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ABSTRACT

Recently, the twirarginine translocation (Tat) pathway has raised interest due to reports of its
unique proofreading ability to export correctly folded proteins. However, only a few recombinant
proteins fused to an f&rminal Tat signal peptide @ been reported to be exported via Tat. The
hypothesis for this thesis was to evaluate whetther range ofproteins of interesthat can be
exportedbythe Tat pathway can be extended bje@ninally fusing them to a natural Tat substrate
(NTS). Thus, ¢hNTS would act as a soluble carrier to improve cytoplasmic solubilitscélitdte

Tat export. Moreover, the CyDisCo technology enabling cytoplasmic formation of disulphide bonds
was investigated to reach this goal.

Initially, a robust fractionation miebd was developed to assess protein localisation with due
diligence. A panel of NTS and reporter proteins were evaluated for the respective role of the soluble
carrier and the protein of interest. None of the selected NTS and only PhoA and hGH of the teste
reporter proteins were shown to export specifically via Tat. After the review of the fusion design to
use the valid reporter proteins as the soluble carrier, three proteins of interest were expressed with
and without the soluble carriers. This fusiorattgy did not extend Tat acceptan€averall, this
project confirmed the difficulty to export a recombinant protein via the Tat pathway. Additionally,
CyDisCo was demonstrated to improve expression of recombinant proteins but did not form native

disulphidebonds.

However, this project revealed unexpected export of sfGFP, hGH and FABP4 including the
recombinant proteins fused to hGwithout a signal peptide This unidentified translocation
mechanisng) needs further characterisation which can lead to theogsry of a new export
pathway(s) and may highlight a promising alternatiiagy to target proteins of interest to the

periplasm
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1. INTRODUCTION

1.1. General introduction

Proteins are required in academic research, the pharmaceutical, food and textile industries. They
have multiple usage such as therapeutics, research proteins, cooking enzymes and proteases i
laundry detergents. Protes used as biopharmaceutical medicines encompass antibodies as well as
nonantibody molecules and in 2016, represented US$ 228 billion in globa{Matakens et al.,

2017) These proteins are produced as recombinant proteins for development and manufacture at
laboratory and large scales for both academic and industrial applications. They can be produced ir
eukaryotic (mammalian dsg] insect cells, yeast, plant) or prokaryotic (bacteria) sysiGasser et

al., 2013, Butler and Spearman, 2014, Reltgner et al., 2018, Sack et al., 2015, Chen, 20h2)

most popular hosts are mammaliarllsand bacteria. The latter were historically the first developed
hosts for recombinant protein production thanks to thaiick generation time, easy manipulation,

low cost equpment and high productivit¢Terpe, 2006)However, in many occurrences, bacteria

are not able to produce active heterologous proteins as some tend to form instable polypeptides
which aggregate and end up as inclusion bodies due to the lack of access aftdifrhineries

(Golgi apparatus, endoplasmic reticulum) or necessary chape(Gaesia-ruitds, 2010) Many
engineering works have emerged in the phstades to contour these limitations to render bacteria
even more attractive for recombinant protein productisgedtion 1.4.5. On the other hand,
mammalian cells are the systems of choice for glycosylated #hdraprotein production. The main
drawbacks of these hosts are the high cost brought by the slow cell growth, expensive media anc

specialized equipment needed for culture conditions.

Amongst bacterial systems, both Grpositive and Gramegative straingre used and therefore

offer different advantages made possible by way of their cell wall organization. The cell wallof Gram
positive bacteria consists oftlain periplasmic space betweenttdck peptidoglycan layeand the

cell membranas represented iRigurel-1 (Matias and Beveridge, 2005) Gram negative bacteria,

a periplasmic space containing a thin peptidoglycan layer is delimited by the inner and outer cell

1
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membranes Kigurel-1). In terms of recombinant protein production, this difference is translated
by the ease of protein excretion in Grgmsitive compared to Gramegative bacteria. Indeed,
speciedike Bacillus subtiliare often used for production of proteins intended $ecretion into the
extracellular mediun{Song et al., 2015Pther bacterial expression systems have emerged like the
GramypositiveLactococcusactisand the GrammegativePseudomonafChen, 2012)For instance,
proteins production ilPseudomonas fluoresceisdess dependent on oxygen concentration, does
not accumulate acetate and gave a yield greater than 30 times higher compared to produgtion in
coli(Huang et al., 2007Yhis species can also be used for periplasruort, but its pathogenicity
refrains the development as a production platform especially for therap¢Rtitallaclet al., 2007,
Scales et al., 20143dditionallyactococcufactisis largely used for the production of membrane
proteins due its single membrane cell envelope but the protein production titers have never been

reported higher than 300 giL (Chen, 2012)

Cytoplasm
DNA
Inner membrane Inner membrane
Periplasm Cell cell Periplasm
Cell
Peptidoglycan wall |envelope Peptidoglycan
wall /
Outer membrane
Gram positive Gram negative

Figurel-1: Diagramof bacterialenvelopes

Somatostatin was, in 1977, the first human recombinant proteibetgeneratedtakura et al.,
1977)and in 1982, human insulin was the first commercial recombinanttdrueceive approval
from the US foo@nd drug administratiofJohnson, 1983Both proteins were produced & coli
and since then, this species has been used extensively for recombinant protein production platform.

Indeed in 2009, a report indicated that about 30 % of prebsised pharmaceuticals approved by
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competent authorities were produced ik. coli(FerrerMiralles et al.,, 2009) The various
therapeutics produced by this bacterium include interferons, insulins and monoclonal antibodies
(Jozala et al., 2016, Baeshen et al., 2015, Sa@@dreia et al., 216). E. coloffers several additional
advantages including fast growth kinetics, high cell density and the availability-phthogenic

speciegRosano and CeccargliD14)

1.2. TheEscherichia cdil2 strain as a production host

As mentioned in sectiah 1, E. colis used as the firgthoice microorganism for recombinant protein
production but many strains from this speca® pathogenic to human&Croxen etal., 2013)
However, the descendants of a npathogenic isolates. colK12(Tatum and Lederberg, 1949ve

given rise to strains such as MG1655 and W3110 which are routinely used for recombinant protein
expresan (Daegelen et al., 2009K12 derivatives do not possess the F plasmid necessary for
conjugaton and are therefore designated &nd are defective for lambda lysogen 6 <0 @ al
examples of successful protein expressiok.irtoliK12 strains can be foundrfexpression of a
research protein at laboratory scale such as interleuldiheBcus et al., 2013amylasegZafar et al.,

2016) myosinegPylypenko et al., 2016\lso, such strains are used to produberapeutics at
industrial scaldHuang et al., 2012hcludingthe enzymeGlucarpidase (Voraxa2g used to tat
delayed methotrexate clearance in patients with renal failRedtu et al., 2013)he pegylatedC I 0 Q
fragmentCertolizumab pegqiCimzia®) for the treatment dfieumatoid arthritisin combination

with methotrexate(Goel and Stephens, 201€)e human growth hormonéhGH)produced in the
periplasm(de Oliveira et al., 1998@nd the human stem cell factor in fusion with erythropoié8in

et al., 2006)For the present study, tHe. colK12 W3110 strain was selected has the host since it is

used routinely irhouse for periplasmic expressionasitibody fragmentgsection3.6.).

Furthermore a plethora of parameters need to be considered in order to optimizetoenbinant
protein productionprocessin the selected hst strain Examples of such parameters are listed in

Tablel-1. Moreover,the cytoplasm contains more host cell proteins, including protedisas the
3
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periplasm or the extraellular medium. Hencéhe localisatiorof the protein of interest within the

cell impacts the purification processid product quality. €iplasmic expression was previously
associated with lower production yields than cytoplasmic expression but recent studies have
demonstrated than protein cabe expressed to up to 1.1 g/L or even 2.4 g/L in the periplam of

coli(Matos et al., 2012, Ellis et al., 2017)

Tablel-1: Parameters to consider for recombimgmotein expression optimization

Parameters to optimize Examples Reference
antibiotic resistance, plasmid Rosano and Ceccarell
Selection marker - P (2014) Goh and Good
addiction system (2008)
Expression ,
Low (SC101), moderate (p15A° _ .
vector Copy number high (pUC) copy numbers Friehs (2004)
induction svstem IPTG inducibladc), arabinee  de Boer et al. (1983),
y inducible (pRHaBARyomoters Szeliova et a{2016)
Transcription and Mutalik et al. 2013), Li
translation RBS and promotestrengths and Zhang (2014)
Codon usage Plotkin and Kudla (2011)
Gene Single, mutlicistronic Tan (2001)
organiation
. Detection/purific :
Expression onisolubility  Hio: FLAG, VS, HA, SUMO, ME < hokova et al. (2016
cassette tag GST
Cleavage site TEV, thrombin cleavage sites Kosobokova et al. (2016)
Signal peptide QmpA, MB.P’ PelB, TorA, HlyC Freud! (2018)
signal peptides
Chaperqne(s) co GroEL, GroES, Trigger factor  Graslund et al. (2008)
expression
Mode of culture Batch, feqlbatch,contlnuous Costa et al. (2014)
fermentation
Container Qeep well plateshake flask, Overton (2014)
bioreactor
Culture Medium Rich or miimum, defined or Arya et al. (2015)
condition undefined
Temperature Optimal, suboptimal Costa et al. (2014)
Agitation Overton (2014)
Induction level Overton (2014)
Harvest time Arya et al. (2015)
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1.3. Secretion systems Hscherichia coli

E. colpossesses several ways to transport proteins from the cytoplasm into the periplasm (export)
or to the extracellular medium (secretion). Gramegative bactga possesgightknownpathways

to transport proteins across the biological membrafi&®en and Mecsas, 2016hey are listed as

the general secretory (Sec), twanginine translocation (Tat), Typel, Typell, Typelll, TypelV, TypeV
and TypeVI pathways. The Sec and Tat pathways have been exploited fdvimanomrotein
production whereas the remaining systems are involved in bacterial vir{leneen and Mecsas,

2016)

1.3.1.The Sec pathway
The Sec pathway is an essential pathway bgedound 96 % oE. coliexportome of which 60 %
are inner membrane proteins and the remaining 40 % are outer membrane, pefiplasc
secreted proteingYu et al., 2010)it allows substrate proteins to translocate into or across the
plasma membrane as unfolded polypeptide chains using two mechanisms: the SecBsagththe
recognition péticle (SRIPpathways(Pugsley, 1993Pe novdranslated polypeptides are exported
by Sec in three stages: firstly, they are targeted to the Sec machinery-téanaimal signal peptide
and sorted to the SecB or SRP pathw&ysondly, they aréranslocated across or into the inner
membrane and finally, the signal peptide is cleaved by membrane anchored peptidase prior to

release of the preprotein.

1.3.1.1.Seespecific signal peptides
Sec substrates are targeted f8gc translocation via specific sigisaquences borne at their-N
termini (Green and Mecsa2016) SRP targets highly hydrophobic signal peptides to the SecYEG
channel in a ctranslational way whereas SecB recogn&kss hydrophobic signal peptide. The
signal peptides are typically-28 residues long and can evided into three regionss described
in Figurel-2 (Gouridis et al., 2009The nregion is located at the amino termirgadd is characterised
by a net positive charge. One or more basic residues are responsible for the positive charge(s) of th

region allowing insertion of the signal peptide into the SecYEG translocon. The net charge varies fror
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one substrate to the otherral can influence protein synthesis and translocation ré@espers et

al., 2010) Moreover, the net charge should be maintained to a positive yvatherwise the
translocation ratecan suffeisignificant reduiton (Inouye et al., 1982)-or instance, a cutinafem

the fungusFusarium solan pigias expressed iBacillus subtilifused to the signal peptide of AmyE
(Caspers et al., 2010)he authors found that Phe2Asp, Phe2Glu or Lys4lLeu mutation, each lowering
the net charge from +® +2, led taa threefold increase in terms of secretion and activity. Screening
the net charge of signal peptides for a selected recombinant protein can lead to improved secretion

yields but is protein specififuziss et al., 1992, Nesmeyanova et al., 1997, Ismail et al., 2011)

Mature

n-region

domain
Length 5-8 8-12 5-7
Property + hydrophobic polar
Motif a-helix AXA

Figurel-2: General features of a Sspecific signal peptide

The Sec signal peptide is composed of a positively charged-tmirinal region (nregion), followed by a
hydrophobic region B 3 A 2 y 0 ¢ K Ah@liK up@nzbiNdihg to BegA, and is terminated by a carboxyl
terminal region (gegion) containing a signal peptidase cleavage site (AX&\)engths are indicated in amino
aci residues. + means positively charges.

