymes in filamentous fur{@ieneyton et al., 201%)or involve
production of nonnative enzymes to aid experimentation. Examples of this have already been
utilised in this work, for example the production of enzymes to confer antibiotic resistance
YIEN] SN& | ®X 0§ ®0aiS O2yFSNNAY I | YLIAOAtT T AY NBAAAI
gahctosidasdinked to promoter fragments.). Use of enzyme atfi¥dD measure secretion is
established in a range of organisms includBagillus, Pichiand E. coli(Eom et al. 2005;
Degering et al. 2010; Lee et @D01; Wiset al. 2004) In some studies the enzyme secreted is

of industrial importance, in others it is used solely as a reporter for protein secretion; in this
study both are relevant for the enzyme. Other screening assays for secretion capacity have
focused on secretion of intrinsically fluorescent protein (i.e. GFP) or protein which is suitable

for fluorescent labelling (such as tetracysteifidnitiema et al., 2014; Delisa et al., 2002)

5.2. Choice of enzyme for production within the sy nthetic

modular secretion construct

For this part of the project, an enzyme with robust properties in terms of environmental
stability, biochemical characterisation and useful facile enzyme assay was required. One such
enzyme was the cutinase frofusamuim solaniwhichwas chosen for recombinant production

and secretion in the synthetic modular secretion construct because it is well studied, useful in
industry, suitable for ester based assdifu et al. 2009and previously expressed . coli.
Cutinase describes a group of hydrolases which occur in plamigi and yeast, while their
primary role is to degrade plant cutin (a polyester), they are in the hydrolase family and are
multifunctional polyesterases, which have also been shown to behave like lipases and
therefore catalyse hydrolysis reactions irramge of substrates including triglycerides, water
soluble esters and plasti¢géhmed AlTammar et al., 2016; Carvalho et al., 1998; Fojan et al.,

2000) Cutinase is used in a wide range of industries, including food, agriculture, chemical,
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textiles and detergent. Cutinase activity can be measured through thigs# reactions of a
range of substratessuch asp-nitrophenyl butyrateand 4methylumbelliferyl butyrateor
acetatewhich result in reaction products that can be assayed by production of a fluorescent
coloured endproduct (Griswold et al., 2003; Yang et al., 20I8)e cutinase used in this work
is derived from the filamentous fun@iusaium solani pisivhich has been well characterised
since its discovery in the 1960s and become a model system for the study of cutiRases.
solanicutinase is a stable, 197 residue, 22lditas active as a monomer and the active site is
at the site of atriad of residues (Ser 120, Asp 178is 188). The formation of two
intramolecular disulphide bridges is important for maintaining catalytic actf@grvalho et al.,
1998) This cutinase was previously utilised in the cotton and synthetic textile indi@&tign et

al., 2013) Cutinase has been expressed recombinantly in a ranfiengf, yeast and bacteria
(Carvalho gal., 1998; Griswold et al., 2003)

5.2.1. Cloning cutinase into the synthetic modular secretion construct

5.2.1.1. Design of synthetic cutinase gene

TheF. solanicutinase in this study has previously been expresse. inoli,however it was
reported that codon optimisation foE. coliwas essential to initiate secretion of signal peptide
taggedrecombinant cutinase into the periplasm, so a similar approach was utilised in this
work (Griswold et al., 2003)Furthermore this is a commonly implemented strategy to improve
protein expression of recombinant proteifGustafsson et al., 2004ktherefore codon

optimisation was implemented in this work.

The sequence foF. solanicutinase was obtained from the NCBI database (accession no.
K02@&10), codon optimised foE.coliusing the GeneOptimizer® sliding window algorithm and
sent for synthesis bgeneArt@strings. In the desigizcdrland Pst restriction enzyme sites
flanked the cutinase gene and consideration was taken to exclude any o#sgriction
enzyme sites that are present in the secretion vector or construdtid( Xhd, EcoR Pst,

Xbd, Hindll, BarHl). Upon arrival DNA was immediately cloned into a blunt end cloning
storage vector and stored INEB Ealpha Following colony PGRKith primers which annealed

to either side of the cloning site, it was confirmed that the cutinase gene was harboured in the

storagevector fFigure5.) andcells were stored ai80°C.
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Figure5.1: AgaroseDNA géshowinga PCR productollowing colony PCR of cells to confirm

blunt end cloning of the synthesised cutinase gene into the storage vector.

PCR reactions were carried out using plasmid harbougingolicolonies as template and
primersin Appendix2 with DreamTaq DNA Polymerase. PCR mixtures were analysed on a 1%
TAE agarose DNA gel supplemented with a trace of ethidium bromide, visualised under UV
fAIKG YR AY@GSNISR® { I YLI Sa erShde 1:Ndtnéssfal PGRK D S
resulted in a 736bp DNA product.

5.2.1.2. Production of the cutinase harbouring secretion construct

A.
Flag Strep
PTS 2 jic, 47 aminoacid tag tag
secretionsignal
Startcodon|  TEV TEV Stop codon
l 5'u TRi i Cutinase
3 Mot YR
9¢ 0 B o) o
¥ L R P
B.

Flag Strep
47 aminoacid tag tag

secretionsignal
TEV TEV
|
l Cutinase

Figure5.2: Genetic and protein schematic of the secretion construct harbouring cutinase

Following ligation intopJexpress-iGempty-FLAGStrep the cutinase harbouring secretion
construct was derived (A), which resulted in the expression of a FT3SS signal peptide cutinase

flanked by FLAG and Strep tags and TEV protease sites (B)
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Ligation of donor DNA (from pJET 1.2 cutinas&) the pJexpresd$=liGempty-FLAGStrep
acceptor should result in the product seen kigure 5.. Both donor and acceptor DNA
underwent restriction digest withEcoRland Pstl and ligation overnight. Following
transformation and atibiotic resistance screeningpositive colonies were screened by
restriction digest.Successful ligation of cutinase into the acceptor vector, will result in the
presence of a 617 bp DNA product following restriction digest &itbhRland Pstl Positive
results were obtained for colony 2 andfigure5.), whichwere then sequenced using primers
which anneal to secretion construct DNA flanking the cutinase cargo. The resulting sequences

both aligned exactly witthe predicted DNA sequence, therefore ligation was successful.

gkggq b R R

3kb
25 kbp RN

1 kbp- s
0.75 kbp-

0.5 kbp-

Colony: 1 2 3 4 56 7

Figure5.3: AgaroseDNA gelshowing plasmid from colonies DNA digested witEcdrl and
Pst.

Plasmid DNA was isolated from positive colonies following ligation and antibiotic screening.
Restiction digest reactions were carried out wiltdrl andPsi. 5L restriction digest mixture

gl a LINBLI NSR FT2NJ5b! SftSOGNRLK2NBaAa FyR 21
1% TAE agarose DNA gel supplemented with a trace of ethidium bromidésaatised under

UV light and inverted.

Once cloned into the secretion construct the expression and secretion of cutinase through the
modified FT3SS was investigated. While secreted cutinase is intended to be utilised for an
enzyme based protein secreti assay, as cutinase is harboured in the secretion construct,
investigation of cutinase expression and secretion is also enabled by thet&d.,AGhe

concentration of both intracellular and secreted cutinase will be measured using Western
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blotting and ank 6 2 R& R S (i S O U-WRPYIn atlditiorKan as€dy Wild be developed to

measure the amount of secreted cutinase by enzyme activity.

5.2.2. Secretion of the cutinase harbouring synthetic modular secretion
construct through the modified FT3SS

Initial investigation of cutinase expression and secretion was carried out in the origiiél
secretor strain. Following cell culture and IPTG inductioi @KLfreshly transformed with
either empty or cutinase harbouring secretion construct; Ft#gged protein vas visible in
both the intracellular and supernatant (secreted) fractions of cells expressing cutifigsee

5.). The size of the cutinaseecretion construct protein was predicted to be 30.6 kDa, this
corresponds to the sizeto G KS LINRPGSAY A RSIRA anfbady.RA loveér G K S
concentration of cutinase protein was observed in the secreted fraction and there wasmo n
specific binding of the FLAG antibddyprotein in cells expressing cutinase or empty secretion
constiuct. In the accompanying Coomassie stained-BBRGE gel (not shown), the secreted
fraction was clear of all protein, demonstrating that lysis was not prevalent in cell culture, but
also that secreted cutinase is present at a concentration below dietctable by Coomassie

stain.
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Figure5.4: Cutinase protein in the secreted and intracellular fractionskdifKLsecretor strain
cell culture.

E.colikCKLcontaining either the plasmid pJexpre$diGcutinaseFLAGStrep or pJexpress

empty vector werenduced with 0.05mM IPTG and grown in LB at 37°C with 180rpm agitation.
Cells were harvested when cell culture@ched Olgy 1.0. 1 OD unit of cells (intracellular) were
prepared for SD8AGE and thsupernatant(secreted)rom 1 OD unit of celleiasprecipitated

with TCA (10%/v) before SDPAGE¥R 2 SaiGSNY o6f 20 -HRY larttidtbdyA & & A
Protein samples wer loaded as follows. Lane: Secretdd) cutinase, (2) empty vector.

Intracellular-(3) cutinase, (4) empty vector.

5.3. Development of a standardised protein secretion

assay to quantify cutinase secretion

Following the confirmation that cutinase waseapliately expressed and secreted in th€KL

strain, efforts were made to develop an enzyme based secretion assay.

5.3.1. Trail development of a tributyrin and pNPB protein secretion

assay

It was reported that cutinase activity could be measured by theakdown of tributyrin
substrates. Methods describe that organisms secreting cutinase can be plated onto agar plates
supplemented with tributyrin and that zones of clearing will develop around colonies which

secrete cutinas€éKwon et al., 2009)Despite efforts to optimise this assay no zones of clearing
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were evident. Howaesar, F. solancutinase (either fronf. solanor recombinantly expressed in
bacteria) hydrolytic activity has been reported fenitrophenyl pNP}esters, where cutinase
cleaves the substrate to yield amMtrophenol molecule, which presents as a yelloalotr
detectable by absorbance at 405nfhiu et al. 2009; Chen et al. 2008}tempts to develop a
pNPbutyrate assay resulted in positivesults in terms of change in absorbance (405nm) in
the presence of the supernatant of cell culture secreting cutinase, however results were
inconsistent and optimisation proved difficult, therefore this assay was abandoned and an
alternative substrate cha@n based on an analogous ability to cleave ester type bonds between
a reporter substrate and a-darbon butyrate chainin this case4-methylumbelliferyl butyrate
(MUB).

5.3.2. Development of a MUB based cutinase protein secretion assay

Cutinase catalyes the cleavage d¥iUB to yield a fluorescemt-methylumbelliferone (4VIU)
molecule (Yang et al., 2013)Fluorescencesi visible under UV light excitation visually and
qualitatively and detectable in a quantitative manner using a plate reader. The principle of this
assay relies on the fact that the amount of MUB cleaved and therefonetylumbelliferone
released can be sasured using fluorescence and detected. An assay was developed to
measure the abundance of cutinase in the secreted fraction of cell culture, as a factor of
fluorescence. This involved the preparation of cell culture supernatant, addition of substrate,
incubation and finally measurement of fluorescent output. It was hoped that this assay would
provide a means of increasing the throughput and accuracy of the assessment of relative
protein secretion through the modified FT3Sssay development was importaras it is
imperative that the assay was both reliable and accurate and also able to detect a wide range
of concentrations of cutinase protein. Consideration was also made to the ease of
experimental set up and robustness, as this will aid the tigbughput nature of the assay

and therefore enable screening the secretion capacity of many strains for future workers. To
ensure that results from fluorescent cutinase protein secretion assays were representative of
the concentration of cutinase located in tls@pernatant of cell cultures, Western blot analysis
was also carried out in tandem. The assay was developed with reference to the/dyinh
product guidelines for the substrate and by following literature and laboratory expertise with

methylumbelliferyl-sialic acids
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5.3.3. Preliminary MUB assay: active secreted cutinase

Prior to assay optimisation it was first established that the recombinant cutinase could
effectively cleave MUB and that this was detectable by fluorescence. First LB and supernata
from cells expressing either empty or cutinase harbouring secretion construct was added to
MUB dissolved in Tris Buffer, pH 8. Reaction mixes were loaded into wells of a black walled,
clear bottom 96 well plate to allow UV excitation through the cleattdm, without cross
excitation oremissionfrom adjacent wells. Samples were collected from the same cell culture
analysed by Western blot iRigure5., therefore the presence (and absence) of cutinase in
culture supernatant wasconfirmed. Following incubation at room temperature and
visualisation by image capturender UV light (approximately 3@gn), it was evident that the
addition of supernatant which contained cutinase resulted in the cleavage of MUB and
therefore productionof a fluorescent emission when excited with UV ligkiggre 5.).
Conversely this was not seen following the addition of LB media or the supernatant of cells
which expressed empty secretion construct. This demonstrates that skayais effective in
reporting the presence of FT3SS secreted cutinase in the crude supernatant of cells. It also
shows that it was possible to secrete a recombinant protein through the FT3SS and that it was

able to fold correctly in the supernatatd result in an active enzyme.

LB cut emp

Figure5.5: Fluorescence emission of reaction mixtures containing MUB and either LB media
or cell culture supernatant.

E.colikCKLcontaining either the plasmid pJexpre$diCcutinaseFLAGStrep or pJexpress
empty vector werenduced with 0.05mM IPTG and grown in LB at 37°C with 180rpm agitation.
Cells were harvested when cell culture reachedidpD.0. The supernatant was obtained by
centrifugation. Either LB media or cell supernatant was added to 500mM MUB in Tris, pH 8 and
added to a 96 well plate. Following incubation the black walled clear bottom, 96 well plate was
imaged with a G:BOX during excitation with UV light. Well: (1) LB + MUB, (2), supernatant
(cutinase) + MUB, (3) supernatant (empty) + MUB
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5.3.4. Development of th e MUB assay: early considerations

Once the assay had been shown to be effective in this preliminary context, some early
considerations to experimental procedure were made. Initial thought was given to the
preparation of supernatant, the ratio of substrate enzyme and the adequate buffering of
d2fdzianz2yad {dzoad NI GS 02 Y LINIsécetRd pofein id dBFnedaNS R
and buffe). In all optimisation experiments enzyme containing supernatant was freshly
derived from cultures ok CKLcells expressing either cutinase harbouringempty secretion
construct; supernatant was obtained by centrifugation. This was as a proxy for pure enzyme,
as it was important experiments were optimised in the context of cell supernatants. Dissolving
MUB in buffer solution proved difficult, but was facilitated by the addition of Tritd®Xand
(dimethylformamide) DMREVaneechoutte et al., 1988)t was desirable for substrate to be in
excess so that the redon was not rate limited by its availability. Additionally as it was
observed that LB emitted background fluorescence following excitation at 365 nm, preliminary
investigation found that results were more satisfactory when the concentration of LB
(supernaant) in reaction mixtures was low. With these considerations and preliminary
evidence, a ratio of 20:80 supernatant (equivalent to enzyme): buffered substrate solution was
used throughoutgit was also confirmed experimentally that this was sufficient tiectfvely

buffer reaction mixes, to the givepH. Finally following some investigation it was established
that adequate separation of cells from supernatant was possible with centrifugation at
13,000rpm for 15 minutes and that steps such as sterile fiirabf supernatant was not
necessary. With a basic assay framework in place steps were taken to optimise the assay for
accurate measurement of fluorescent output as a factor of cutinase cleavage of MUB. All work
was carried out in black 96 well plates teo#d cross excitation and emission from adjoining

plates.

5.3.5. Development of the MUB assay: buffer pH

The recommended pidependent excitation wavelength reported by Sig#ldrich for both
MUB and 4MU is 365nm. Therefore this was used during assagldpment. The pH of the
enzymesubstrate reaction mix required some optimisation, as the optimum pH for cutinase

and MUB, do not necessarily concord. According to the literatiresolanicutinase is active
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from pH 212, however maximal enzymatic actiwibccurs at pH 8.5 for a range of substrates
(Petersen et al., 2001; Ni & Chen, 2008igmareport excitaton and emission data for MUB

for Tris pH 8, howevethe literature reports fluorescence of negative controls is high when
MUB is buffered at pH 8, presumably due to remzymatic cleavage of MUB, whereas at pH 5
less background fluorescende observed(Vaneechoutte et al., 1988High fluorescence of
negative controls (i.e. LB + MUB or supernatant of cells secreting empty vector) when
incubated in pH 8 buffer was also observed in preliminary ifgasbn during this work,
therefore the remainder of experiments were carried out in pH 5 buffered solution. The
optimal temperature for native cutinase directed substrate cleavage is dependent on the
substrate but ranges from 30 to 60°C; however the éitare does not report an optimum
temperature forF. solaniactivity with MUB substratéChen et al., 2008)Experiments were
carried out at 30°C, as at this temperature the reaction proceeded fast enough to measure but
not too fast to overflow the plate reader detector during the experiments. Quenching the
reaction with theaddition of a high pH buffer is a standard procedure for-bdded substrates

as the fluorescence output of the productMU under certain excitation emissions (365nm
included), is pH dependent and maximal in the range of pH 10 upwaias & Koehlerl970;

Zhi et al. 2013)

5.3.6. Development of the MUB assay: substrate concentration

Another factor of importance is that the concentration of substrate remains high enough
throughout the course of the experiment to not limit the rate of reaction either in terms of
affinity of bindingto the enzyme but also that it does not become exhausted in solution
resulting in false reduction in activity if measured over longer time periods. Equally as the plate
reader is only sensitive within a range of fluorescent intensities it is importanthigabutput

of experiments does not exceed these limgthis is particularly relevant to the upper limits of
detection, as it is hoped that this assay will be utilised to measure increased cutinase secretion
and therefore increased AU readings. A rangeudistrate concentrations were investigated
(500, 100, 50, 10, gpM) and LB or supernatant from cell culture of cutinase or empty secretion
construct harbourindk CKLcells was added. A MUB only control was also incluxtures

were left overnight to allow more time for cutinase to catalysé/d production and to
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investigate whether MUB self cleaves over a prolonged period of time, note that this exceeds
the time of later experiments. Excitation was carried out at 365nm, and emission was scanned
so that the peak emission could be established for future work. This was essential as it is
reported that the emission wavelength ofMU varies in different solutions @ LB v water),
G§KSNBF2NBE GKS YI ydzF I Ol dzNB NIFiar etthdzZZ0RFGOOMN BUB O 2 dzt
resulted in emission intensities higher than the detection limit of the plate reader. At 5 and
10uM low substrate concentration appeared to be rate limiting on the reaction as low
fluorescence output was measuredt 50uM and 100uM fluorescence readings for samples
incubated with cutinase were much higher than without and while LB and empty secretion
construct resulted in higher fluorescence than MUB alone, it was veryHamure5s.). 46nm
resulted in the highest output and was selected as the emission wavelength for future
measurements of fluorescence. Readings at 446nm are situated at the peak of the emission
spectra curve and thereforeesult in larger differences between results fiifferent reaction

mixes; this will enable investigation into the differences betweeM4 concentrations (and
therefore cutinase concentration) in experiments. The difference between MUB incubated
with or without cutinase is larger for 100uM MUB than |58 (60833 compared to 41481 at
446nm), therefore it was concluded that this concentration was the most advisable to use as
differences between reaction mixtures were larger, but all within the range of detection by the

plate reader.
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Figure5.6: Emission spectra for pH 5 buffered 50uM and 100uM MUB with LB media or cell
culture supernatant from cells expressing cutinase or empty FT3SS signal peptide tagged
secretion constructs.

E.colikCKLcontaining either the plasmid pJexpre$diGcutinaseFLAGStrep or pJexpress
empty vector wereinduced with 0.05mM IPTG and harvested aFigure5.. Either LB media

or cell supernatant (40uL) was added to 160uL pH 5 badfe50uM or 10QuM MUB solution

and added to a 96 well plate. A MUB only and MUB + LB reaction were also run to observe
fluorescence of all components. Following incubation atC36%ernight, theeaction mix was
added to quenching buffer (1:2 ratio) fletescence was measured from 420 to 480nm
following excitation at 365nm. Results from one biological replicate, with three technical

repeats. Standard error of the mean displayed.