The following region is theregion of 8 to 12 amino acid residues characterised by its hydrophobicity
and its helical propensityrigurel-2). Decreasing the hydrophobigciby deletion or mutatiorof
amino acid residuesonsiderably decreases protein export resulting in cytoplasmic accumulation in
a misfolded stat¢lzard and Kendall, 1994, Suominen et al., 199&j)ough, the pssible deflection
fromthe SRP tohe SecB pathwawas not investigatedihe low hydrophobicity can exceed a limit,
resulting in a significant decreasdranslocation of native Sec substrates. For instance, a minimum

of five leucine residuesn the sigal peptide of alkaline phosphata@ehoA)srequiredfor effective
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export(Rusch et al., 1994pn the other hand, mutating therbgion to increase the hydrophobicity

by the addition of leucine(s) has provenrtorease secretion efficien¢ghen et al., 199&ut again,

the re-routing of nascent polypeptideom SecB to SRP was not assessed. Moreover, introducing a
helix breaker reduces the affinity of SRP for the hilgytirophobic signal peptides. Similarly, an
extension to this helix by mutating glycine for cysteine or leucine residues shifted the affinity of the

PhoE signal peptide towards SR&ams et al., 2002)

The Germinal region of a Sec signal peptide is named thegion andcontains a cleavage site to
allow release of the mature domain into the periplasm or into the membrane for integral substrates
(Figurel-2). This regioshould be at least five residues long to ensure export and cleavage efficiency
(Suominen et al., 1995puring export, the signal peptidecomesembedded into the SecYEG
translocon and upon complete translocatiohtbe nascent polypeptide into the periplasinjs
cleaved bythe signal peptidase |, LepB which is located on the outer leaf of the inner membrane
(Date, 1983)This enzyme recognizes a 3 amino acid motif wherelthad-3 positions before the
cleavage site favour residues with small neutral cfaorsHeijne, 19845ince the common residue

at these positions is alanine, the motif is often referred to as(KXramyshev et al., 1998yotein

export levels can be optimized by mutating theegion since it is strongly influenced by signal
peptide cleavage efficien¢iiow et al., 2013)ndeed, a relatively large resid{ie. phenylalanine,
tyrosine, leucine and histidipat position-2, an alanine at positio® and hydrophobic residuéise.
phenylalaninept position-7 to -10 hae been shown for more effective signal peptide cleavage.
LepB is an essential enzymeEincoli hence no study determining the faith of Sec substrates after
translocation was conductegdiora et al., 2015)To contude, no single known signal peptide will
export all recombinant proteins into the periplasm via $berefore, a screen and optimization of
signal peptides is necessary to obtain optimum yields of a specific recombinant protein, as depicted

in this reviev (Freudl, 2018)
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Figurel-3: Bacterial Sec pathway

Polypepides exported to the periplasm by the Sec pathwaybmanoutedeither via the postranslational

SecB (1) or the emanslational SRP (2) systemsAtfter binding the signal peptide (SP), SecB prevents folding

of the native polypeptide (NPP) and resuiecA which targethe complex to the SecYEG translocase. Using
ATP hydrolysis and the proton motive force (PMF), the polypeptide is transported across the cytoplasmic
membrane where the signal peptidase cleaves the SP befareclease and folding afhe mature protein. 2

- The SRP complex is made of Hfte protein and the small 4.5S RNA which binds tbyHeophobic domains

of the SPto prevent aggregation. This rilsomplex is targeted to the SecYEG translocon via the docking
protein FtsY. The pglgptide is transported during translation using GTP hydrolysis and the PMF. The mature
protein can be either integrated into the membrane or released into the peripkigare adapted fror@reen

and Mecsas (201@ndFreudl (2018)

1.3.1.2.The SecB pathway
SecB substratetargeted to the periplasm or to the extcellular mediumaretransported through
the inner membrane via the SecB pathwayiposttranslational manne(Tsirigotaki et al., 2017)
SecB is a neessential protein which, when knockeut, leaves the cell with a strong caensitive
phenotype below 23°C, as well as sensitivity to many compounds including ethanol, copper and
triclosan(Sala et al., 2014The SecB protein is a cytoplasmic homotetrameric chaperone which
binds toeither completely or partially synthesized nascent polypeptides via the interaction with a
specific signal peptidéGreen and Mecsas, 201@)his mteraction prevents thgolypeptidefrom
folding andthe complexthen binds to SecAnaessentiatytoplasmic translocation motor protein

8
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(Figurel-3). Tte latter directs this complex composed of the substrate arfecBto the SecYEG
membrane channellranslocation is initiated by SecA which pulls the polypeptide into the SecYEG
channel using ATP hydrolysis as energy source. In the late stagepofyteptidetranslocation,

SecA detaches from the signal peptite @& released into the cytoplasm while the proton motive
force pulls the polypeptide completely through the charfielrigotaki et al., 201.7yhe movement

of protons and preproteins is enabled by the accessory factor SecDF, a periplasmic comple
embedded in the inner membrar{&sukazaki et al., 201The signal pepte is then cleaved by the
membraneanchored signal peptidase Il (LspA) for lipoproteins or by the signal peptidase | (LepB) for
other substrates which allowke release of the polypeptide into the periplagifu et al., 1984)

Once in the periplasm, the mature protein folds and can be exported fudher destinationvia

eitherthe Typédll orthe TypeV secretin systems (sectioh.3.3.

1.3.1.3.The SRP pathway
The SRP pathway is utilized by polypeptides whose unfolded status cannot be maintained by SecB
possess hydrophobic patches (corresponding to future transmembrandrd)mdiich cannot be
procesgd by the SecB pathway. Such polypeptides are exported into the periplasm or inserted into
the membrane via the SRBthwayin a cotranslational mannefGreen and Mecsas, 2016he SRP
is a ribonucleoprotein compleomposedf the fifty-four homologue (Fflprotein and a sma#l.5S
RNA(Tsirigotaki et al., 2017$RPinds to ribosomes but is only kinetically stabilised by nascent
polypeptide through the recognition of a specific signal peptide or transmembrane domains after
which it temporarily halts translation at the ribosorfisirigotaki et al., 201.7yhe SRPolypeptide
complex, also known as the rilsomplex, then binds to thanner membranelocated, docking
protein FtsY which transfers the complex to the SecYEG ché&imelel-3). This evenbbtainsthe
necessargnergy from the hydrolysis of GTP by the GTPase domdifts afid FtsY which triggers
the release of SRP and reinitiates the translation. The polypeptide is synthetized idite ¢ty
SecYEG channelhich uses the proton motive force to pull the nascent chain through. For

membrane protein insertion, YidC drives the nascent transmembrane helixes integration into the
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inner membrane while the chaperone PpiD is considered to quialiy control on transmembrane
domains exiting the SecYEG chaf8athelaru et al., 2014Hinally, the signal peptide is cleaved by
LepB during the later stages of tinembrane protein insertioar periplasmiceleasg/Auclair et al.,

2012)

1.3.1.4.Recombinant protein export via Sec
Since # discovery, the Sec pathway has been lisagkpression systemnis export recombinant
proteins into the periplasm @&. coli By fusing a Sec signal peptide to thefhinus of the protein
of interest, heterologous proteins can kmanslocaed either bythe SecB or the SRP pathway
depending on the signal peptide selected. For example, active human epidermal growth factor,
parathyroid hormone and the T cell receptor glycoprotein were successfully produced in the
periplasm via SecB export using the natigea peptide of thee. coliouter membrane protein,
OmpA (Omp4y (Sutherlan and Wong, 1993Jhe icestructuring protein A ah the chitonase
enzyme fronBacillus subtiligrere successfully expressed in the periplask ablusing Ompérto
16 and 18.5 mg/L in shake flask respectif&hyng et al., 2000, Pechsrichuang et al., 203&)
offered a viable alternative for these proteins for which cytoplasmic expression led to lower yields
(Pechsrichuang et al., 2013, Rivas et al., 20008 K SNJ LJSdzi A O LINRP GSAya & dzC
be expressedin the periplasm via Selso, usingagn OmpA=  ClF 6 Q FNI IYSyid 41
g/L inbatchfed fermentation(Ellis et al., 2017)t is important to notdere, that this high yield was
obtainedusingan engineered strain lacking the protease Tsp arekpoessing the chaperone DsbC

(sectionl1.3.1.4 for more details)

1.3.2.The twin arginine translocation pathway
The twin arginine translocation (Tat) pathway ialtarnative to Sec for proteins to cross the plasma
membrane in bacteria. The major difference is that Sec exports unfolded polypeptide chains into the
periplasm whereas Tat transports only folded protegjRatel et al.,, 2014)Sec is used for
translocation of about 8 % of E. coliexportome (Orfanoudaki and Economou, 2019f the
remaining2 %,only about30 substratesire known for the Tat pathwdyullmanErcek et al., 2007)
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The proteins expoed by the Tat translocon are involved in respiratory metabolism, virulence, cell
division, phosphate, copper and iron metabolism and cell wall form@elmer and Berks, 2012)

The utilityof the Tat machiery instead of Secan be physiologically rationalised as a prerequisite
for: (i) the insertion of complex dactors, (i) the preventioof periplasmic metal ionsompeing

for insertion into theactive site (iii) the transport of hetereligomeric comfexes which require
cytoplasmic assembly, (iv) the instability of some unfolded proteins in the periplasm and (v) the

requirement of cytoplasmic protein for folding and maturai{ipalmer and Berks, 2012)

1.3.2.1.The role of Tat through its substrates
The total amount of substratesxported via Tais estimated to be around 3@roteinsfor enteric
bacteria but the number fluctuates between bacterial spef@admer and &ks, 2012)The reason
behind the absence of an absolute value is that many substrates are putative, determined from
bioinformatic predictions and have not been experimentally confirmed. For insTankeanrErce
et al. (2007)listed 27 potential Tat substrates by testing Tat export of the predicted Tat signal

peptides when fused to the maltose binding protgppendixt).

TorA is a trimethylamine-bkide reductase frorthe molybdoenzyme family and is encoded by the
torCADoperon(Mejean et al., 1994)The connection between the double arginine motif within its
signal peptide and its periplasnicali@tion was made and TorA wase of the first Tat substrates

to be discoveredWeiner et al., 1998, Santini et al., 199B)deed, the protein is involved in
anaerobic respiration which explains its periplasio@alistion. TorA requires a ofybdenum
cofactor for activity, therefore justifying the need for Tat export. Moreover, TorA requires the
chaperone TorD for cytoplasmic maturation, cofactor binding and addressing the correctly folded
proteins to the Tat systefPommier et al., 1998, llbert et al., 2003, llbert et al., 2004, Oresnik et al.,

2001, Jack et al., 2004)

DmsA also belongs to the molybdoenzyme family and is a subunit of the dimethyl sulfoxide (DMSO
reductase which reduces &d Noxides(Yokoyama and Leimkuhler, 201bhe protein binds to a

molybdenum cofactor which is inserted with the help of the cytoplasmic chaperone (DimDet

11
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al., 2008, Ray e1.a2003) The DMSO reductase is a complex containing the DmsA, DmsB and DmsC
subunits. The DmsC is an integral transmembrane protein whereas DmsA and DmsB are solubl
periplasmic proteins. The correctly folded DmsAB complextiartsported via the Tgpathway

thanks to the specific signal peptide of DmsA.

NapA, FdnG and FdoG are subunits of other molybdoenzymes exported via Tat to the periplasm
They are first matured in the cytoplasmtheir respectiveNapD, FdhD and FdhD chaperones and
associates inomplex with theirespectiveNapB, FdnH and FdoH partners prior to expowkoyama

and Leimkuhler, 2015NapAB is a nitrate reductase while FAnGH and FdoGH complexes associates
with their respective Fdnl and Adubunits in the periplasm to form the active FdnGHI and FdoGHI

formate dehydrogenase complexgermakka et al., 2002, Yokoyama and Leimkuhler,.2015)

In a different tone, FhuD and Sufl are examples of monoif&trigubstrates which do not contain a
complex cofactoflze et al., 2004, Samaluru et al., 200Hey bind, however, to an iron and copper
metal ion respectively. FhuD is involved in the Fe(lll) import systeBuéinslinvolved in cell division

under stress condition@oster, 1991, Samaluru et al., 2007)

1.3.2.2.Tatspecific signal peptides
In the same way as Sec, Tat substrates bear a spetgficidal signal peptide to devexport(Patel
et al., 2014)Some examples are detailed in tygpendixX2. They share the tripartite structure with
respect to the n h- and eregion including the AXA motif allowing release of theursadomain
upon translocationKigurel-4). Howeverseveral differences between these signal peptides allow
selective targeting of the proteito its rightful pathway. Tat signal peptidese in average 14
residueslonger with an average length of 38 compared to 24 amino acid®dosignal peptides
(Cristobal et al., 1999But the main features which prevent Tat substrates from being mistargeted
to Sec, are the lower hyaphobicity of the kregion, a conserved motif and the basic residues of the
c-region(Berks et al., 2000, Palmer and Berks, 20@@hsiderably increasing the hydrophobicity of
the h-region was found to lead an ditial Tat substrate away from the Tat translocon towards Sec

export and up to complete T-aidependencdCristobal et al., 1999The conserved SRR X-FL-K
12
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motif is located at the junction of the and the eregion and contains eharacteristic twirarginine
giving the translocase its narfigerks, 1996 Mutating both arginine resies to lysine on the natural
Tat signal peptide of Sufl completely abolished Tat exatr and Wickner, 2001But the
mutation of one of its arginine to lysine resulted in reduced Tat export effic{Stayleyet al.,
200000 ! f &a25 YdzitdGAzy 2F GKS FANBG FNBAYAY-S (2
lactamase bearing the Tat signal peptiddetulfovibrio vuljpisydrogenase while mutation to a
range of other residues (valine, isoleucine, lysim& glutamine) only reduced Tat secretion yield
(Niviere et al., 1992 he last Seepelling feature is the presence of basic residues in-tiegion.
Indeed, mutating these residues to the polar asparagimgutamine, allowed Sec expg@ristobal

et al., 1999, Berks et al., 2000, DeLisa et al., 20@8pite the Seavoidance features, 16 of the 27
signal peptides identified bBiullmanErcek et al. (2007hcluding DmsA, FhuD and Sufl have been

found to be promiscuous when expressed in fusion with MBP.

Motif S/T-R-R-X-F-L-K AXA

\ Mature
domain

n-region

Property basic hydrophobic  polar

Figurel-4: General features of a Fapecific signal peptide

The Tat sigal peptide is composed of the basic amiaominal region (rregion), followed by the hydrophobic
region (hregion) and terminated by the carboxgtminal region (eegion) containing a signal peptidase
cleavage site (AXA). The consensus motR&K-FL-K is located at the junction of the and the hregions.

1.3.2.3.Components of Tat
Five proteins are reported to be involved in the Tat pathw&y toli the four integral membrane
proteins TatA, TatB, TatC and Tat# the cytoplasmic protein Ta{Bigurel-5A). TatA is a small 89
amino acid long (9.7 kDa) protein consisting of a short periplast@omius followed by a

transmembrane domain, a cytoplasmic amphipathic helix and an unstructured cytoplasmic C
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terminus (Lange et al., 2007)ange et al. (2008Iso showed that the amphipathic helix is aligned
parallel to tle membrane. TatE, with its 67 residues (7.0 kDa), is a paralogue protein to TatA with
42.7 % identity and 57.3 % similakiBargent et al., 1998This protein is 22 residues shorter than
TatA but still presents a similar membrane conformatiiguiel-5A). Its function overlaps with

TatA with some substrates seemingly to require one, the other or(Baitgent et al., 1998pingle
mutant strains lacking either TatA or TatE are still able to translocate Tat substrates but to a lower

rate whereas Tat export is inactivateda double mutant.

TatB is a 171 amino acid long protein (18.4 kDa) sharing a 23.8 % similarity with TatA and a vel
similar predicted secondary structy(®argentetal., 1999 ¢ (. LJ2aaSaasSa-ig?2
helixes on top of the amphipathic and the transmembrane helsigsrel-5A) (Zhang et al., 2014b)
Despite the resemblance, these proteins have a functionally distinct role. Moreover, the abundance
of TatA is roughly 20 times higher than TatB in the memlf&argent et al2001, Jack et al., 2001)

A TatBnull mutant strain was reported to nogali® the Tatdependant trimethylamine fdxide
(TMAO) reductase indicating that TatB is essential for a functional Tat p&Civeanal et al., 1998)

TatC is a 258 amino acids (28.9 kDa) protein characterised by six transmembrane domains with bot

N- and Gtermini located in the cytoplas@®unginelli et al., 2007)

The Tat proteins TatA, TatB, TatC and TatD are expressed fraatABEDoperon and TatE
encoded as a single gerfadurel-5B) (Sargent et al., 1998, Weiner et al., 1998)e gene coding
for TatE locates at about 14 min on the genome whilgat®&BCDoperon locates at about 78 min
and is thought to béhe result oftatA gene duplicatior{fYen et al., 2002)atD was identified as a
cytoplasmic protein with magnesiddependant DNase activity. This protein was found to be non
essential for the export ofat-dependant proteins as a TatD knamk strain was not impaired for
Tat translocatiorfWexler et al., 2000Matos et al. (2009iscovered that, even though TatD is not
essential for Tat substrates export, it is required for the quality control mechanism (disgusse
sectionl.3.2.5.Indeed Matos et al. (2009xpressed th&lrfC, NapG and Fhulat substrates which

wererendered unsuitable for Tat expdyy mutating one of their irorsulphur ge. The teanfound
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these mutantdo be stable in the cytoplasm of the TatDll strain whilstrapidly degradedn the

widtype WD &G NI Ay d ¢KS fFG§Said NBaASEFNOK 2y #HKZ A&
exonuclease activity responsible for anamsomal DNA degradation during apoptosis and repair of
single stranded DNA damagehen et al., 2014 he correlation between the DNase activity and the

role in quality control mechanism of the Tat pathway isustdlear.

KRS tatA  LotatBe o tatC I 77.75
14.19 m 14.20

Figurel-5: Organisation of th&. coliTat system

A. Representation of the integral inner membrane Tat proteihere N and C represent the amirend
carboxytermini of each protein. The cyiiars represent -helixes B. Arrangement of theéat genes in the
genome ok coliK12 W3110 straihe tatABCDbperon andhe isolatedtatE gene. The minutes are indicated
on each side of thioci. Adapted fromPatel et al. (204).

1.3.2.4.Tat export mechanism

The general mechanism by which Tat exports folded proteins across the inner membrane is not fully

understood. However, the protein structures of some of the Tat components can be used to provide
insights. The structure of TatAdamatB proteins frork. colihas been solved by NMR in detergent
solution(Rodriguez et al., 2013, Zhang et al., 2014a, Zhang et al., 2044y structure of the

other E. coliTat proteins as isolated componeihigve been published. However, the structure of

TatC fromAquifex aeolicysa hyperthermophilic Gramegative bactetim, has been solved by
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crystallography and found to share 52% similarity witk.itsolhomologue(Rollauer et al., 2012,
Ramasamy et al., 2013ome structures of complexes have also been published such as TatBC of

coliwith and without substrate binding by singdarticle electron microscogylarry et al., 2009)

Using the sokd structures, rany researchers have attempted to elucidate this mechanism and
collectively their data has led to the proposal of a mechanism for the recruitment of the Tat complex
by folded Tat substrates which is generally accepted. However, the acahbmsm for the
formation of a channel and subsequent translocation is not fully understtedpresence of folded

Tat substrates with presentation of thet&minal Tatspecific signal peptide in the cytoplasm
triggers the translocation event by revéteirecruitment of the translocon componeriRose et al.,

2013) The first step of Tat translocation is the associatidratB and TatC proteins as dimers in the
membrane which act as receptor for the substrg&ami et al., 2003, McDevitt et al., 2006, Frobel

et al., 2019) This association is critical to prevent premature reledsthe substrate. TatC is an
insertase which alone can recognize Tat substrates through their signal peptda pgmaturely

trigger their cleavagm the absence of TatfErobel et al., 2012)atB is therefore required for the
correct initiation of translocation by preventing earlgavage of the Tat signal peptide. Together
they form a hydrophobic cavity inside the lipid bilayer capable of docking the Tat signal peptides
(Blummel et al., 2017 he twirarginine motif is first recognized Ithe loop located between the
transmembrane helixes 2 and 3 of Téami et al., 2003, Gerard and Cline, 2006 Tat signal
peptide is then inserted deeply into a cavity formed by the TatBC corfjiexrel-6) (Blummel et

al., 2015, Lausberg et al., 2012, Huang et al., 281r8cent study claims that the early mature part

of the substrate also plays a role in TatBC bindingaving a tighter interaction with the first

residues of the mature domain when their hydrophobicity is incref@déid and Freudl, 2018)
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Periplasm
Mature
protein
TatBC .
complex Signal
TatA/E peptidase
in A {Annnna( fad  |ARARRD SALnngAn (nann| fad B
SURRYQRUUEYUYRLY ” ERRLRLERRERERIN S ‘|
SP
Folded protein Cytoplasm

Figurel-6: The TatA-mediated channel model of the Tat pathwayeofoli

Tatspecific substrates contain atéfminal sigal peptide (SP) with a conserved tanginine (RR). They fold

in the cytoplasm prior to targeting to the membrane TatBC complexElai#teins are then recruited to the
TatBC/substrate complex and form a transient pore to accommodate the size of gimt®ulOnce the
substrate is translocated across the cytoplasmic membrane, the SP is cleaved by the signal peptidase and tr
mature protein is released in the periplasm while the pore dissociatiepted fromLee et al. (2006and

Pdmer and Berks (2012)

The second step is the recruitment and oligomerization of TatA proteins upon binding of the
substrate to the TatBC complex@dcock et al., 2013This recruitment is dependent on the proton
motive force(Patel et al., 2014)TatE was also demonstrated to be recruited along with TatA and
clustered at the Tat complex proving it plays a part of Tat translod&iorer et al., 2015From

this point, two models are still being discust®explain the translocation of the substrate: the TatA
mediated channelRigurel-6) and the transient membrane disruption mod@erks, 2015, Cline,
2015) The channehypothesis describes oligomerization of TatA proteins at the TatBC/substrate
complex to form a sizeariable pore adapted for the bound substrét@nge et al., 2007, Patel et

al., 2014) In a different way, theatter model suggests that upon oligomerization of TatA proteins,
the membrane is thinned and destabilized thanks to titerMinus of these proteins and a transient
pore into the lipid bilayer is opened, allowing transit of the substtdtel et al., 2018)Altogether,

the Tat translocon is most likely to use both mechanisms to adapt to the various substrates up to

142 kDa which is the upper molecular weight limit identifigetks et al., 2000)
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1.3.2.5.The proofreading mechanism
All the molybdoenzymes cited in sectib®.2.1require their respetive cytoplasmic chaperone to
be exported by the Tat pathway. Without their chaperones, these Tat substrates cannot reach a

native conformation which is sensed by the translocon thus blocking transport. The ability to sense

Ny

the folded state of Taargeted LIN2 G SAya A& NBFSNNBR G2 a GK
mechanisnm{DeLisa et al., 2003, Sutherland et al., 20I8ijs unique ability has increased interest to
exploit the Tat pathwagWwaraheZhmayev et al., 20L3Rocco et al. (2012)entified suppressors
mutations on the TatABC proteins which allowed a misfolded model protbim éxported to the
periplasm. Such protein was designed for genetic selectioraaspartite fusion containing a test
LINPGSAY AYASNISR 0Si6SSy (KS aA3yl-actamiSeJine RS
test proteinitself was designedo be amonomeri¢ three-helixbundle protein forming molten
globules. Moreover, reducdehoA another misfolded substratieised to the signal peptide of TorA
was found to reach the Tat translocase but was not expgRadahandeh et al., 2008, Richter and
Bruser, 2005)The latter associated with the Tat&fnplexput this did not trigger the recruitment

of the TatA proteins. The degradation of substrates that cannot reach a native conformation is
triggered by theroofreading system upon interaction with the Tat translo¢kkeos et al., 2008)
hgdSNI £t Al ¢l a O2yOf dzZRSR UGKFG GKS ¢Fd GNI y2
Glidzh fAGe O2y NRf ¢ &aeéaiSedphbteirR leddiBPtS tDalr Fegradatdn. A Y

However, the limit of the folding sensitivity is still unclear.