5.3.7. Development of the MUB assay: time and sensitivity to a range of

concentrations of cutinase

Length of an enzyme catalysed reaction is an important consideration. Reactions undergo a
period of linear rate of reaction followed by a plateau where the rate of reaction slows as
substrate runs out. This plateau can be linked dution in either substrate (due to product
formation) or enzyme (due to degradation). Fluorescence output is more accurately linked to
4-MU and therefore cutinase concentration, when the rate of reaction is lniearthe initial
phase; therefore it igmportant to calculate when this occurs in a given enzysubstrate
reaction. This was investigated by measuring the fluorescence output of reactions over time. In

addition to investigation of the appropriate reaction length, the effect of different
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concertrations of enzyme containing supernatant was also investigated to establish if this
linearly reduced the amount of product produced. This is of particular relevance of the aim of
this assay is to measure varying concatitms of cutinase supernatanfomimic this, the

cutinase containing supernatant was diluted 2 fold with empty secretion construct

supernatant.
20000 A
-©- MUB
15000 7 = MUB + LB
S —- MUB + supernatant: cutinase
< 10000 % MUB + 2x diluted cutinase
——- MUB + supernatant:empty
5000 ISR
0 T T

100 200

Time [Minutes]

30 minutes

Figure5.7: Fluorescence output (AU) of reaction mixtures over time.

E.colikCKLcontaining either the plasmid pJeressFliGcutinaseFLAGStrep or pJexpress
empty vector weranduced with 0.05mM IPTG and grown and prepared d&gare5s.. Either
LB media or cell supernatant (40uL) was added to 160uL 100uM MUB solution (0.05M
phosphate citate buffer, pH 5) and added to a 96 well plate. A MUB only reaction was also run
to observe fluorescence of all components. Measurements were taken every 5 minutes for the
first 60 minutes and then at 120 and 240 minutes during incubation at 30°C. Fleonceswas

measured at 446nrfollowing excitation at 365nm.

Fluorescence output of reaction mixtures was measured every 5 minutes from 5 to 50 minutes
and then at 60, 120 and 240 minuteBiqure5.). LB and supernatant do contute to
fluorescence, howevet is evident that in the absence of cutinase the emission from reaction
mixtures remains consistent throughout the experimehigure5.. MUB, MUB + LB, MUB +
empty). This is indicaté that MUB is not subject to breakdown to forrdVilJ in the absence

of cutinase. Furthermore LB and the supernatant of cells void of cutinasendd facilitate

the production of 4MU during two hours of incubationnstead the emission observed is

intrinsic to the solution.This observation give confidence to the finding that cutinasks
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actively cleaving MUB to vyield fluorescenMdJ, as increased fluorescence output of reaction
mixtures over time is only evident in the presence of cutinase. Therefaiirase catalysed
MUB cleavage is the route forMU derivation and therefore fluorescence. Furthermore the
assay is sensitive to different concentrations of cutinase in reaction mixtures, as incubation of
MUB with diluted cutinase supernatant resultedlinearly roughly Zold lower fluorescence
readings, this shows that the assay is sensitive enough to detect different concentrations of
secreted cutinase. The rate of fluorescence output for mixtures containing cutinase was linear
from 5 to 40 minutes wh the higher concentration of cutinase and 5 to 50 minutes when
twice diluted. Following this the rate of reaction reduced, although fluorescence continued to
increase up to 240 minutes. 30 minutes would be the optimum time to take fluorescence
readings, a it is evident that the rate of reaction is linear for a range of enzyme
concentrations, with substrate concentration not rate limiting at this stage. However in reality

this was rarely effectivean example is given below.

A small scale investigation waarried out to confirm negative regulation of cutinase secretion
and also measure cutinase secretion in two of the strains which exhibited increased
concentration of secreted E2 and CH2 proteins, to see if the MUB protein secretion assay could
detect these differencesk CKL kCKLkflgMN and kK CKLkclpX and the negative secretion
strainskflhDC andk CKLkflgDEwere transformed with either empty or cutinase harbouring
secretion construct, supplemented with the appropriate concentration of IPTG to induce
plasmid expressionral incubated at 37°C, with agitation. When cultures reached,£2D0
samples were then taken and prepared the for the MUB protein secretion assay. Following
centrifugation and the addition of LB to account normalise for the variation ig/@i2asured
in different cell cultures, supernatant was mixed with 100pM MUB and incubated for 30
minutes at 30°C, the reaction was then quenched with sodium carbonate pH 10.5 and
fluorescence was measured at 365nm excitation, 446Rigufe5.). Following 30 minutes of
incubation fluorescence readings for reaction mixtures containing potential cutinase
containing supernatants were often only marginally higher that the results obtained for those
without (for examplekCKL+ empty secretion constai or either value for the negative
secretion strairkflnDQ. In addition the differences in fluorescence reading for reaction mixes
which presumably had variable cutinase concentrations were both small, as the aim is to
screen a large number of strains darsecretion constructs by this method it would be
preferential for more variation to be seen between strains. If reaction mixtures were
incubated for a longer period of time the differences would be more pronounced (as seen in
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Figure5.), however the rate of reaction would not be linear, and therefore results would not
be as accurate. Instead the MUB assay was modified slightly, so that the excitation wavelength
was in the UV rangethis was based on the observed fluorescenceofvihg UV excitation in
preliminary MUBcutinase investigation Figure 5.). Fluorescence was high in the well

containing supernatant with cutinasend absent in the wells without.
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Figure5.8: Fluorescere output (AU) of reaction mixtures following incubation of MUB with
the secreted fraction ofnCKIl. nflhDC, NnCKLnflgDE, nCKLNflgMN or nCKLnclpX cells
secreting empty or cutinase harbouring secretion construct. Excitation 365nm, Emission

446nm.

E.colik CKLnflnDC,nCKLnflgDE nCKLNflgMN or nCKLnclpX containingeither the plasmid
pJexpress-liGcutinaseFLAGStrep (cutinase) or pJexpreBEGempty-FLAGStrep (empty)
wereinduced with 0.05mM IPTG (or 1mM foilhDCandnflgDB and grown in LB at 37°C with
180rpm agitation. Cells were harvested when cell culture reachego@D. The supernatdn

was obtained by centrifugation. Either LB media or cell supernatant (40uL) was added to 160uL
100uM MUB solution (0.05M phosphate citrate buffer, pH 5) and added to a 96 well plate.
Citrate buffer, buffer + LB, 100uM MUB and MUB + LB reaction mixesalgeréncluded to

provide information on the AU of all components of the reaction. Following incubation at 30°C
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for 30 minutes, the reaction mix was added to quenching buffer (1:2 ratio) and fluorescence
was measured at 446nm following excitation at 365rResults from one biological replicate,
with three technical repeats. Standard error of the mean displayed. -Wayp ANOVA

(variables: strain and plasmig¥ <0.0001.

5.3.8. Development of the MUB assay: excitation in the UV region of the

spectrum

One find consideration concerned the fact that the imageFigure5. was taken by a camera
attached to a standard Uwansilluminatordigital camera (U¥ilter attached) (G:Box).
Therefore the possibility of using both a transillumimabased assay and potentially a plate
reader assay using UV excitation wavelengths was explored as this may have given better
results than the traditional 365nm excitation. The -tW&hsilluminator (Syngene) used has an
excitation wavelength of 302nm. Thefore fluorescence was measured following excitation at
302nm¢ UV excitation occurs from the bottom up in the plate reader, therefore this required
the use of black walled, clear bottom 96 well plates, to allow measurement of fluorescence for
each well fdowing UV excitation, without interference from adjoining wells. Excitation at
302nm is also pH dependent, however at excitations below 320#MtU4luorophore emission

is highest at pH-B, quenching is not required, as reaction mixtures are already tadfo pH

5. The only consideration that was checked was the appropriate emission wavelength, again
because there is evidence that MU has differing emission properties in different sol(fEimns

et al., 2009) Supernatant ofk CKLcells from the cultures expressing cutinase or empty
secretion construct were incubated withOOuM MUB for 30 minutes at 30°C prior to an
emission scan followingxcitation at 302nmError! Reference source not found.9). Atall
emission wavelengths fluorescence was highest for MUB incubated with cutinase containing
supernatant. Tis resulted in maximal emission at 446nm, as befeilgs was also a
wavelength at which the contribution of LB to the fluorescence output was reduced (i.e. MUB
+ LB has a negative linear distribution, however at 446nm it is relatively low, in comp@rison
420nm for example). Finally, the MUB only sample emitted very little fluorescence at any
emission wavelength. This suggests that LB not MUB contributes to background fluorescence.
At 302nm excitation and 446nm emission the difference between MUB +asatiand MUB +
empty (the next highest) was 3648 units. This is larger than the difference seen between these

two reaction mixes when excited at 365nmHigure5., which amounted to 3236.
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Figure5.8: Emission spectra for pH 5 buffered MUB with LB media or cell culture supernatant
from cells expressing cutinase or empty FT3SS signal peptide tagged secretion constructs

excitation at 302nm.

E.colikCKLcontaining either the plamid pJexpresEliCcutinaseFLAGStrep or pJexpress
empty vector wereinduced with 0.05mM IPTG and grown and prepared for the MUB protein
secretion assay as Figure5.. A MUB only and MUB + LB reaction was also run to observe
fluorescence of all components. Following incubation at 30°C for 30 minutes, fluorescence was
measured from 420 to 480nm following excitation at 302nm. Results from one biological

replicate, with two technical repeats. Standard error of the mean displayed.

Efforts were then made to assess whether an image based MUB protein secretion assay could
be utilised, where MUB and cell culture was incubated and then a photo takeFigsiie5.. It

was hoped that densitometry could beadto quantify fluorescence, however shadowing in
wells was an issue and the sensitivity was not high enough to distinguish between different
fluorescent outputs of different mutant strainghough the difference between control and
experimental samples fosecretion was always cleaas inFigure5.. This method would be a
useful for screening mutants (from a mutant library for example), to ascertain whether
mutants exhibitedsecretion of cutinase occurred or nothe results frmm one of these

experiments is shown iAppendix5.