Recent studies have shed light on the conformational tolerance of the Tat proofreading mechanism.
The natural Tat substrate cuprous oxidase (Cue€Xpirted without its copper cofactor which is
acquired in the periplasigDjoko et al., 2010, Roberts et al., 200l)is apo form of the protein is
exported by Tat in native conditio(ftolle et al., 2016 he apo form is therefore sufficiently folded

to pass the quality control system but still presents a higher conformational flexibility than the holo
form. The tolerance of the Tat proofreading mechanism on the subdtexibility was further

demonstrated bylones et al. (201&Yith a nonnatural Tat substrate. Indeed, they showed that a
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Tat targeted signathain variable fragment (scFv) had aboufdl@ enhanced export when ¢hscFv

was more tightly folded with its two intraolecular DSB than without them. Moreover, they
discovered that this scFv was not-franslocated when fused to a 26 amino acids unstructured tail.
The tolerance to a certain conformational flexibility wasgher demonstrated on another
recombinant Tat substrate. Usiadhemebinding protein known aBT6 maquetteSutherland et al.
(2018)observed the correlation between enhancement of Tat export and increas® éf SUNJ (0 S ¢
rigidity. Indeed, the changes in the folding extent of three variants of BT6 binding to either two, one
or no heme(s) was demonstrated by circular dichroism and NMR spectroscopy. The three variants
were then individually fused to the signal pdptiof TorA and expressed i coli The rising
abundance of periplasmic BT6 cleatiyrrelaed with the increasing herdginding capacity
indicating a link between rigidity status of the substrate and the translocation él@mmever, it is

also claimed tht the Tat pathway offers a degree of flexibility with respect to surface hydrophobicity
and net charge. Indeed, mutating surface hydrophobic residues from hydrophilic residues to
leucines, or the net charge from uncharged residues to lysines and/or giataof the scFv were

shown not to affect Tat expofdones et al., 2016)

Theproofreading mechanism is still not clesr how it rejects certain proteins. Misfolded proteins
still interactwith the Tat translocoas demonstrated by the qaurification of a mutant PhoA with
the TatBC complefRichter and Bruser, 2005)hus, Tat may not possess an inbuilt proofreading
mechanism but is rather linked to an efficient degradation sy¢keain et al., 2019)This idea is
supported by thealirect interaction of thél'at machinery with the protease WprA which is essential

for Tat export irBacillus subtiliKrishnappa et al., 2012, Monteferrante et al., 2013)

1.3.2.6.The Tat systems beyo#id coli
The Tat pthway is an evolutionary conserved mechanism found # @7 known bacteriéSimone
et al., 2013)Not only is it present in Granegative bacteria, it is also present in other prokaryotes
like Grampositive and Archaea bacteria which both possess a system often considered

AYAYAYLFEAAGAOE yneceYBadlusGubiiidas tvo TaAGdsofoy, (TAtAdCd and
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TatAyCy, with specific substrai@mone et al., 2013k. coliTatA (89 bp) has 24%, 42% and 35%

similarity with TatB (171 bp) frol. coli TatAd (70 bp) and TatAy (57 bp) frBaxcillus subtilis
respectively(Jongbloed et al., 2000y hetatA-like gendatBis the result of a divergent evolution of

the tatA genefound in the Proteobacteria Actinobacteria whitg¢E is the result of a second
duplication event found only in enterobacte(&u et al., 2000)Hence, TatA encoded by one or
more copy of datA-like gene fulfils the function of both TatA and TatB of a TatABC distdin
coli(Palmer and Berks, 2012his was further demonstrated by the successful complementation of
a TatdeficientE. colstrain by the TatAdCd systéBarnet et al., 2008, Albiniak et al., 2018Yhile

most bacteria have a low abundance of Tat substrates, the predicted Tat substrate within the

secretome of Archae bacteria suchNadrialba magadican reach up to 55¢torf et al., 2010)

Beyond the prokaryotic organisms, a homologous system has been discovered in plant cells. A Te
pathway was identified in the thylakoid membranes of plant chloropl@sitseet al., 1992, Henry

etal., 1994, Hulford etal., 199) L ¢ a F-depehdant pathwag éhd wakdiistinguished
from the Seequivalent pathway since the latter requires both energy from ATP and the thylakoidal
pnLI  SKSNBI & (GKS L& I NRilj dzA (iSrdandiomcss PEDLYIESYSysim uses

three membrane proteins: thylakoid assembly 4 (Tha4), high chlorophyll 106 (Hcf106) and
chloroplast TatC (cpTatC) which are the bacterial orthologues of TatA, TatB and TatC respective
(Natale et al., 2008)This system is essential for photosynthesis because it is responsible of the
assembly of photosystem Il and cytochrobgeby inserting the Rieske ireaulphurcomplex into

the thylakoid membranéViolik et al., 2001)Recent findings suggest that plant mitochondria, which
possess their own copy of Tathd Tatdike proteins, use a functional Tat pathway to insert the

Rieske irorsulphurcomplex protein ito the membrangCarrie et al., 2016, Kolli et al., 2018)

The Tat system is absent from the animal and fungus kingdoms with only two exceptions. The firs
one is thechoanoflagellateMonosiga brevicolligBurger et al., 2003)The second one is the
homoscleromorplsponge, Oscarellida@VNang and Lavrov, 200Ty both organismxnly a Tat€

like protein has beridentified and shara respective 39.3 % ai38.7 % similarity witk. coliTatC.
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Genes coding for these proteins are located in the mitochondrial DNA and the spongjkeTatC
proteinhas been shown to be active@scarella carmelfor membrane proteinnsertion(Pett and
Lavrov, 2013)The authors theorized that, since the sponge Tat system does not havel&kd atA
protein which is necessary to form the pore even in mingrgstems, the mitochondrial Tat system

is only able to insert membrane proteins rather than protein translocation.

1.3.3.The Type | to VI secretion pathways
The Type | secretion system is a-gtep process which translocates unfolded substrates across the
cdl envelope using energy from catalysing Ali®dmas et al., 2014Three essential components
are required for this process: one ABC transporter protein in the inner membrane, one membrane
fusion protein bridginthe inner membrane to the outer membrane and one outer membrane {orin
like protein. Type 1 substrates include proteins that often contribute to bacterial virulence including
proteases, lipases, adhesins and hdymaling proteins. These substrates bare-t@r@inal signal
sequence specific for Type | secretion which is not cleaved following export. As this system allow:
DSB formation during transport and offers the advantage of protein secretion into the extracellular
environment, thus simplifiyg downstreamprocessing, it has been exploited for overexpression of
NBEO2YoAY Ll Yyl LINGacHIidase dprothymesthS dRiaramiphenicol acetyltransferase
and green fluorescent proteinQFP were shown to be expressed when fused to the@inal
domain of theType | natural substrate Hly&lthoughabsolute expression yields have not been
published (Kenny et al., 1991, Linton et al., 2Q1Pjowever, to avoid saturation of the ABC
transporter, overexpression of the trelocase components is necess@grnandez and de Lorenzo,

2001)

The Type |l secretion pathway exports proteins from the periplasm into the extracellular media and
is therefore considered a twstep procesgCianciotto and White, 2017J he first step exports the
protein into the periplasm using Sec or Tat systems. These substrates corti@manil signal
peptide for Sec or Tat export (sectidh8.1.1and 1.3.2.0 which is cleaved before release of the
mature protein into the periplasm. The second step consists of the translocation of the folded
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substrate from the periplasm to the eadcellular medium through a complex channel containing at
fSrad GKS wmu & G2SNBSE, E, ENERH, B3 K, &, MyamiMER&RATP as an energy
source(Cianciotto and White, 2017Jhe Type |l sisn is restricted tdProteobacteriaand mostly

contributes to the pathogenic virulence by exporting proteases for example.

The Type lll secretion system secretes proteins across the inner and outer membranes and evel
across a target cell membrane usirgyangelike channel upon contact with the target ¢8uttner,

2012) The complex secretes unfolded effectors essential for the virulence of many pathogens in an
ATRdependent manner. The secretion signhate specific peptides embedded within the N

terminus of the substrates and are not cleaved through the secretion process.

The Type IV secretion pathway is also triggered by contact with the target cell and transport
substrates from the cytoplasm to thetea-cellular medium or to the target cell via a pihssed
structure(Cascales and Christie, 200B)e recipient cell can be a bacterium from a different or the
same species or even a eukaryotic cell. Substrates include single proteins, interacting proteins an
proteinrDNA complexes which serve a varidtyabes such as DNA conjugation, DNA uptake and

release, biofilm formation and effector translocation.

The Type V secretion system is unique as the substrates do not require a translocation apparatus c
the assistance of a channel but rather transport teelveqvan Ulsen et al., 2014 hree classes of
substrates have been identified: atttansporter, twopartner secretion and chaperefusher
secretion(Green and Mecsas, 201&) each class, the substrate is first translocated across the inner
membrane via the Sgmathway using a {i&rminal signal peptide which is cleaved off on entry into
0KS LISNRA LX | Zbaiel dentib ¢ Ihe suks8ateiprotein inserts itself into the outer
membrane and forms a channel allowing the remainder of the protein or anothexirpttot be

transported. Most of the substrates are involved in virulence.

The Type VI secretion pathway is the most recently discovered and therefore, not yet fully
characterisedRussell et al., 2014t is however kown to have an envelopgpanning complex

which has a tubular structure and found to be related to the tail of contractile phages evolutionarily,
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structurally and functionallfZoued et al., 2014)This system secretes antagonistic and-non
antagonistic effector proteins fromne bacterium to another or to a eukaryotic target cell.
Substrates are linked to interspecies bacterial competition, virulence, bacterial communication and

interactions in the environment.

1.3.4.Unknown secretion pathway(s)
Some recombinant proteins have showistidct secretion capabilities which are not yet explained.
For instance, the-asparaginase, an enzyme used as a therapeutic to treat leukaemia, has been
produced irk. col{Khushoo et al., 2004The protein was expressed in fusion with the signal peptide
of PelB, a Seexported periplasmic protein, and found in high amounts in the -@elialar medium
of highcell density cultures. The reason for thenslocationof the recombinant protein@oss the
outer membrane is still unclearinas and Hoffmann (200ddiblished that this phesmenon was
not specific to the dasparagiase but was indeed observed when expressing other recombinant
proteins into the periplasm in highell density cultures. They also observed that host periplasmic
proteins such as DppA and MalE were also foundhetoelifree media and in one case, including,
the cytoplasmic host chaperone DnaK. [Bealistion of native periplasmic proteins into the extra
cellular media was not linked to the overexpression of a recombinant protein since they proved that
nontecoY 6 Ay yid &GNl Aya | f&az2 &Kz g -cal deBsityicultvrEs. Thi§ E LJ:
GSELRNIE 61 & Keé Lk lokieisslofSdl envetopedntegriifénet aNBADIIANi (i
and Chen, 2009peripasmic leakage has been proposed to be due to a number of reasons including
cell division prior to formation of the individual outer membranes, accumulation of recombinant
proteins in the periplasm causing a buija of osmotic pressure, perturbation ofettmembrane
induced by recombinant proteins to cellular lysis as a result of periplasmic se(ivgigulhao et

al., 2005)

The above examples depict an unknown mechanism by which abii@eminprotein targeted to the
periplasm crosses the outer membrane. A recent study describes the secretion of a heterologous
protein from the cytoplasm into the ext@ellular medium without the help of atdrminal signal
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sequence or dedicated secretipathway. The superfolder green fluorescent protein (sfGFP) was
indeed discovered in the cytoplasm, periplasm, outer membrane andatinéar compartments
following expression iB. colicultures(Zhang et al., 2017No putative signal peptide within the N
terminal primary amino acid sequenof sfGFP was identified by prediction software. Deletion of
the first 10 and 20 residues of the sfGFP sequence did not preventcelttdar export, providing
further support that an Nerminal signal peptide was not involved in this type of autosecreiine

I dzi K2 NB aLJSOdz | G4 SR { K I[-harreisFubi@¢ to aeishéth memlEranes krid NJ
this was further reinforced by their discovery that the related red fluorescent protein, mCherry which

I £ &2 T-BaNéY, & aldo autosecretéa a similar fashion.

Morra et al. 2018)published even more recently, a detailed analysis on unknown secretion events.
Using enhanced GFP (eGFP) as the overexpressed recombinant protein, they discovered the
secretion was not due to cell lysis, does not involve outer membrane vesiciadgadd was not
related to cultivation conditions, but rather to high expression levels. The authors further studied
the stresses related to recombinant protein overexpression and observed that overexpression
induced greater hyposmotic conditions withirthe cytoplasm resulting in increased membrane
permeability. They also discovered that the large mechanosensitive channel (MscL) had a direct rols
Ay (GKAa ASONBGA2Yyd® CAylftftes GNIyatrdiazylFt ai
this appears to be mediated by the alternative ribosome rescue factor A (Md#p et al., 2018)

The translational stress was induced by chloramphenicol, an antibiotic known to cause translation
arrest (Marks et al., 201 ¢ KA & aidNBaa Ol diad&iRz SENEENGSQ LA\
elongation factor Tu 1 and was found to be reproducible even in untransformed WT strain. This
discovery matched the results froapoor et al. (@17) who identified other antibiotics such as
aminoglycosides, tetracyclines and streptogramins that directly inhibit ribosome translation, which
can also induce autosecretion to the extellular medium. The conclusions from this study are

limited sincethe authors used a GFP protein which could still be crossing the cell enaslope
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indicated in the previous paragrapfurthermore, implications of the role that MscL and ArfA play

with respect to autosecretion of specific proteins also need to be coedide

1.4. Engineering to imprové. colias an expression host

Proteins expressed in high organisms have access to different environmentsamslational
machineries as well as different chaperones. Therefore, when such proteins are prodigdein
organism such ak. colithey may require access to similar conditions to acquire the same biological
activity. These conditions can be created by refolding or the use of engineered strains for instance
The postiranslational modifications, codon usage andlusion body formation are the main
drawbacks when using. colias a host(Rosano and Ceccarelli, 2014, Baeshen et al., .2015)
Heterologous proteins may require pasanslational modifications for their solubiland activity

such as glycosylation, phosphorylation, acetylation and disulphide {B&B)(Chen, 2012)
Although E. colido not possess the same apparatus as eukaryotes for-tiaostiational
modifications,it still has some features like the disulphide bond formation which naturally takes
place in the only oxidising environment of the cell: the periplasm. Moreover, the success rate of
producing soluble proteins B.colidecreases considerably when the nuolkar weight is above 60
kDa(Graslund et al., 2008However E. colibeing a bacteriumhas as number of advantages in
relation to being an expression hose¢tionl1.1) and therefore systems have been developed to

bypass these bottlenecks.

1.4.1.Disulphide bond formation
Manyrecombinant proteingequirethe formation of correct DSB to reach their biologically active
three-dimensional conformation. DSB require an oxidismgrenment to be formed such as the
periplasm and cannot form into the cytoplasniotolsince it is naturally a reducing environment.

Several strategies have been developed to bypass this limitation.
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1.4.1.1.The naturally oxidingperiplasmic space
E. colipossesses an oxdihg environment, the periplasm, which hosts DSB formation and
isomerization catalyst§Mergulhao et al., 2005, de Marco, 2009)his naturally oxidising
environment hosts the Dsb family proteinsigh enable DSB formation and are conserved between
Gramnegative bacteria(Collet and Bardwell, 2002, Messens and Collet, 2006 soluble
periplasmic DsbA oxidizes cysteine pairs of substrate proteins to #B®dhd is maintained in an
oxidizing form by the integral inner membrane DsbB. However, the chance of forming a native DSE
decreases as the number of cysteine pairs in a protein increases and thus these DSBs are ofte
incorrectly paired, trapping the prein in a nomative form. The isomerases DshC use their quality
control mechanism to shuffle DSBs into their native conformakinigproteinisalso known to have
chaperone activities by which DsbC assists GAPDH react{Giiem et al., 1999, Denoncin et al.,
2010) DsbGacts as a chaperone t@duce the amounts of protein aggregates in cells with
damaged envelop@epuydt et al., 2009, Kouidmi et al., 20T8)e isomeases are kept in a reducing

state by the integral inner membrane DsbD.

1.4.1.2 Disruption of the reducing pathways
The cytoplasm is maintained as a reducing environment with a negative redox potential by the
thioredoxin and the glutaredoxin systems which alkevialtes damaging oxigding stress(Rosano
and Ceccarelli, 2014yhioredoxin 1 (encoded ixA) reduces substrate proteins and is recycled by
the thioredoxin reductaséencoded byrxB) (Aberg et al., 1989, Stewart et al., 1998 the other
hand, glutathione uses the reducing potential of NADPH via the glutathione oxidoreductase
(encoded byor) to reduce the three glutaredas (encoded bgrxA grxB grxQ (Zheng et al., 1998,
Stewart et al., 1998)The latter three enzymes have DSB reduction activities and therefore
participate in maintaining the negative redox potential. There#dferts have been made to disrupt
these pathways to obtain an oxidising cytoplasm enabling DSB forr(ation et al., 1997By
mutating both the thioredoxin and the glutaredoxin pathways, substantially more DSBs were formed

than in mutant missing only one reducing pathwRByinz et al., 1997 However, sucla double

26



Introduction

mutant was unable to grow aerobically and required the addition of a disulphide reductant to grow
at a normal rate. Suppressor mutations in &gpCgene has been shown to solve this problem by
conferringprotein an enhanced activity towards the reduction of glutathionylated glutaredoxins to
the AhpC(Ritz et al., 2001, Yamamoto et al., 2008)e commercially available strain Origami
(Novagen) is a double kneclt trxB and gor mutant with the suppressor mutations ahpC
allowing cytoplasmic DSB formation without impairing aerobic gr(Bahsette et al., 1999This

strain has been optimized further onto the commercial strain SHuffle (New England Biolabs) which
also expresses a chromosomal copy of the periplagshiCwithout its signal peptidgLobstein et

al., 2012)

1.4.1.3.The CyDisCo technology
An alternative from disrupting these pathwagto co-express cytoplasmic DSBs catalylsideed,
Hatahet et al. (2013xpressed cytoplasmic mutants of the periplasmic enz@hesand phytase
from E. coliwhich require two and four DSBs respectively for actiVitg. team demonstrated that
these enzymes can be produced in an active form in the cytoplasm ofEa Wélistrain by co
expressing the sulfhydryl oxidase Ervlbis essential DSB catalyst wasatedl from the inner

membrane space @accharomyces cerevis{aee et al., 2000)

Other DSBmodifyingproteins were later cexpressed with Erviim improve DSB conformation
(Nguyen et al., 20111 fragment of tissue plasminogen activator, bovine pancregpsin inhibitor

and resistin were all produced with their respective nine, three and six DSBs. When expressing thes
proteins, similar or higher yields were obtained when the catalyst for DSB formation Ervlp was co
expressed witla disulphide isomeradDsbC compared to expression of Ervlip a{blgayen et al.,

2011) Disulphide isomerases enahiearrangement of incorrect DSBhis resultsupported a
growing body of evidence highlightitigit the production of eukaryotic protesmvith multipleDSB

in the cytoplasm oE. colis possible.

A newsystem named CyDisCo fitoplasmic formation oflisulphide bonds irk.cdi, was hence

developed and cexpresses Ervlp and PDI along with the protein of interest to allow formation of
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cytoplasmic DS@/atos et al., 2014PDI is the human protein disulphidenserase which has been
shown to complement a Dstilépendent phenotypé€Stafford and Lund, 20Q0)his technology was
used in the cytoplasm with intact reducing pathways to produce antibody fragments scFv and Fab
presenting specific binding to their ligand pnaythe correct status of the DSEaciarz et al., 2016,
Gaciarz and Ruddock, 201ZyDisCo was also tested in glucosebtedh fermentation where hen
avidin, single chain lgantibody fragmenthGHand interlekin 6 reached around 71 mg/ml, 139
mg/ml, 1 g/L and 1 g/L respectivéfaciarz et al., 2017Althoughthe correctnumber ofDSBs were
proven on the purified proteins usi®gt f Y | y (@ activity adsays weperformed to confirm
the active state of these proteins. This technology offers an alternatiteetgene disruption
schemes discussed in sectibA.1.2, where engineered strains are known to have reducedsfitn
Although, it has been reported thexpression appearsith the latter systento be variable and the

activity ofexpressedecombinant proteins still need to be demonstrated.

1.4.2.Glycosylation ik. coli
Glycosylation is the modification of polypeptideaiols or lipids through the attachment of
carbohydrate(s) and are found in eukaryotes as well as archaea and eub&ekia2017)The
nomenclature to identify a glycosylation is based on their linkage type. The most widely distributed
carbohydratepeptide bonds are thl- and theO-glycosidic bondéSpiro, 2002)They can be linked
to an asparagine or an arginine residue or to a serine, a threonine, a hydroxylysine, a hydroxyproline
or a tyrosine residue respectively. rkaryotes, glycosylation is the predominant gtoghslational
modification and is difficult to replicate sinEecolidoes not naturally own a glycosylation pathway.
Some native glycoprotesrcan still be expressed without their glycans in an active forthis
organism such as interleukih(Roifman et al., 1985hile othes are unstable and aggregate like
EPQCrommelin et al., 2008yVhen the glycans are mandatory, a couple of solutions can be tested
including mutagenesis of the residues which are the sites of the modific@tiaris et al., 200) or
by transferringaglycosylation pathway t&. col{Wacker et al., 2002, Nothaft and Szymanski, 2013,

ValderramaRincon et al., 2012)Indeed, Wacker et al. (2002puccessfully transferred the
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glycosylation system from the bacteril@ampylobacter jejutd E. colallowing Nglycosylation of
recombinant proteins. Although bacteriabycans are different from their eukaryotic counterparts,
efforts have been made toeslelop mutant strains allowing eukaryotic glycosylati¢alderrama

Rincon et al., 2012, Nothaft and Szymanski, 2013)

1.4.3.Codon usage
In all living organismsyrsonymous codons, with tleame encoded amino acate rot used in equal
frequencies and this phenomenon is termed codon (@hsu et al., 2016The rarity of a codon can
impact the expression of a transgene by up to 1000(fsigstafsson et al., 2004 loreover, odon
usage differs significantly in species across all taxa but seldom between closely relate(Smepies
et al., 1995, Plotkin and Kudla, 2Qlhjieed, eme codons from heterologous genes are considered

rare inE. coliand can therefore, led to translational errgiksane, 1995)

Two main options are available to bypass this issue: modifying the rare codons in the target gene tc
reflect the codonusage ofE. colieither by directed mutagenesis or by whole gene synthesis or
increasing the availability of limiting tRNAs using a plasmid or a mutant strain carrying the genes
coding for the underrepresented tRNABaeshen et al., 2015, Rosano and Ceccarelli, .2014)
However, a recent study demonstrated that keeping rare codons at-teenfihal can increase

P

ELINE & & A 2y ingtdaddf Wiaig comimorf codaf@oodman et al., 2013)

1.4.4.Stabiliation ofthe recombinantproduct
Heterologous proteins can aggregate when their solubility is impaired resulting in the formation of
inclusion bodies. While solutions are available for the resolubilization of inclusion bodies into soluble
and active proteins, they rerimalong, tedious and expensive procedsiingh et al., 2015, He and
Ohnishi, 2017)Heterologous protein aggregsat are mostly due to solubility, cofactors, folding
mechanisms and osmolarity which differ from tiaive organisnjRosano and Ceccarelli, 20149
counter these issues, one can enabBBormation, use an engineered strain permitting bacterial

glycosylation, imprav the codon usage, aid the protein stability by knochimgproteases, co
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expressing chaperones or uskgenetic fusions or slow down the production réosano and

Ceccarelli, 2014, Baeshen et al., 2015)

1.4.4.1.Use ¢ proteasedeficient strains
One way to increase the yield of the recombinant protein is by preventing its degradation. For
instance, the Lon and OmpT proteases were kneolketh the popular strain BLZDaegelen et al.,
2009) Indeed, the cytoplasmic Lon protease has been shown to degrade abnormal proteins and
many heterologous proteing&ottesman, 1996)On the other hand, OmpT is a periplasmic protein
located in the outer membrane and degrades proteins of interest in cell extracts after lysis
(Gottesman, 1996, Rosano and Ceccarelli, 2@ther example of protease deficient strain was
published byEllis et al. (201&yhere the deletion of the Tsp, protease Il and DegP proteases were
a1 S84SR 2y (KS SELINBaaiAzy 2F | ClIoQ | yiArAoz2zRE
yields but required a suppressor mutation on #@ gene to maintain the cell viability. The
deficiency of the two cell envelope DegP and Tsp proteases wereystg\dhown to be beneficial

for the growth rate and the production yiglBark et al., 1999, Chen et al., 2004)