Carrying out the MUB assay in a plate reader with fluorescence excitation at 302nm, should
result in more pronounced differences between readings for reaction mixtures when setina

is present or absent. Additionally as quenching is not required, the assay is simplified, thus
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improving the high throughput nature further. Investigation into the performance of this plate
reader MUB protein secretion assay was then tested using thme daological samples used in
Figureb.. In addition intracellular fractions and secreted fraction of cell cultures were prepared
for Western blot analysis, to provide information on the concentration of intracellular protein
and also to give confidence that the relative changes in fluorescence reported by MUB assay

did relate to secreted cutinase concentration.

The results of Western blot analysis show that cutinase was expressed in all strains, although it
was quite low in thekflgDEmutant, despite the addition of extra IPT&idure5.). Secreted
cutinase was visible in the supernatant Io€KIl. around twice as much was visible in the
secreted fractions dkflgMN andkclpX,whereas cutinase was abseinbm the supernatant of
kflhDC andkflgDEcells. This confirms that excitation at 365nm produced unreliable results as
Figure5. suggest thakflgMN cells secreted less cutinase thk@KLand thatkclpXsecreted

marginally more.

34- aFLAG
26-
C ©DC DE MN X C DC DE MN X
Secreted Intracellular

Figure5.10: Intracellular and secreted cutinasttom the secretor strainand pflhDC,nflgDE,

nflgMN and pclpXand mutants.

E.colinCKL(C),n F f OEYNCKIn T £ BDE)PCKIY F £ FIMN) ornCKIn O f (X)eontaining
the plasmidpJexpres$-liGCH2FLAGStrep were grown in LB supplemented with 0.05mM
IPTG (or 1mM for DC and DE). Cells were prepared for Western blot analysis with/Ad®ti
HRPantibodyas inFigure5.. Samples were loaded to as follows: Supernatant: 20uL. 2ells:

Following centrifugation and the addition of LB normalise for the variation in Q)
measured in different cell cultures, supernatant was mixed with 100uM MUB and incubated.
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When reaction mixes are excited at 302nm again the highest fluoreseceadigs are derived

for reaction mixes containing the supernatant of cutinase expredsigl-nflgMN and pclpX

cells Figure5.). It is evident that the fluorescence readings for all other reaction mixes
containing cell cultte supernatant or LB are uniformly lower (and not statistically different

from each other (Twas | @ ! bhx!Y ¢dzl SeQa YdzZ GALX S O2 YL} N
background fluorescence is due to LB alone (MUB only low, buffer + LB and MUB + LB equally
high). This is not a limitation déise concentration oLB (or supernataptis constant in reaction

mixes In terms of results for MUB incubated with supernatant containing cutinase the highest

was fornclpX(6788), followed byhflgMN (5748) and 4712 fonCKLThis assay was sensitive

enough to differentiate differences between different concentrations of secreted cutinase; all
cutinase containing supernatant reactions resulted in fluorescence valueshwiere
statistically different to each other (p = <0.000¢.62 &I ¢ l'bh+!Y ¢dzl S&
comparison test). Finally fluorescence output of negative control strains expressing cutinase,
was statistically lower than those measured faCKLcdemonstrating hat negative control is
established and that cutinase in the supernatant arises by directed secretion through the
FT3SS alone.
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Figure5.11: Fluorescence output (AU) of reaction mixtures following incubation of MUB with
the secreted fraction of nCKL. nflhDC, nCKLnflgDE, nCKLnflgMN or nCKLnclpX cells
secreting empty or cutinase harbouring secretion construct. Excitation 302nm, Emission
446nm.

E.colik CKL.nfInDC,nCKLnflgDE, NCKLNfIgMN or nCKLnclpXcontainingeither the plasmid
pJexpress-liGcutinaseFLAGStrep (cutinase) or pJexpreBEGempty-FLAGStrep (empty)
wereinduced with 0.05mM IPTG (or 1mM feflhDCandpflgDE and grown and prepared for

the MUB protein secretion assay asHigure5.. Citrate bufferbuffer + LB, 100uM MUB and

MUB + LB reaction mixes were also included to provide information on the AU of all
components of the reaction. Following incubation at 30°C for 30 minutes, fluorescence was
measured at 446nm following excitation at 302nm. Resutisn one biological replicate, with

three technical repeats. Standard error of the mean displayed.-Wayp ANOVA (variables:
AUNIAY FYyR LIXFAYARO YR ¢dzZl SeQa Ydf GALX S O2Y
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These results reflected the results of the WestetatpbpnCKLwas found to have the lowest
concentration of secreted cutinase for both experimemntigMN and pclpXshould display
twice the cutinase activity ofCKLas around twice as much cutinase was visible in the
Western blot. For this purpose the avge MUB + LB background was removed to give a
clearer representation of the effect of cutinase on fluorescence output; this showed a 2.06 fold
increase in AU fonclpXand a 1.53 fold increase fpflgMN. FornclpXthis is concordant with

the Western blot,it is a little lower fornflgMN, however still representative of the fact that

removingflgMN from nCKLlresulted in improved cutinase secretion.

The establishment of a reliable, higiiroughput MUB assay to measure cutinase secretion
through the modified F3SS allowed investigation of the secretion output of a number of
strains in one quick and accurate experiment. This can now be utilised to screen a multitude of
potential strain and plasmid based improvements. Throughout all of the results chapters,
either Western blot analysis or the MUB protein secretion assay have demonstrated that gene
knockout mutation based strain improvements can result in increased secretion of FT3SS
secretion signal peptide tagged protein through the FT3SS. It was hoped thairtiénation

of these knock out mutations which had previously been found to improve secretion, would

result in an additive effect on secretion capacity.

5.4. Combination of strain improvement strategies for

increased FT3SS capacity

The existing gene knkouts which had been found to result in increased secretion output
through Western blot analysis of secreted E2, CH2 or cutinase or by MUB based cutinase
secretion assay, were combined in the hope that these effects would be incremental. These
were fliDST motAB, flgMNand clpX As strains with antibiotic linked gene knockouts or DNA
templates of FRT flanked antibiotic resistance cassettes (ABCs) for gene knockout
implementation are already established, it was possible to generate combination mutants with
reasonable ease. The aim was to generate strains which incorporated multiple gene knockouts,

to assess the effect of the consolidation of two or three strategies at once.
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5.4.1. Mutant generation: multiple gene knockout strain improvements

5.4.1.1. Knockout mutagenesis via the Lambda Red recombinase
method

The strainsKCKLkclpXkmotAB,kclpXkflgMN, KclpXkfliDST kmotABkflgMN and k motAB
kfliDSTwere all generated using this method. In Chapter 3 linear DNA was derived by PCR
which comprised of FRT filked antibiotic resistance genewith homologous ends to the
chromosomal region either side of the target gene for knockout mutagenesis. These linear
DNA fragments were electroporated into the appropriate parent strain expressimpda Red
recombinase emymes Table 5.)). Successful recombination events resulted in linear DNA
template being inserted into chromosomal DNA at homologous regions. Successful
recombination was screened for by plating on agar plates supplemented wathrelevant
antibiotic (chloramphenicol or kanamycin). Positive colonies were observed for all
recombination strains and following the curing of the Red recombinase plasmid so that no
further recombination events occur; the deletion of chromosomal genesawasirmed with

PCREKigureb.).
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Table 5.1: Parent strain and the additional gene knockout targets, with PCR products for

confirmation of knockout mutagenesis in the various parent strains.

Parent strains already harbeoed antibiotic resistance, due to prior gene knockout
mutagenesis by FRT flanked ABC cassette homologous recombination. Additional gene
knockouts were successfully implemented with different ABCs in the following strains.
Following mutagenesis colony P@Rs carried out on successful transformants. The size of
PCR products which denote a positive result for each new mutant is given, along with the size

of the PCR product (if relevant) expected if knockout mutagenesis was not successful.

Parent Strain: Resista Additional Resistance PCR Size of PCR product
MC1m®0 kCKL nce knockout and conformation knockout:
kflgKL mutation template  primers (forward,

) Successfu Unsuccessfu
plasmid reverse)

kclpX Km kmotAB Cm, pKD3 motAB F, motAE 1198 1913
R
kclpX Km kflgMN Cm, pKD3 flgMN F and 1198 813
flgMN R
kclpX Km KfliDST Cm, fliDST F, C1 264 N/A
pKD32
kmotAB Cm kflgMN Km, pKD4 flgMN confo, kt 1338 N/A
kmotAB Cm kfliDST Km, fliDST confo anc 993 N/A
pKD13 k2
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Figure5.12: AgaroseDNAgels ofPCR productto confirm successful knockout mutagenesis

PCR reactions were carried out using the templates and primexppendix2 with DreamTaq

DNA Polymerase. PCR mixtures were analysed on a 1% TAE agarose DNA gel segplemen
with a trace of ethidium bromide, visualised under UV light and inverted. Samples were run
gAGK DSySwdzZ SN mM{0 5b! | FoRgBoNots df theasizésstedzt G S R
in Table5.. This confirmed the succestfknockout mutagenesis and therefore the generation

of the following strains: AclpX:Km motAB::CnB. clpX:Km flgMN::Cm¢. clpX:Km fliDST::Cm,

D. motAB::Cm flgMN::Knk. motAB::Cm fliDST::Km

5.4.1.2. Knockout mutagenesis via the P1 phage transductio n method:

While Lambd&Red recombineering is the preferred method for knockout mutagenesis (due to
the absence of phage), the efficiency is poor and therefore it can take multiple attempts of the
protocol to generate mutantswhen necessary Pl phage traostion was carried out to
achieve knockout mutants in a short space of time. This resulted in the successful generation
of KCKILkflgMN kfliDST kclpXkmotABkflgMN and k clpXkmotABkfliDSTfrom the parent

strains and P1 phage lysates listed'able5.. As the number of ABCs which could be linked to
gene knockout DNA constructs was limited to kanamycin or chloramphenicol, FRT linked
antibiotic resistance was sometimes removed from the chromosome using the Flp
recombinase gene mbouring pCP20 plasmid. This resulted in the excision of the ABC leaving
an 82 or 85 bp FRT scar site for chloramphenicol or kanamycin cassettes respectively. This

method was implemented in all three of the parent strains liste8.irable5..
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Table 5.2: Parent strain and associated knockout mutations implemented by P1 phage

transduction with chromosomal DNA packaged from donor strains.