1.4.4.2.Coexpressing chaperones
Chaperone proteins improve protein solubility by interacting with nascgyypéeptide chains during
synthesis and prevent aggregation or promote refolding and solubilisation of misfolded proteins
(Carrio and Villaverde, 2008)eexpressing chaperones have been shown to enhance the solubility
of the protein of interest and hence, the yiel@®osano and Ceccarel014) The most popular
chaperones are GroEL, GroES, DnaK, DnaJ, GrpE and trigger factor which are used individually o
sets(Baeshen et al., 2015For instance, 65 % of a scFwegpressed with GroEL ando&S were
found solublen the cytoplasnagainst 27 % when expressed without these chaper(iviasnget
al., 2011) Another example was the-expression of Taargeted organophosphorus hydrolase with
the GroEL/GroE&mbination,allowing 5.5 fold higher activity of the enzyme theithout these

chaperonegKang et al., 2012However, cexpressing a chaperone does not guarantee imptove
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solubility as it ray lower the overallprotein productivity by causingn extrametabolic burden to

the cells(Huang et al., 2012)

1.4.4.3.Fusion of a soluble partner
Improving thesolubility of a recombinant protein by fusion with a soluble partner is a well
established concefgkhow and Suntrarachun, 201&)range of soluble preins are available from
the literature such as MBBSEBnd SUMO and offer a successful alternative to solubilizing inclusion
bodies(Peciak et al., 2014, Sorensen and Mortensen, 2805)nstance, MBP (43 kDasashown
to be an excellent solubility enhancer when fused to therhinal of the protein of interegRaran
Kurussi et al., 2015Fusion partnerare also used to improve folding, production yield, to faalitat
purification or to prevent degradation of the target protéi@osta et al., 2014Also, the small
antigen Fh8 (8 kDajsolated from the parasitéasciola hepaticahas a combing feature of

enhancing the target protein solubility aislpurification(Costa et al., 2013a, Costa et al., 2013b)

1.4.4.4.Improving the process
The options mentioned earlier in this section require genetic manipulations but optimisation of the
expression process can also influence the protein y{@dsano and Ceccarelli, 201#)deed,
slowing the rate of protein production has been demonstrated to allow more time for protein folding
and reduce the cellular protetoncentration which both improves the protein solubility. The most
common way to achieve this objective is by lowering the incubation temperature during protein
expression which was shown to also minimize the formation of inclusion l{fdiesert et al.,
2004) However, this approach implicates to work with reduced growth and synthesidaading
to lower protein yields. Several other parameters can be optimised such as medium composition,
plasmid copy number, promoter strength, type of tag or inducer concentréiaashen et al.,

2015)

1.4.5.0ther emgineered strains

Over the past decades, more strains have been developed to bypass the bottlenecks of expressin

recombinant proteins, especially of eukaryotic originEincoli For instance, a strain carrying
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mutation on thehnsgene allowed greater ptein production upon addition of indole (or derivative)
which stops cell growth but maintain metabolic actifiyen et al., 2015, Thomson et al., 2018)
Moreover, aE. coliK12 strain was developed to counter foev abundance of Tat components in
WTecells in order to achieve higher yields when exporting a recombinant protein via the Tat pathway.
Indeed, Thomson et al. (201&ngineered a W3110 strain capable of cerpressing the TatABC
proteins upon induction and obtained5aold higher periplasmic yield of Fetrgeted (hGH and

scFv compared to the WT strain.

1.5. Aims and hypothesis

The cytoplasm d. colis a reducing environment hostile for DSB formation, wheregzsettigasmic

space is an oxidising environment where DSBs can naturally be formed by way of the Dsb machinel
(sectionl.3.1). It also offers the advantages of containing chaperones that can enhance the correct
folding of recombinant proteins and contains fewer proteases than the cytoplasm enabling a higher
protein stability(Mergulhao et al., 2005Dverall, the periplasmic space is less cralythiilitating
downstream processin(Balasundaram et al., 200%or these reasons, producing recombinant
proteins into the periplasm offers an attractive alternative solution to cytoplasmic expression. To
this aim, proteins of intereshave been exported via the Sec mechanism. The more recently
discovered Tat pathway offers the advantage of translocating folded proteins whereas Sec can only
handle unfolded polypeptides. Moreover, the proofreading ability bivdald be a first screening

step for selecting active proteins easing further the downstream processing. The aim of this study is
to evaluate the Tat pathway for the production of the recombinant proteins. Such production has
already been successfully flmed inE. colbut only for a limited number of proteins (secti®q.).

The approach chosen was to fuse a soluble partner to the proteins of interest to broaden the range
of recombinant proteins accepted batTThe initial hypothesis was to use a natural Tat substrate
(NTS) as the soluble partner to both improve the solubility of the partner and target the complex to

the Tat pathway.
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First, a robust fractionation method was developed to thoroughly analysecthlesation of proteins

of interest in the cellular subompartments (Chaptet). Then, a selection of NTS was evaluated for
their use as soluble partner in the fusion strategy (Chdptdn parallel, several reporter proteins
were assessed to play the role of the protein of interest in the fusion design (Chlagteliowing

the failure to identify a suitable soluble pa@t amongst thé&. coOR TS, thestrategy was adapted

to use the validated reporter proteins as soluble partner and fuse them to protein of interests
(Chapter7). Finally, a feature near that operon suggestd by the recent development of an

engineered Tat strain was investigated (Cha@\er
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2. MATERIALS AND METBOD
2.1. Strains

The strains used during the course of this project are list€édhie2-1. Chemically ampetent cells
were preparedusingthe following protocofor all strains except@PLO (Life Technologies) and

SHuffle (New England BioLabs) which were baghtadyto-use aliquots

Chemically competent cells were paepd using the TSS method described previd@iyng et al.,
1989) Briefly, 10 ml of LB was inoculated with a single colony from a fresh overnight LB agar plate
and the culture wascubated for 16 h at 37°C with shaking at 220 rpm. The next day, 100 ml of 2xTY
media was inoculated with 1 ml of the preculture and incubated at 37°C with shaking at 220 rpm.
Once the culture reached an = 0.5, the cells were cooled down on iceZ0rmin. The cells
were harvested by centrifugation for 15 min at 1838 g at 4°C and the resulting cell pellet was
resuspended in 10 ml of TSS buffer (85 % LB, 10 % PEG 8000, 5 % DMSO, 5¢) nrnallgChe

cell suspension was aliquoted in 200 pl volsimed snap frozen in dry ice before storing8afC.

Table2-1: Details of strains used in this project

Strain  Phenotype Genotype Reference
F, mcrA,n irr-hscRMSmcrBC), hyS {K2idx ¢ht
U yladsn a maX74pecAl, araD139, CompetentE. colj Life

TOFL0 n aralew7697,galu, galk, rpsl, Technologies
(StrR)endAl,nupG

W3110 Wild-type F, lambda, IN¢rnD-rrnB)1, rph-1 ATCC 27325

F, [araD139]B/r, Delarg~lac)169, lambda CGSC 6152

i eld-, flhDp o n MraK-yg@iRi725fruA25),
MC4100 Wild-type relAlL, rpsl1506trR), rbsR22, DelfimB-
fimB632(::1S1)deoc
F, [araD139]B/r, DeléargFlac)169, lambda, (Wexler ¢ al., 2000)
el4, flnDp o n MriK-y@iR725fruA25),
relAl, rpsl1506trR), rbsR22, DelfimB-
fimB)632(::I1S1)deoGa ZtatABCDE

F, lac, pro, lack/ p 6 HéW7697, araD139, SHuffle® T7 Competeht

fhuA2, lacZ:TASY SmI p o LK 2! col, NewEnglandBioLabs
SHuffle FKLY F= 3Lt 9s phpBYL-' 03

cDsb(Speg lack),n G NE . Z (S)LpaT 2m

noyYlfCvo

MC4100 Tatnull
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2.2.Molecular biology

2.2.1.Transformatiorof chemically competeracteriaby heat shock
Bacteria were transformed using the heat shock method desc(®atbrook and Russel, 2001)
Chemieally competent cells were mixed wit0 ng ofplasmid DNAand incubated for 10 min on
ice. After a heat shock of 45 sec at 42°C, the cells were incubatednin on ice Next, 35Qul of
recovery SOC mediurhife Technologiesyas added to the tuberhichwas then incubateéor 1 h
at 37°Qwith shaking at 220 rpr& volume ofL00 pul ofthe suspension waglatedon LB agar plates

supplemented with the appropriate antibiodad incubate for 16 hat 37°C

2.2.2.Plasmid amplification
Plasmidransformantswere grown in 50 ml of LB with appropriate antibiotic 16 hat 37°Cwith
shaking at 220 rpmPlasmids were purified from the cells usitigsmid Plus Midi kits (QIAGEN)
according tahe Y I y dzF I O dzZNB N & A Yy &etdvaredin 0@ py Gitide supiiid& EBS b !
buffer (10 mM TrisCl, pH 8.p DNA concentrations were measured uging b I y 2 5 NEESM H n

Technologiesand samples were stored &0°C.

2.2.3.Amplification by PCR
All primers wereghemicallysynthesisedby SigmaAldrich Polymerisation chain reactio(BRCR) were
performedby mixing 4 pl dX Herculase¢action buffer(Agilent) 0.2 pl of ANT&H25 mMmixture
of dATP,dGTPATTP,ACTR (Life Technologi¢s1.25 pl of each primer (10 mM), 100 ng of DNA
template 1 % DMSO (final),5 plof Herculasel (Agilent) anddjustedto 50 pl with! f G NJ t dzNX
water (Ambion) The reactions were carried outarthermocyclefT3000 (Biometra®hn example

of amplification reaction is given below:

Initial denaturation ~ 95°C 2 min

Denaturation 95°C 20 sec ]

Anneding Primer Ta minus 5°C 20 sec 35 cycles
Extension 72°C 30 sec per kb

Final extension 72°C 5 min -
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2.2.4.PCR purification
Ampified DNAfragments from PCRere purified using the QIAquick PCR purification kit (QIAGEN)
according tahe Y' I Y dzF | OnistdzbtiBnsl.Ithe DNAagrecovered in 40 pl cfupplied EBuffer.
5b! O2yOSYiliNIGA2ya ¢SNB VY SiedeNBldyidmizd sayipies wereb | y

stored at-20°C.

2.2.5.DNA digestion with restriction enzymes
Typically,1 pg ofplasmidDNA was diestedwith 20 units of restriction enzyme (New England
Biolabs®)1XCutSmart® buffer (New England Biolabs@)adjustedo 30 pl with! f i NJ t dzNJB u
(Ambion) The reaction wamcubatedfor 1 h at 37°CThe DNA was analysda) agarose gel

electrophorssis(section2.2.6.

2.2.6.Agarose gel electrophoresis
DNA samples were separateg electrophoresis on agarose gels. Typically, 1 % agaroséL{fe/v)
Technologieswasadded to 100 ml of TAE buffer (40 mM -Bdetae, 1 mM EDTA, pH 8.2) and
dissolved by heatinig a microwavewith occasional swirlind.he solution was then cooled F 45-
60°C and ethidium bromide(SigmaAldricH wasaddedto a final conentration of 0.5 pg/ml The
solutionwas poured into aealedgd tray (BioRad)containing a comland once set, theeals and
comb were removed. Thgel was submergeith TAEbuffer in the electrophoresis tankhe DNA
samplewas mixed with Gel Loading Dye, Purple (6X) (New England Biolabs®) before loading on th
gelalongside 100 bp and 1 kpb DNA LaddersRait) Electrophoresis was then carried oui80
V for 60 min.Gels werevisualisedand digitalized by thémaging system -Bel Imager (Life
Technologies)DNA sizes were estimatbygcompaisonto the 100 bp andlL kipp DNA Laddex(Bio

Rad).

2.2.7.Agarose gel extraction
To extract DNA fragments from agarose ghls appropriate bands were firstisualised on a UV

transilluminator (Spectroling)t wavelengtt865nm and the relevant bands weexcisedrom the
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gelusinga scalpelThe DNA was extracted from the gel slieesngQIAquick Gel Extraction kits
(QIAGEN) according the Y I y dzF | O (i dzZNB NIh& DNAyhasiréttz€rédAirg 40 dulteé
suppliedEB dzZF FSNX» 5b! O2y OSY G N) A2y a ¢@EifBechvidoligsdzNS |

and samples were stored -&0°C.

2.2.8.Ligation
Typicallythe restrictiondigestedbackbone vector was mixedth the restrictiondigestedinsertto
a molar ratio of 1:3to Quick Ligase Reaction Buffer (New England Biolabs®). Aftemaofditpl
of Quick Ligase (New England Biolabs®), the solution was incubRiédrdt min.A2 plvolumeof

the mix was then used to transforchemically competent TOP10 céflection2.2.).

2.2.9.Directed mutageesis
The Q5® Sitdirected Mutagenesis kit (New England Biolabs®) wastasetioduce nucleotide
substitutions, deletioner insertionsinto plasmid DNAccording taheY | y dzF I O dzZNBE ND & .
t NAYSNE 6SNBE RSaA3IySR I OCeediiRdngaHons (afd cliekisally Y I
synthesised by Sigrafddrich.Typically25 ng ofplasmidDNA was mixed with 0.5 uM of each primer
and 12.5 ul of Q5® Hot Start Higidelity 2X Master Mix. The final volume adgisedto 25 ul with
£ 0 NJ t dzZNB un ¥ Thé atliond way Gaki€dybut anthermocycler T3000 (Biomejras
follows: 98°C for 30 sec, 30 cycles of 98°C for 20 sec and 72°C for 2 &&g, 72°C for 2 min.
Then, 1 pl of the reaction was mixed with 5 pl of KLD reaction buffer and 1 plerizgii® mix.
The final volume wasdjustedto 10 pl with! £ & NJ t dzNB u  gTheisSlNibnavas\ngubatey O
5 min atRT. Chemically competent TORElIswere transformed wittb pl of the reaction mix

(section2.2.7).

2.2.10.TypellS cloningtrategy
2.2.10.1 Design obackbone vector
The pTTCexpressionvector pPDPH34(0Ellis et al., 201Ayvas used to clone all thgeneinserts
expressedn this study unless otherwise statddhis plasnai contains the low copy number origin of

replication p15A, a tetracycline resistance gene arldchgene to repress théac promoter
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controlling the expression of the gene(s) of inter@sstufferfragmentcontainingthe f | Qyéhlg
flanked bythe TypellS restriction sit®sal to enable irframe gene cloning using Golden Gate
assemblyEngler et al., 2008)vas designeih silico,n the format of [BsalacZh -Sop codonBsal].
This cassette washemicallysynthesisedATUM Inc)andinserted irio the MCSunder the control

of an upstreamac promoter (Malherbe et al., 2019)

2.2.10.2 Design of inserts
Typicallythe gene of interest, flanked IBsalrestriction sites compatible with the backbone vector
was designedh silicousingE.coliWw3110 codon usagiNeidhardt et al., 19965 A 1 K | p Q
proprietary spacing before the ATG start sSitbe inserts were also designed to contaseaond
RBY (i G KS o QypSlisRitsapkdiekable infrfime insertion of additionatiownstream
gene(s) for polycistronic expression, in the format of [BRBSspacel-Gené-stop codon
RBS+spaceBapiSapiBsal. All gene inserts werechemically synthesise(ATUM Inc, section

2.2.10.).

For polycistronic expression, the downstream gene(s) of inteflasiked bySaplsites compatible
with the upstream genand vector siteswas designeth silicoas [Saphené-stop codorSapl] and
chemically synthesised (ATUMQ. In he case of cloning multiplownstreamgenes an RBSwith

the spacemwas introduced upstream ¢fie ATG start site @fach additional genderminating with

ao Q & 2 LISéapgyéne-sfap codamRBS$spacet-gene-Sop codonSap).

2.2.10.3.Type IIS cloningaction
The TypellS cloning reaction was adapted from Golden Gate As¢Emidsr et al., 200&nd
optimised to give>99 % efficiency thouse (E. Dave, personal communicatiddiefly, e
chemically synthesised gemsert(ATUM Inc)wasreceived as lyophilised pellet and rdissolved
in50plof £ GNJ t dzZNBu gTheifitslepaiisyedly @ysistecf mixing 2 pl ofhe gene
insert (about 20 ng) with 20 ngtbie Typell®nabledoackbone vectgl pl of 10XCutSmart® buffer
(New England Biolabs®), 0.5 mM AT Technologig@sl10 units oBsaiHF (New England Biolabs®)

and 200 units of T4 DNA liggd&ew England Biolabs@he solution waadjusted to a final volume
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of 30 ul with! £ G NI t dzNB n  éahditHe Nehctioh Wedhkerghgtycld (thermocyclerT3000

(Biometra®jor 30 cycles of 1 min at 37°C and 1 min at 16°C followed by 20 min at 85°C. The seconc
stepinvolvedadding 0.5 pl oflOX CutSmart® buffer (New England Biolabs®), 10 urnidsadifiF

(New England Biolabs®ydahipl oft f (G NI t dzZNBS n  éd-thie Eeldtiom miXodideariyedany

DNA containing the TypeHh&strictionsite includingempty vector. Thereactionwas incubatedor

20 min at 37°C then 20 min at 85°C in a thermocyli3@00 (Biometra®Lhemically ampetent

TOP10 cellwere transformed witf2 pl of the finateaction(section2.2.7).

To clone additionalownstream genefor polycistronic expressiothe newly constructegllasmid
as given abovwas used as #hacceptingrector. Subsequentlyhe above reactioswere performed

usingSapl(New England Biolabs®) enzyme insted&safHF.

2.2.11.Plasmid DNA sequencing
DNA squencing was carried out usiBgnger sequenciri@ambrook and Russel, 20@ither with
UCRCelltecl?d A Y G SNyt &SNIBAOS 2 Nushétiepmidedoligedlighs (i K
to span the genes(s) of interest draklin the faward and reverse directions were desigiiredilico
and chemically synthesized by Sigidrich.For internal sequencing, 0.5 ug@NA samplavas
prepared usingl pl of primes at 3.2 uM and the BigDye® Direct Sanger Sequencing Kit (Life
Technologies) &2 NRA Y 3 (G KS Y y dzF [Ti@(soaNiBhNdIas thekmbeydleNddrnO G A
(thermocycler T3000 (Biometra®) 8fF sec at 96°C and 35 cycles of 10 sec at 96°C, 5 sec at 50°C
and 4 min at 60°C. The completed reactions were ethanol precipitated with 1/3 voluda€Ac
and 3 volumes of 9% ethanol and incubated for 30 min at RT. After a 45 min centrifugation at 4186
g, the supernatant wadiscardedand the DNA pellets were washed with%8thanoland air dried.
DNAwasthen dissolved in 1fl offormamide [ife Technologies) and denatured at @for 2 min.
Samplesvassequenced by capillary electrophoresis on an ABI 3130xL sequgfec&ée¢hnologiés
Sequencing datavas obtained by ABI Sequence Analy8i software (Life Technologies) and
processed by $@encher 5.4.5 softwaréene Codes].he sequencealidated plasmids used in this
study are listed iffable2-2.
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Table2-2: List of plasmids used in this studyrder of appearance

Name Vector Insert Reference
pDPH340 pTTO (Ellis et al., 2017)
This study,
pGM2 pTTO lacd (Malherbe et al.,
2019)
pGM36 pTTO phoAHis This study
pGM44  pTTO phoAHis + CyDisCo This study
pGM37  pTTO ompAsrphoAHis This study
pGM45  pTTO ompAsrphoAHis + CyDisCo This sudy
pGM39 pTTO ycbkephoAHis This study
pGM47  pTTO ycbkephoAHis + CyDisCo This study
pGM100 pTTO torAspphoAHis + CyDisCo This study
pGM74  pTTO Empty vector This study
pGM88 pTTO paoArphoAHis + CyDisCo This study
pGM13  pTTO amiAramiAHis This study
pGM14  pTTO hyaArhyaAHis This study
pGM15 pTTO paoArpaocAHis This study
pGM16 pTTO torAsetorA-His This study
pGM17 pTTO ycbkpycbkHis This study
pGM21  pTTO paoAHis This study
pGM26  pTTO ompAsepaocAHis This study
pGM101 pTTO torAsepaocAHis This study
pGM102 pD874 paoBV5 + pao&/5 This study
pGM103 pD874 paoBV5 + pao&/5 + paob/5 This study
pGM113 pTTO paoAShaoAHis + pao®5 + pao&/5 + paoEHA  This study
pGM29  pTTO lacZHis This study
pGM30 pTTO amiAsrlacZHis This stugl
pGM31 pTTO hyaArlacZHis This study
pGM32  pTTO paoArlacZHis This study
pGM33  pTTO torAselacZHis This study
pGM34  pTTO ycbkerlacZHis This study
pGM35 pTTO ompAselacZHis This study
pGM73  pTTO CyDisCo This study
pGM87  pTTO paoArphoAHis This study
pGM99  pTTO torAsephoAHis This study
pGM118 pTTO sfGFFHis This study
pGM119 pTTO ompAsesfGFFHis This study
pGM120 pTTO paoArsfGFFHIs This study
pGM121 pTTO torAsesfGFFHis This study
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Name Vector Insert Reference
pGM198 pTTO hGHHis This study
pGM199 pTTO hGHHis + CyDisCo This study
pGM196 pTTO ompAsrhGHHis This study
pGM197 pTTO ompAsrshGHHis + CyDisCo This study
pGM267 pTTO torAseshGHHis This study
pGM268 pTTO torAsshGHHis + CyDisCo This study
pGM159 pTTO hGHFLAG&hoAHis This study
pGM160 pTTO hGHFLA&hoAHis + CyDisCo This study
pGM146 pTTO ompAsshGHFLAGhoAHiIs This study
pGM147 pTTO ompAsrhGHFLAGhoAHi s + CyDisCo This study
pGM122 pTTO torAsshGHFLAGhoAHis This study
pGM123 pTTO torAsshGHFLAGhoAHiIs + CyDisCo This study
pGM265 pTTO phoAFLAGWGHHIs This study
pGM266 pTTO phoAFLAGhGHHIs + CyDisCo This study
pGM252 pTTO ompAssphoAFLAGhGHHIs This study
pGM253 pTTO ompAsephoAFLAGhGHHIs + CyDisCo This study
pGM200 pTTO torAsrphoAFLAGhGHHiIs This study
pGM2@ pTTO torAspphoAFLAGNGHHIs + CyDisCo This study
pGM223 pTTO aP2His This study
pGM269 pTTO aP2His + CyDisCo This study
pGM234 pTTO ompAsraP2His This study
pGM270 pTTO ompAsraP2His + CyDisCo This study
pGM141 pTTO torAsraP2His This study
pGM271 pTTO torAsraP2His + CyDisCo This study
pGM167 pTTO hGHFLAGP2His This study
pGM272 pTTO hGHFLAGP2HiIs + CyDisCo This study
pGM154 pTTO ompArhGHFLAGP2HIs This study
pGM273 pTTO ompAsrhGHFLAGP2HIs + CyDisCo This study
pGM130 pTIO torAsshGHFLAGP2His This study
pGM274 pTTO torAsshGHFLAGP2His + CyDisCo This study
pGM245 pTTO phoAFLAGP2HIs This study
pGM275 pTTO phoAFLAGP2HIs + CyDisCo This study
pGM258 pTTO ompAssphoAFLAGP2His This study
pGM276 pTTO ompArphoAFLAGP2HIs + CyDisCo This study
pGM208 pTTO torAsrphoAFLAGP2His This study
pGM277 pTTO torAsephoAFLAGP2HIs + CyDisCo This study
pGM226 pTTO VHHZIHis This study
pGM227 pTTO VHHHis + CyDisCo This study
pGM237 pTTO ompAsrVHHIHIs This study
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Name Vector Insert Reference
pGM238 pTTO ompAssVHHIHiIs + CyDisCo This study
pGM178 pTTO torAspVHHZIHiIs This study
pGM179 pTTO torAssVHHZIHis + CyDisCo This study
pGM190 pTTO hGHFLAGVHHIHIs This study
pGM191 pTTO hGHFLAGYHHIHis + CyDisCo This study
pGM184 pTTO ompArhGHFLAGYHHIHIs This study
pGM185 pTTO ompAsrhGHFLAGYHHIHIis + CyDisCo This study
pGM172 pTTO torAsshGHFLAGYHH1HIs This study
pGM173 pTTO torAsshGHFLAGYHH1HiIs + CyDisCo This study
pGM248 pTTO phoAFLAG/HHZIHis This study
pGM249 pTTO  phoAFLAG/HHZIHiIs + CyDisCo This study
pGM261 pTTO ompAssphoAFLAG/HH1HIs This study
pGM262 pTTO ompAsephoAFLAG/HH1HIs + CyDisCo This study
pGM213 pTTO torAssphoAFLAG/HH1His This study
pGM214 pTTO torAsephoAFLAGYHHZIHIs + CyDisCo Thisstudy
pGM228 pTTO VHH2HiIs This study
pGM229 pTTO VHH2His + CyDisCo This study
pGM239 pTTO ompAssVHH2HIs This study
pGM240 pTTO ompAsrVHH2HIs + CyDisCo This study
pGM180 pTTO torAssVHH2HIs This study
pGM181 pTTO torAsesVHH2HiIs + CyDisCo Thisstudy
pGM192 pTTO hGHFLAG/HH2HIs This study
pGM193 pTTO hGHFLAGYHH2HIs + CyDisCo This study
pGM186 pTTO ompArhGHFLAGYHH2HIs This study
pGM187 pTTO ompArhGHFLAGYHH2HIs + CyDisCo This study
pGM174 pTTO torAseshGHFLAGYHH2HIs This stugt
pGM175 pTTO torAsshGHFLAGYHH2HiIs + CyDisCo This study
pGM250 pTTO phoAFLAGY/HH2HIs This study
pGM251 pTTO phoAFLAG/HHZ2HIs + CyDisCo This study
pGM263 pTTO ompAssphoAFLAG/HH2HIs This study
pGM264 pTTO ompAsrphoAFLAG/HH2HIs + CyDisCo This study
pGM215 pTTO torAsrphoAFLAGY/HHZHIs This study
pGM216 pTTO torAspphoAFLAG/HH2HIis + CyDisCo This study