Parent straink fliCk flgKL: P1 transduced mutation Donor strainkfliCkflgKL:
kflgMN KfliDST:: Km KfliDST:: Km
kmotABkflgMN kclpX::Km kclpX::Km
kmotABKfliDST kclpX::Km kclpX::Km

Once successful transformatants were obtained cells were passaged on sodium citrate plates,
to eradicate phage. Growth was always normal in these strains, suiggebiat phage was
eliminated from these strains. Care was taken to ensure that there was no possibility of
existing genes knockouts in the parent strain being reinstated by chromosomal DNA packaged
by the P1 phage during homologous recombination. The rabsmmal location of genes
targeted for knockout mutagenesis are listedTiable5.. P1 phage is capable of packaging and
initiating the homologous recombination of up to 100,000bp of donor chromosomal DNA into
a parent strain. Térefore if the gene selected for knockout mutagenesis by P1 phage was
within 100,000bp of the site of any existing gene knockouts in the donor strain, PCR
conformation would be required to ensure this gene was not restored by Pl phage
transduction in the ewly derived strain. The site &tlpX(and thereforekclpX::Knis distant

from all other target genedsliDST(andkfliDST::Kris within 100,000bp dfiCtherefore there

would be potential for restoration of th&fliC mutation, however as donor DNA was derived
from akfliC strain, ths is not possible. Therefore PCR conformation of retention of knockout

mutagenesis genotype was not required.

280



Table5.3: Chromosomal location (bp) of genes which underwent knockout mutagenesis and
existing gene knockouts.

Gene Chromosomal location
Start End

kfliC 2053401 2054069
kflgKL 1140598 1140943
kmotAB 2024187 2025997
kflgMN 1131700 1132404
kfliDST 2054069 2056275
kclpX 412775 414049

It was hoped that either LambeRed recombination or P1 phage transduction could be
utilised to also producé&fliCkflgKLkmotABkflgMN kfliDSTand kfliC k flgKLk motABkflgMN
kfliDSTkclpX however attempts were unsuccessful. Following either mutagenesis protocol
positive colonies were not detected following antibiotic screening. It is not through that these
combinaticns of mutations should result in lethality; therefore it is believed that with more
time these strains could be generated. Despite absence of the full complement of
combinations of knockout mutant strategies, a plethora of combinations were derived. These
were characterised by growth phenotype and FT3SS secretion capacity using the MUB plate
reader cutinase protein secretion assay. For ease abbreviated versions of these strains will be

used in figures and in text throughout this sectidmaile5.).
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Table 5.4: Strains tested for expression and secretion of cutinase through the modified
FT3SS.

All strains are in the MC1000 background. Abbreviations are often shorted in figure labels to
SE Of dzRGoniithe otation.egn X1 nFt IAY[ jrhDSTBINGr DITIMNT a b

Strain (MC1000) Abbreviation

n¥tA/l nFtIY] NCKL
nFTFEtA/l pn¥FEIAY[] poOfL: nXx
n¥tA/ nFt3AY[ nFtEAS5{ ¢npDST
n¥tA/ np¥t3Y[ p¥tIJab pMN
nFEA/ pFEAY[] npnyY2a4! . pM
n¥tA/l n¥Ft3IAY[] npn¥tIab pMNPDST
NnFEA/ pFEHEADST nyYz2d! . pMnpDST
nFEA/ pFEAY[] npnY2a! . pMpMN
nFEtA/ pFEAY[] npOf LI 7y pXpDST
nFtA/l pFEAY[] npOf L) 1 pXpMN
n¥tA/ npn¥t3IY[ npOfL): 7y pXpM
n¥tA/ npn¥t3IY[ npoOftLF ynpnxXpMnpDST
n¥tA/l n¥Ft3IAY[] npoOf LI |y nXpMnDST

n FOCK nDC
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5.4.2. Combined strategies for improved FT3SS secretion: Effects of

multiple gene deletions on growth phenotype

As previously described, gene deletions may lead to reduced metabolic burden and therefore
increased cell growth. Equally gene d@atmay lead to strains which are not viable or less
healthy if essential genes or processes are affected. In addition the production of recombinant
protein (i.e. cutinase) will add to metabolic burden and may lead to a reduction in growth rate,
for exampe it was found that thegrowth phenotypes of mutant strains expressing empty or
CH2 harbouring secretion construct grew slightly slower or to a lower final optical density than
kCKLn the majority of strainsKigure4.). Additionally when expressing recombinant protein
optical densities of all strains (with the exceptiorkafpX wereslightly lower at some point in

the growth curve in comparison tahen the same strains were expressing empty secretion
construct Figure 4.). As the gene knockouts investigated here were combined, it was
important to observe whether they have an additive effect on growth phenotype or whether
extensive mutagenesis had resulted in strains which werewiable. To evaluate the effect of
gene deletion and cutinase expression on growth phenotype, growth curves were obtained for
NCKLand the newly derived mutant strains expressing either empty or cutinase harbouring

secretion construct.

Figure5. shows that the growth phenotype of all strains was fairly similar and all strains were
viable. In the log ppase lower optical density readings were found for all strains in comparison
to KCKlwhether cells were expressing empty or cutinase containing secretion construct. With
the exception ok XkM when expressing cutinase harbouring secretion constraiguie5.B),

kM kDSThad lower optical densities than all other strains when expressing either plasmid
(Figure5.A and B).
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Figure5.13: Growth ofk CKland (k CKLKMN KDSTKkM KMN, KM kDSTkXKM, k Xk MN, kX
KDSTKX kM KMN and kX kM kDSTmutant strains expressingither empty or cutinase

harbouring secretion construcbver timein a 96 well plate. Calibrated to LB media.

Starter cultures of cells expressing eithglexpresd-liGempty-FLAGStrep orpJexpress$-liG
cutinaseFLAGStrep were grown in LB supplemented with ampicillin and 0.05mM IPTG and
aliquoted into 96 well plate wells. The 96 well plate was incubated in the TECAN plate reader
at 37°C with 6mm orbital shaking. @Pmeasurements were recorded every 30 minutes.
Results split into four graphs for ease of viewirkgCKLwith relevant plasmid on aliraphsto
allow comparison A and CKCKL , kflgMN kT f A 5 kntodABKfIgMN: y, kmotABKfliDST

, kclpXkmotARB z . B and DKCKL™ , kclpXkflgMN: , kclpXkfliDST g , kclpXkmotAB
kflgMN: 8 andkclpXkmotABkfliDST:X Resuls represent the combinationf two biological

repeats with three technical replicates of each biological
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Viewing that data for the growth curve of each strain individually allows observations to be
made on the effect of recombinant protein @wession on cell growthFgure5.). The
differences in OR, for kKMN kDSTexpressing either plasmid were alikeX kKM grew to
slightly higher andkX kKMN slightly lower optical densities in the late log phase when
expressing empty secretion construgX kDSTkX kM KMN and kX kM kDSTall displayed
higher Olgy readingsthroughout the log and early stationary phase when not expressing
cutinase, whereakM kKMN andkM kDSThad slightly higher optical densities in the log phase
when expressing cutinase. In summary the differences between strain growth phenotype
when expressig empty or cutinase containing secretion construct was small and all strains

were shown to be viable.
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Figure5.14: Growth of k CKland (K CKLKMN kDSTKkM kMN, kM KDSTKkXkM, K XkMN, kX
kKDST kX kM KMN and kX kM kDSTmutant strains expressingeither empty (no fill) or
cutinase (black) harbouring secretion construater timein a 96 well plate. Calibrated to LB

media.

Starter cultures of cells expressing eithpdexpresd-liGempty-FLAGStrep (white fill) or
pJexpress-liGcutinaseFLAGStrep (black fill) were grown in LB supplemented with ampicillin
and 0.05mM IPTG and aliquoted into 96 well plate wells. The 96 well plate was incubated in
the TECAN plate reader at 37°C with 6mm orbital shakingy, @Basurements were recorded
every 30 minutesResuls represent the combinatiorf two biological repeatswith three

technical replicates of each biological

No combination of mutant knockouts resulted in strains which grew poorly, therefore all
strains had potential to be viableesretion platform strains. The FT3SS secretion phenotype

was investigated in all strains to investigate whether secretion capacity was improved.

5.4.3. Combining strategies for improved FT3SS secretion: Effects of

multiple gene deletions on FT3SS secreti on of cutinase

With a highthroughput assay established for the measurement of directed secretion through
the modified FT3SS, the suite of mutant strains which had been generated cogjoidbdy
characterised in terms of secretion capacity. While thérage secretion assay is effective at
measuring secreted cutinase, it is not abte determine the concentration ointracellular
cutinase. Previously information on intracellular and secreted protein have been combined to
calculate the secretion efficiegoof strains, therefore to give an idea of this, the cell pellets
from cultures were prepared for Western blot analysis. While this did limit the throughput
somewhat, it was worthwhile, furthermore it was the preparation of the supernatant fraction
for SDSPAGE, which was most time consuming and therefore throughput limiting. AICKR
background mutant strains which had been generated were tested, along RiiitiDC to

ensure negative control of secretion was established. Cells cultures were grown in tandem and

287



following harvesting, samples were prepared for either ®BG&E or Coorsaie staining or

Western blotting (cell pellets) or MUB protein secretion assay (supernatant).

The intracellular protein fractions of cell cultures were run on -BBGE gels. Following
Coomassie stainin@rigureb. top) it was evident that all fractions look similar in terms of the
pattern and relative concentration of bands. The exception to this was a band between 17 and
26kDa which was overexpressednn  mndnDSTand nM nDSTThis is too small to be full
length cutinase in the secretion construct as this is expected (and has been shown by Western
blot) to be 30.6kDa, furthermore Western blot analysis does not detect this protein (not
shown as image ropped for ease of viewing). Western blot analysis shows that the
concentration of intracellular cutinase is fairly uniform in all straifRggyre 5. bottom),

including those which displayed overexpression of the smaller protein
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Figure5.15: Intracellular cutinasérom kCKland all additional mutant strains.

TheE.colistrains listed inTable5. containingthe plasmidpJexpress$-liGcutinaseFLAGStrep

were grown in LB supplemented 0.05mM IPTG (or 1fokn T f )K Gells were harvested at
ODyp 1.0. 1 OD unit of cells were prepared with 2x $I2&E loading buffer. Samples
underwent SDSPAGEand either staining with Instant Blue Coomassie stain (top) or Western
blot (bottom) analysis of cells and supernatant using anBbAGHRPantibody. Sanples were
loadedas follows: 2uL (Western blot), 5uL (Coomassie stain). One biological replicate of each

strain shown.
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Densitometry analysis was carried out following three biological replicates of each strain to
quantify the concentration of intracellulacutinase in each strain relative tpCKLfrom
Western blot(Figure5.). Although no statisticallgignificant differences in intracellular levels
were noted, the results suggest that the trend is for the rem@fajenes (in addition tpCKI.

to result inexpression of a higher concentration of intracellular cutinase in comparisp@id.
alonecthe only exception to this was -n an 5 { Thebhighest individual intracellular cutinase
concentration was observed eanM nDSTstrain and was 5.88 fold higher than that measured
for nCKLin that experiment. The second highest was a 5.68 fold increaspGilLfor a
nmotABstrain. nmotABalso exhibited the highst average fold increas@.42higherthan that

seen imCKIL

290



Relative Intracellular cutinase

o N
ackL{9
AflhDC{ B 8- =m
-
=~
AM AMN{_ OV~ 0O
AX aM{ 3+ ©
L
AX ADSTH *bt— »
—
< |aX am ADST@

1 L} Al BB 1 1 ALl |
HEIELHE
% o Q0 Q © < <
q 992 = <] <
= <] -
< <3
fliC flgkL X X X X X X X X X X X X
flhDC X
clpX X X X X X X
motAB X X X X X X
flgMN X X X X X
fliDST X X X X X

Figure5.16: Western blot densitometry analysis of intracellular protein fractions ofitinase

expressingiCKE  n FahdfGKlstrains with additionalmutations

The E.colistrains listed inTable5. containingthe plasmidpJexpresd-liGcutinaseFLAGStrep
were grown in LB supplemented 0.05mM IPTG (or 1ioMn T { )KCGells were harvested at
ODyyo 1.0. Following Western blot analysis of cells and supernatant usingFam=HRR
densitometry analysis was carried out usintageJResults were then normalised to the value
obtained for intracellular cutinase in thpCKLstrain. Individual data points, average and

standard error of the mean are given. Three biological replicates were carried out for each

strain.
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To measure theoncentration of secreted cutinase, the supernatant from these cell cultures
(Figureb.) andcell cultures of all strains secreting emysgcretion constructvas prepared for

the cutinaseprotein secretion MUB ssay. Following incubation of culture supernatant with
MUB, the fluorescent output measured following excitation at 302nm can be related to the
presence of MU, therefore the amount of cutinase cleaved MUB and therefore the amount
of cutinase present. Daad was handled in a number of ways to allow normalisation and
therefore combination of results from different experiments and also to remove background
fluorescence. This involved calculating AU relative to that measured for MUB + LB in each
replicate Figure5.9A) or for cutinase expressing cell cultures, following adjustment for MUB +
LB, the relative AU value of strains compared to that seek @€lexpressing cutinasd-jgure
5.9B).

Figure5.9A shows that once normalised to MUB + LB the AU values derived for MUB incubated
with either the supernatant of strains expressing empggcretion consuct or KflhDC
expressing cutinaseere all similar to botleach other and MUB + LB itself. This demonstrates
that once background fluorescence had been accounted for, fluorescence emission was low in
the absence of cutinase. On averdgdN, KDSTKMN kDS, kM kKMN, kXkM kMN and kX

kM kDSTall had lower emission readings th&CKL(2.90 fold higher than MUB + LB)
suggesting less cutinase was present in the supernatant of these cells. Thé&k XENN was

very similar tokCKl. kX kDSTwas the next highestfollowed by kM. The three highest
emission readings were measuredkiK,kXkM andkM kDST¢with the latter being found to

be significantly higher (5.24 fold higher) than that measuredKGKLexpressing cutinase
0¢dzl SeQa Ydzt (AL} htpdfferedt peifern Bf yesulisSvadiséed when teseA
results were then normalised relative to the value derived @KL+ cutinase in each set of
experiments Figure5.9B). Variation was reduced and the results on a-oreg ANDVA were
found to be significantkflnDCresulted in a significantly lower fluorescent output thl@KL
KMN,kDSTKMN kKDSTkM kMN andk XkM kDSTagain had lower average fluorescent values
that KCKL However as opposed to ifrigure 5.9A, with this calculationkX kM kMN
fluorescence was higher thaoCKL This demonstrates the effect data handling can have on
the interpretation of results. All other strains had higher emission outputs @Kl the
highest two averages were deed fromkM kKDST(1.64 fold higher) an&X kM (1.67 fold

higher), which were found to be significant.
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Figure5.9: Fluorescence output (AU) of reaction mixtures following incubation of MUB with
the secreted fraction ok CKlLand all k CKLbackground mutant strains secreting empty) (or

cutinase (+) harbouring secretion construct.

TheE colistrains listed inTable5. containingeither the plasmid pJexpre$diCcutinaseFLAG

Strep (+) or pJexpregdiGempty- FLAGStrep ¢) wereinduced with 0.05mM IPTG (or 1mM for
nflnDQ and grown and prepared for the MUB protein secretion assay Agyirre5.. MUB + LB
reaction mixes were also included to provide information on the dAldomponents which
provide background fluorescence. Following incubation at 30°C for 30 minutes fluorescence
was measured at 446nm following excitation at 302nm. Results from three biological
replicates, with three technical repeats for each. Individieta points, average and standard
error of the mean are given. To allow comparison of results between experiments, results
were either (A) normalised to the average value for MUB + LB in each experiment, (B) values
OF t Odzf F i SR Ay W! QgeyaublJokGKEcallS secreilirg) cutinksd. Star@&dNJI
error of the mean displayed. Twway ANOVA of A: not significant. Gway ANOVA of B: p =
Fndannnmd ¢dzl SeQa Ydz GALX S O2YLI NRazy GSad 21
expressin CKL(*: p =<0.05, **: p =< 0.01)

AskmotABkfliDSTand kclpXkmotABwere found to result in consistently high statistically
significant fluorescent outputs whichever way the data was handled these two strains became
candidate high secretion platform strains.eBh transformed cells from these strains were
grown in tandem withk CKLand prepared for Western blot analysis of supernatant, to confirm
that the high fluorescence output observed was related to increased secreted cutinase
concentration. From the Coomassitain it is again evident that the protein at around 23kDa is
overexpressed in th&clpXkmotABstrain, however it is not evident ikmotABkfliDSTas it

was inFigure5.. The supernatant is free of cellular contaminants sstigg that cell lysis is

not prevalent in any of the strains. Western blot analysis of cell culture fractions with an
antibody for the cytoplasmic chaperone protein GroEL did reveal that cell lysis or cytoplasmic
membrane leakage was increasedkimotABKkfliDSTandk clpXk motAB(Figure5.11), however

as this antibody is very sensitive and the Coomassie stained SDS PAGE gel does not suggest cell
lysis occurred at a high rate, it can be assumed that the majority of cutinase fouthe in
supernatant of cell culture has been secreted through the FTTB$&ms of secreted cutinase,

achieving a satisfactory result was difficult; in one biological replicate (not shown) cutinase was
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only seen in the secreted fraction bElpXkmotABcells In the other biological replicate it was
necessary to overexpose theray film for a prolonged period of time to achieve a result
where cutinase could be seen in the secreted fraction of all stré&igsi(e5.10 top). By eye it
appears thatkCKLsecretes the leastkmotAB kfliDST secreted slightly more andtclpX
kmotAB secreted around four times as much cutinase. The Western blot shows that the
concentration of cutinase in the intracellular fractions is very similar for all strains. Although
the background exposure is high, densitometry analysis was carried out and found there to be
1.02 and 0.84 fold more cutinase in the cells taflpX kmotAB and kmotAB kfliDST
respectively. WhereakclpXkmotABwas shown to have secreted 3.58 times the antooh
cutinase thatk CKLdid, which looks accurate, however densitometry analysis calculated that
kmotABKkfliDSTsecreted 2.2 times the concentrati&kCKLdid, which does seem higher than

what the image suggests.
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Figure 5.10: Intracellular and secreted cutinasérom kCKLand the pn Of LJ- nand2 G !
nY2d4! . muEahtd 5{ ¢

E.colinCKL(C),nCKLn Of LI XYM @CKLp Y2 (! . (MIDSRcBrtaihingthe
plasmid pJexpress-liGcutinaseFLAGStrep was grown in LB supplemented with(d IPTG.
Cells were prepared for SIPRAGE as ifigure5. and were either stained with Instant Blue
Coomassie stain or Western blot analysis of cells and supernatant using afLAGHRP
antibody. Samples were loaded to as fmNs: Supernatant: 20uL. Cells: 2uL (Western blot),

5uL (Coomassie stain).
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Figure5.11: Abundance of GroEL in the intracellular and supernatémictions of k CKLand
the p Of LJ- jpaNdpnivi2. 4! . midnts, Sfdllowing expression and secretion of
cutinase protein through the FT3SS.

E.colinCKL(C),nCKLy Of LI jiXYNM) @hCKLp Y2 (! . (MIDSRcBrtaihingthe
plasmidpJexpresg-liCcutinaseFLAGStrep wasgrown in LB. Cells were harvested ats6D.0.
Samples underwenSDSPAGEand Western blot analysis of cells and supernatant using anti
GroELantibody and an HRP secondaBamples were loaded as follows: Supernatant: 20uL,

cells: 2pL.

In additionto analysis by Western bloFigure5.10) supernatant was also used in a MUB assay,
along with the supernatant from the strains expressing empty secretion construct. If results
are concordant this will validate the results of tiiéestern and MUB assay. Normalisation to
MUB + LB eliminated any background fluorescence in the assay. Overall the fluorescent output
of cells expressing empty secretion construct was lower than that observed in MUB + LB for all
strains Figure5.). nCKlexhibited cutinase activity, however the fluorescent output measured

for the reaction mixtures incubated with Of LJ- pandg W2 (! . a3 Sighificdntly
higher thannCKL This amounted to a 5.35 or 4.74 fold increase in fluorescent output when

normalised tonCKL
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Figure5.20: Relative fluorescence output (AU) of reaction mixtures following incubation of
MUB with the secreted fraction okCKL kflhDC,p Of LJ- joj®KLhY2G! . p¥FE A5

secreting empty {) or cutinase (+) harbouring secretia@onstruct.

E coli KCKLKfIhDG n Of L)  jprYpgKiLh Y2 (! . gomdiningefthér the plasmid
pJexpress-liGecutinaseFLAGStrep (+) or pJexpre$diGempty-FLAGStrep ¢) were induced

with 0.05mM IPTG (or 1mM fokflhDGQ and grown and prepared fothe MUB protein
secretion assay as Figure5.9. Fluorescence was measured at 446nm following excitation at
302nm. Results from one biological replicate, with three technical repeats for each. Standard
error of the mean is dispyed. To allow comparison of results between experiments, results
were either normalised to the average value for MUB + LB in each experiment.-Wayvo
ANOVA found the variance of data to be statistically significant both between strains and
secretion cod G NHzOG OF NH2® o6LJ I fandannam0od ¢dzl SeQa

expressing strains compared to cutinase expressigL(****: p = <0.0001)

The MUB protein secretion assay enabled secretion capacity in 13 strains to be assessed in a
time effectve manner. Both the MUB and antibody detection protein secretion assay showed
that more cutinase was secreted in theOf LJ- pand@ Y2 (! .  girdins, wBhfi Of LJ-

n Y 2 (cobnsistently secreting the highest concentration of cutinase. Currgntyf LBtABn Y

is the best secretion strain, based on the large improvements to secretion capacity. However
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this may be cutinase substrate specific, therefore secretion capacity offo@t LJ- and 2 § !
nY2id! . weFibvashgatéd for E2 and CH2 protein.

5.4.4. Candidate high capacity secretion strains: E2 and CH2 secretion

To investigate whethen Of LJ- jqandp&R2.04! . ad & kigh{cdpacity to secrete
either E2 or CH2 through the modified FT3SS, the relevant plasmids were transformed into
these strains an intracellular and secreted concentrations of protein were measured by

Western blot analysis.

5.4.4.1. Secretion of E2 through the modified FT3SS of the best

candidate secretion strains

E2 protein (pTrc E2) and empty vector was expressqguCiiLand thetwo most promising
secretion strains. E2 was visible in the supernatant of all strains expressirgE2 3. top);
however it was not as distinguishable as it has been in past experiments shown in Chapter 3.
This was in partlue to the low concentration of E2 in general (low concentration observed in
NCKltoo) and in part due to the incidence of some cell lysis, especigfly@f LJ-  JTML § !
level of cell lysis was seen in all biological replicates. The highest concentration of E2 was
visible in the supernatant g Of LJ-  pfofl@véd bynCKL then pmotAB pfliDSTNo E2
protein or evidence of cell lysis was observed when strains expressed empty vector.
Intracellularly, as seen fRigure5. and Figure5.10 a protein of around 22kDa was visibletlie
intracellular fractions ofn Of LJ-  jwifeh (expressing E2 protein or empty vector
suggesting it is not a result of recombinant protein expression (whether cutinase or E2) the
potential origin of this will be discussed later. The Western Wafufe 5. bottom) confirmed

that there was more E2 in the supernatantofO f LJ-  peWs2similar concentrations were
seen i CKlandpmotABpfliDST Intracellularly very similar concentrations of EBreseen in

all strains.
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Figure5.21: Intracellular and secrete@®2 frompCKLp Of LI mndg w2 iG! . .nFEA5{ ¢
E.colinCKL(C),n Of LJ WD andn.Y2 (! . (VMDSTRcBtairdngthe plasmid pTrc

E2or pTrc emptywasgrown in LB. Cells were harvested ats6[.5 and preparedor SDS

PAGE as iRigure5.. Samples underwer@DSPAGE 1ad either Coomassie staining with Instant
Blue(constrast adjustedpr Western blot analysis of cells and supernatant usingftagiellin

(H48) antibody and an HRP secandEZwdzy ®* t NBAGF Ay SR wSO t NR(GSA)
was an E2 protein standard (S) to allow quantification of intracellular and secreted protein
concentration. Sample loaded (supernatant, cells, standard): for Coomassie: 15, 5, 5. Western:
10,1,1
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Densitometry analysis was carried out the Western blot shown here and three other biological
replicates. The results show thamotABnfliDSTsecretes the least E2 protein, this is expected

as discussed previouslFigure3.) the absence of FliS reduced E2 expression and secretion.
NCKlsecreted an average of 1.06ug E2 per Litre of culture supernatant as opposed to 3.98ug
forn Of LI jTNPréptesented a significant 3.75 fold increase, however it is evident that
cell lysidid occur, therefore how much of this can be attributed to FT3SS secretion is unclear.
Intracellular E2 was lowest ICKL54.36mg L. The other strains expressed around twice this
with averages of 126.63 and 109.00 mifbeing observed fon Of LJ-  jand pniotAB
nfliDSTrespectively. In terms of the proportion of secreted EDf L) wasahé most
efficient secretor, secreting 5.73% total E2 protein.
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Figure 5.22: Western blot densitometry analysis of intracellular and secreted protein

fractions d E2expressingnCKE  n Of LJ- angnpYv2di!!.. .nFf A5{ ¢

E.colinCKiLnp Of LJ- prf¥@1i! . qorkainikghe glasmid pTrc E2 were grown in LB
supplemented with 0.05mM IPTG. Cells were harvested a§,QB3. Following Western blot
analysis of celland supernatanusing an antflagellin (H48) antibody and an HRP secondary
densitometry analysis was carried out using Imadged.E2 protein standard allowed exact
quantification of E2 in cell culture. Individual data points, average and standard drtbe o

mean are given for (A) secreted and (B) intracellular E2. (C) Proportion of secreted E2 as a
proportion of total E2 both secreted and retained in cells. Four biological replicates for each

strain.Oneg @ ! bh+! | yR ¢dzl S& Qa meédduti(*Ap3t<®0502 Y LI NA &
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5.4.4.2. Secretion of CH2 through the modified FT3SS of the best
candidate secretion strains

CH2 protein was also secreted in the two best candidate secretion strains. Cells expressing
empty secretion construct were also growm &ssess the effect of CH2 expression on total
protein expression and cell lysis in straiRgure5. (top) shows that the supernatant was free

of intracellular contaminants, suggesting cell lysis was not prevalent. In thacafiular
fractions ofpn Of LJ- jth¥ 226Da .protein was again overexpressed, whether cells were
expressing CH2 or empty secretion construct. From the Wedtietn(Figure5.-bottom) it is
apparent thatless CH2vasexpressedrip Y2 (i ! . qorfiparkdstd tide other strains which

are quite similarpn Of LJ-  pe¥r€tds much mor€H2 than the other two strains.
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Figure5.23: Intracellular and secrete@€H?2 froomCKE  p Of LJ- angnYyz2dd!!.. pFf A5{
E.colinCKL(C),n Of LJ- AB(XyYM)iandp Y2 (i! . (MITISK)®Atainingthe plasmid

pJexpress-liCCH2FLAGStrep or pJexpress-liGempty-FLAGStrep were grown in LB
supplemented with 0.05mM IPTG. Cells were grown and prepared Rigune5.. Samples
underwent SDEPAGEand either staining with Instant Blue Coomassie stain (top) or Western
blot (bottom) analysis of cells and supernatant using anBbAGHRPantibody. Samples were
loaded to as follows: Supernatant: 20uL. Cells: 2uL (Western blot), Gpdm@ssie stain).
Standard: 5pL

Two biologicateplicates were carried out however secreted CH2 was detgctedin the blot
shown inFigureb.. Densitometry analysis was carried out when CH2 protein was visible. It was
establshed that 86.76ug CH2 was secreted into a Litre of medja Off LJ-  joe¥s2 thig .
was 2.56 fold higher thapCKlwhich secreted 33.94ug'land much higher than the 4.85 pg L
"measured im Y2 (! . .mtfatefubdyt Of LJ-  pxXprésied the mosEH2 (4.64mg

L* on average), despite this it still demonstrated the highest proportion for secreted protein as
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a proportion of total CH2 in cell culture, secreting 0.024% @HB was very low in

comparison to values derived in the previous chapter.
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Fgure 5.24: Western blot densitometry analysis of intracellular and secreted protein

fractions of CHZxpressingn\CKE  p Of LJ- angnyy22dd!!.. pnFE A5{ ¢

E.coinCKE pn Of LJ- angiyiy2idi !..  goftdiningte tplasmidplexpressliGCH2
FLAGStrep were grown in LB supplemented with 0.05mM IPTG. Cells were harvesteghat OD
1.0. Following Western blot analysis ofells and supernatant using afLAGHRR
densitometry analysis was carried out using ImadgeH2 protein standard allowed exact
quantification of CH2 in cell culture. Individual data points, average and standard error of the
mean are given when pos$ibfor (A) secreted and (B) intracellular CH2. (C) Proportion of
secreted CH2 as a proportion of total CH2 both secreted and retained in cells. One biological

replicate for A and C, two biological replicates for B.

Despite the promise of Y2 (i ! . yith frespedt t increased secretion capacity for
cutinase proteinit is evident that this secretion capacity ability did not extend to all proteins.
However the discovery of the high capacity cutinase secret@rf LJ-  pl36drovied to be

a good platform strain for the secretion of E2 and CH2 protein. Therefore from the 13 modified
FT3SS teste@dCKIn Of LJ-  was #hé rmost promising, due to its high capacity to secrete a

range of protein substrates.

To date investigation has focused simain improvement to increase secretion capacity of the

FT3SS. This has been successful and the combination of strategies has been shown to

culminate in an additive effect of secretion improvement, leading to the identification of two

high secretion strais. Focus will now shift to investigate whether the secretion capacity can be
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improved by modifying the secretion construct. In Chapter 4 is was shown that the secretion
construct could be modified to inhibit FT3SS secretion, in this Chapter modificatitbrize

implemented with the aim of improving FT3SS secretion

5.5. Modification of the synthetic modular secretion

construct for increased secretion through the FT3SS

¢KS GSNY WaSONBiA2y O2yaidNdHziQ KlFra oSSy 02°
translated protein secretion construct. For the purpose of this section this will also refer to the
untranslated (UTR) regions of the genetic secretion construct too. The current secretion
O2yaiNHzOG KIFNb2dzZNE GKS pQ I yR etofsighatand wadS 3 A 2 y
designed as a prototype. In the previous chapter it was found that altering these regions
NBadzZ 6§SR Ay RAFTFSNByYyGAFt SELINBaairzy |ffcR asSo
promoter and ribosome binding site (RBS). It iported that is also harbours a signal for
secretion (inSalmonellall YR G KIFG aSONBiGA2y Ol y o(HajaRderNB OGS
et al., 2005:Anton et al., 2010p | 26 SOSNE ySOSaardte 2F (GKS p¢
SalmonellaandE. colin the Végh et al. 2006tudy. In the previous Chapter it was found that

0KS NBY2@0Ftf 2F (GKS pQ ! ¢w NBadAZ 6SR Ay AyON
alleviated cell mediated negative regulation on plasmid expression througfii@gromoter,

da GKS LINBY23GSNJ Aa aFRduagoids R 2A0yS AISK\NE & opacs y1 OtSw 2N
aSSY (2 AYKAOAG &SONBUA2Yyd 2KAES GKS pQ | ¢w
secretion signal is attributed as theimary facilitator of FT3SS secreti{idobd6 et al., 2010)

Removal of the signal peptide has been shown (hErgufe4.) and in the literature) to result

in inhibition of secretion, however the literature suggests that the entire signal peptide is not
required to mediate FT3SS secretion. Instead, secretion can be achieved with just4fie 26
amino acid region of the signal peptide in b&hlmonellandE. coli(Végh et al., 2006 KS o0 Q
UTR does not appear to be essential for secretion through the KABE&® et al., 2010; Végh

et al., 2006)

Despite the sometimes cdlicting evidenceit is apparent that the presence or absence of UTR

region and secretion signal peptide can incur variation in secretion, therefore a number of

variant secretion constructs were generated. The aim was to assess whether secretion could
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be improved with (a combination of) the removal of either UTR or tH&IN terminal amino

acid sequence of the secretion signal peptide. Since much of the investigation into FT3SS
secretion concerne@almonellag secretion construct was also designed toduaur the 2647
SalmonellaFliC secretion signal peptide. It was hoped that one (or more) of these variant
secretion constructs would surpass the secretion capacity facilitated by the prototype

secretion construct and therefore serve as an improved searetanstruct.

5.5.1. Production of variants of the modified secretion construct

Nine variations of the secretion construct were produc&dl{le5.). Cutinase cargo was used

so that the highthroughput MUB protein secretion ag could be implemented, to efficiently

screen secretion construct mediated variation in FT3SS secretion. Primers were designed to
amplify the relevant section of the secretion construct with restriction enzyme sites flanking

the product, to allow cloningnto a restriction enzyme digested pJexpr&s&empty vector. If
necessary an RBS site and a start codon or stop codon was incorporated into the gthisers
wasSaaSyidAalrt AF GKS pQ 2 NJ,asGhey harbourdhSseBnportdhty 2 &S ¥
genetic features The 2647 amino acid signal oE. coliand Salmonellatyphimurium is
conserved from 2917, however while26-28 encode SSS B. colit is GTA ir& typhimurium.A

primer was designed which was homologous to the secretion signal from thee2&due,
K26SOSN) GKS pQ !'¢w NBIAZ2Y AyOfdzRSR GKS ydzOf
codon optimised forE. colito aid translation. A graphical interpretation of primers and

homologous sites is shown Figure5..
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Table5.5: Guide to the production of variations of th@Jexpress-liGcutinase FLAGStrep
plasmid.

Nine variations of the original pJexpress harbouring secretion construct were produced by PCR
product amplification, restriction digest and ligatioPCR reactions (primers and size of
product) are listed for each product and were carried out with gidexpresd-liCcutinase

FLAGStrep plasmid as a template.

Reactiorisecreti  Product(in pJexpressyecretion F R Sze

on construct construct (SC) (bp)

number

1 Ndd- p Q -476aeutinaseStrep pQ | ¢ y2 o0 Q 1158
FLAGBamHI 4raaF

2 Ndd-RBSATG47aacutinase 47aa F 0Q | ¢ 1226

StrepFLAG Q -Batril

3 Ndd-RBSATG47aacutinase 47aa F y2 oQ 897
StrepFLAGBanH]I

4 Ndd-RBSATGE. coli 2647- coli2647 o0 Q | ¢ 1148
cutinage-StrepFLAGD Q -1 F
BanHl

5 Ndd-RBSATGE. coli 2647- coli2647 y 2 o0 Q 825
cutinaseStrepFLAGBanHI| F

6 Ndd-RBSATGSalmonella 26-47- sal2647 o0 Q | ¢ 1148
cutinaseStrepFLAGD Q -1 F
BanHl

7 Ndd-RBSATGSalmonella 26-47- sal 2647 Yy 2 o0 Q 825
cutinaseStrepFLAGBanHI F

8 Ndd-RBSATGcutinaseStrep b2z pQoQ | ¢ 1084
FLAGO Q -Batriv 4raa

9 Ndd-RBSATGcutinaseStrep b2 opQy2 o0Q 761
FLAGBanH| 4faa
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Ndel-RBS-ATG-sal 26-47 N

Ndel-RBS-ATG-coli 26-47

Ndel-RBS-ATG-47aa \

NdeLRﬂS.AIG.Xhm.Im
Flag Strep
PTo hC 47 aminoacid ths Lag
secretionsignal
Start codon Stop codon

l 5 UTR Cutinase
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Figure 5.25. Schematic of the existing secretion congtt harbouring cutinase and the
primers used to generate alternative secretion constructs following the removal or

Y2RATAOIGA2Y 2F (KS pQ 2NJoQ !¢w NBIA2ya 2NJ

The genetic version of the cutinase harbouring secretimmstruct is shown. This contains the

PQ YR 0Q !¢w YR n1t FYAYy2 | OAR &aSONBGAZ2Y
combination of the forward and reverse primers with elongated ends shown here. Restriction
enzyme sites featured in the elongdtends of all primers. RBS sitgtart or stop codons or

codon optimised regions featured in primers if necessary. This resulted in the generation of
donor DNA, which following restriction digest withidd and BanH|l was ligated into an
Ndd/BanHl digested plsmid harbouring the empty secretion construct. This resulted in the

generation of novel plasmids which harbour novel genetic secretion constiaidef.).
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Following higHidelity PCR, DNA products of the anticipate@ giable5.) were derived for all
primer canbinations. This was confirmed by running PCR products on a DNA agarose gel

(Figure5.). PCRroducts were excised from the gel and iget} for restriction digestion.

4

4 S 14

U

w

1'% gt
Ll

1.5 Kbp- | s s

1 kbp- --- . - 1kbp—.—*
L2 O oo

0.75 kbp-

1.5 Kbp-

Figure 5.26: AgaroseDNA gels showing PCR produdty ligation into Ndel and BamHI
digestedpJexpresd-liGempty-FLAGStrep

PCR reactions were carried out usipdexpress-liGcutinaseFLAGStrep as template and
primers in Appendix 2 with Phusio® HighFidelity DNA Polymerase. PCR mixtures were
analysed on a 1% TAE agarose DNA gel supplemented with a trace of ethidium bromide,
visualised under UV light and inverted. Samples were rinvi DSy SwdzZf SNk wm{ 6

The lane annotations refer to the product number listedlable5.; the sizes of products are

also given in this table.

Isolated PCR products apdexpres$-liGempty-FLAGStrep underwent restritton digest with

Ndd andBanHl in CutSmart buffer. Following this incubation step the acceptor vector was
treated with Antarctic phosphatase to discourageciecularisation and then run on a DNA
agarose gel to confirm successful restriction digest. &Asrdrol, acceptor vector which had
been incubated without restriction digest enzymes was also loaded on to the gel. As opposed

to the smaller supercoiled circular DNA seen in lane 1, two DNA products are visible in the
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second lane, showing the cut accept@ctor and the fainZ72kbp section of DNA comprising

of the empty secretion construcE{gure5.). Although the digestedcceptor vector appears to

run bigger than the 3967kbp expected, the increase in sizepeoed to the undigested and
presence of the excised secretion construct give confidence that it is the correct product. As
the product resulting from restriction digest of the PCR products was only 18bp shorter than
the original product, these restrictiordigest mixtures were not visualised by DNA
electrophoresis. ABanHI cannot be heat inactivated all digested DNA underwent PCR clean

up prior to ligation.

Figure5.27: AgaroseDNA gelshowinguncut andNdd and BanHI cut pJexpres&liGempty-
FLAGStrep

Restriction digest reactions were carried out both with and without the addition of restriction
enzymes. 5L restriction digest mixture was prepared for DNA electrophoresis and loaded on a
1% TAE agarose DNA gel supplemented with a trace of ethidium r@ndivisualised under

'+ fATKG FYR AYOSNISRO® [FySay om0 NBd/alidvdz SN

BanH| cut vector
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