2.2.12.Genomic DNA extraction

The extraction of genomic DNA from bacterial strains of interest were achieved usid\#dmep

DNA Mini kit QIAGEN) accordingtoe Y I y dzF I O dzZNB NR & Jagfedaiwddz@yawh 2 v &
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for 16 h at 37°C on LB agar. A single colony was used to inoculate 10 ml of LB medium in a 50 ml tul
which was then incubated for 16 h at 37°C with shaking at 220THpeDNA was then extracted
using the kit mentioned above and eluted in 100 |dupipliedBuffer AE. DNA concentrations were

measured using Qubit 3.0(Life Technologi¢sand samples were stored-20°C.

2.2.13.Genomic DNA sequencing
Genomicsequencingwas performed externallyby GenomeScan usiran llluminaHiSeq4000The
150 bp paireebnd reads obtained wemapped to thereference genoméNCBIAP009048.Jlusing

the Geneiousdl0.1.3software.

2.2.14.Total RNA extraction
A preculture was set with single colony in 5 nilBfind incubated overnight at 37°C with shaking at
220 rpm. A volume of 5 ml of fresh LB was inoculated with 50 ul of the preculture and incubated at
37°C with shaking at 220 rpm until ridgd) phase (Odg = 0.8). Then, total RNA s\axtracted from
0.5 mlof culture using the RNAprotect Bacteria Reagent (QIAGEN) and the RNeasy Protect Bacter
YAYA 1AG O6vL! D9b0O FOO2NRAY3 (2 GKS iv40yudet I O
RNasdree water in a fresh 1.5 ml RNdsee tube. RNA concentratiomgere measured using a

bl y25NRLIM Hnnn O[ATFS ¢SOKy2f0Z3IASa0 YR &l YL

2.2.15.Reverse transcription
The mRNA from the total RNA extracteabmeversetranscrbed into cDNA using the SuperScript Il
kit (Life Technologies)n a RNaséree micocentrifuge tube, 200 ng of random primers (Life
Technologies), 1 ug of total RNA, 1 pl of dNTP mix (at 10 mM each) andr&Nasger up to 13
ul were mixed. After a 5 min incubation at 65°C, the samples were cooled on ice for at least 1 min
and the corents were collected by a brief centrifugation. Then, 4 pl of 5X First Strand Buffer (Life
Technologies), 1 ul of DTT at 0.1 M, 1 pl of RNaseOUT Recombinant RNase Inhibitor (Lif
Technologies) and 1 pl of Superscript Ill RevEraescriptase were added tbhe mixture. The
solutions were mixed by gently pipetting up and down and incubated for 60 min at 55°C. After

inactivating the enzyme at 70°C for 15 ntire, cONA wsusedimmediatelyor stored at20°C.
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2.3. Protein expression

2.3.1.Culture media

Unless indicatedall liquid cultures were grown irennoxmedum (LB)and Lennox agafLA)was
usedfor growth onPetri diskes(Sambrook and Russel, 200Ihe2XTY mediumwvas composed of
LB medium containing twicgs much yeast extrac(Sambrook and Russel, 200Theminimal
medum M9 was composed of M9 ka (Gibcg supplemented with MgSQOCaGland glucose to
working concentrations of 2 mM, 0.1 mM and 20 mM respectiFelyprotein expressionll media
were supplemented with Mga@.5 mM), ZnS(0.5 mM) and appropriate antibiotic: tetracycline
(10 pdml) (FisherScientifi@yr kanamycin (15 pg/m{BigmaAldrich. When PaoA was expressed,

the cofactord~ed (0.5 mM and NaMoO, (1 mM) werealso added to the culture media.

2.3.2.Expression culture
Theculture conditions used are listed Table2-3. A preculture wasset upby inoculatingl5 ml of
selectivemediawith a single colonfrom a fresh overnight selective LA platal incubatedor 16 h
at 37°C witlshaking a220 rpm.The peculture was used to inoculag® ml of selectivefresh media
at a startingODyo = 0.05 in a 125 ml shake flagke culture was incubated dlhe appropriate
temperatureas indicatedn Table2-3, with shaking at 220 rpmntil the Oy reached (6. Protein
expressiomwas inducedby addingl00 uM IPTESigma Aldrichandthe culture wasncubatedat the
relevant temperaturdor a defined period, as indicated Tiable2-3. The feed, used in condition 7,
wasa 25X solution containifgM MOPS pH 7,20 % glycergD.5 % MgS0O4nd0.42% MgCl(C.

Doyle, personal communication).

2.4. Fractionation methods

All solutions were freshly supplemented with 100 uM of the capping agetfiynaleimide (NEM)
to trap the tiol-disulphide status during sample processing due to air oxidiZMatos et al., 2014,

Huaetal, 2008 a2NB2@OSNE | ff o0dZFTSNBR 6SNB adzlX SY$S
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Cocktail (Roche) tabletep 50 ml to prevent protein degradation by proteases. From harvest
onwards, the samples and solutions were always kept on ice and all centrifugation steps were carriec

out at 4°C. All liquid removal was carried away by careful pipetting without disttimbiogil pellet.

At harvest, a volume ef— of the culture was transferred to a 50 ml tube and centrifuged at 4816

g for 15 min. Where relevant, the supernatant was recovered in a 2 ml tube and ste288iGats
the media fraction. The cell petilwas washed with 850 ml of PBS, transferred into a fresh 2 ml tube

and centrifuged at 20,817 g for 3 min.

Table2-3: Culture conditions

Condition Cl.lj:::li’e Cultpre Growth ODyo Feed Temperature Harvest
. medium temperature PI Pl
medium

1 LB LB 30°C 0.5 - 30°C 2h
2 LB LB 30°C 0.5 - 30°C 4h
3 LB LB 37°C 0.5 - 37°C 2h
4 LB LB 30°C 0.5 - 18°C 16h
5 2xTY 2XTY 30°C 0.5 - 30°C 2h
6 2xTY 2xTY 37°C 3.5 Yes 18°C 16h
7 M9 M9 30°C 2 - 18°C 16h

2.4.1.Peripasmic extraction

Followingperiplasmic extraction, the pellet was stored2Q°Cprior to further fractionation.

2.4.1.1.Coldosmotic shock
The cold osmotic shock method was adapted fMamoil and Beckith (1986) The washed cell
pellet was resuspended @00 pl ofspheroplast buffer (0.1 M Tris pH 8.0, 5001 sucrose, 0.5 mM
EDTA pH8.0cubated for 5nin, centrifuged 3 min a20,817g and the supernatant was discarded.
The pellet was then resusperdlan 400 pl ofdistilled water and incubated 15 sec before addifig
pl ofMgSQat 20 mM After a 3 min centrifugation &0,817g, the supernatant wagansferredto

a 1.5 mltube and stored at20°Cas the periplasmic fraction.
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2.4.1.2.Coldosmotic shock with agnesium
The washed cell pellet was resuspende@da plspheroplast buffer (0.1 M Tris pH 8.0, 500 mM
sucrose, 0.5 mM EDTA pH8.0), incubated for 5 min, centrifuged 3 min at 2081¥ the
supernatant was discarded. The pellet was then resuspendt¥ ipl ofdistilled water containing
1 mM of MgCland incubated 1 min.fer a 3 min centrifugation &0,817g, the supernatant was

transferredto a 1.5 ml tube and stored &0°C as the periplasmic fraction.

2.4.1.3.EDTA/lysozyme/colosmotic shock
The EDTA/lyggme/cold osmotic shock method was adapted fdames et al. (2016)he washed
cell pellet was resuspended5A0 plBuffer 1 (100 mM Triécetate pH 8.2, 500 mM sucrose, 5 mM
EDTA pH 8.0). After addition of 50fiwater then 40 pul of lysozyme at 2 mg/ml, the suspension
was incubated for 5 min after which 20 ul of Mg&t M was added. The sample was centrifuged
at 20,817gfor 2 min and the supernatant wamnsferred toa 1.5 ml tube and stored a20°C as

the periplasmic fraction.

2.4.2.Cell disruption
2.4.2.1 Freeze/thaw cyirig

The method using freeze/thaw cyclimgas adapted fromManoil and Beckwith (1986After
periplasmic extraction, the cell pellet wasuspended in 900 pl apheroplasbuffer followedby
the addition of 120 pl of fresh lysozyme at 2 mg/ml and 900 ul of water. The suspension was
incubated for 5 min then centrifuged 30 min at 20,81After discarding the supernatant, the pellet
was ressgpended in 1.2 ml of Tris pH 8.0 at 10 nfdr cell lysis, theuspension wasapidly
freezdthaw cycledfour times inliquid nitrogenfor 2 minandin a37°C water battior 3 min Then
10 Uof benzonase was added to the solution with 20 pl of MgB® Mand incubated for 10 min.
After centrifuging for 20 miat 20,817y, the supernatant wasansferredto al1.5 ml tube and stored
at -20°C as the cytoplasmic fraction. Thsultingpellet was resuspended with 1 ml of Tris pH 8.0
and the tube was stored a20°C as the insoluble fraction.

2.4.2.2.Ultrasonication
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The method for fractionation bultrasonicationwas adapted fromJones et al. (2016After
periplasmic extraction, the cell pellet was resuspended in 1 ml ofrBuf& mM Trimcetate pH
8.2, 250 mM sucrose, 10 mM MgSO/ml benzonasednd centrifugedor 5 min at 20,81%. The
supernatant wasliscardedand te pellet was then resuspended in 750 ul of Buffer 3 (50 mM Tris
acetate pH 8.2, 2.5 mM EDTA pH 8.B¢ Juspension was sonicated ice with5 cycles ofl0 sec

at amplitude 8um and 10 sec oincubation Soniprepl50, MSEbefore ultracentrifugatiorior 30

min at 186,000y (Beckmah The supernatant was transferred td & mltube and stored at20°C
asthe cytoplasmic fraction. The pellet was resuspended in 1 ml of Buffer 3 and ste28dGas

the insoluble fraction.

2.5. Protein analysis

2.5.1.WesternBlotting
Protein samples were separated by $ID&E as followab 2 @ S#20% or 16 %risGlycine Mini
Gelg 2 SR3IS2 St fwell(Ff@Medhholbgies)asplaced into gel tank (Life Technologies)
andthe tank wadilled with 1XTrisglycine SDS running buffer (Life Technolodiesding materials
were prepared by mixinggn  xf 2F &l YLIX S ¥le BediriKg Agedut (10R)9(ife { |
Technologiesindb dzt | D9 u [ 5{ @ (MfeJreéhnologepfiobtdlieatingor 5 min at
98°C in a thermocycldr3000 (Biometra®}he samplesPageRuler Plus Prestained Protein Ladder
(Life Technologies) and MagicNNJ, » 6 [ A TS dle@uaiwgight ntaRenssré l0aded onto
the gel and separated ®yectrophoresis a225V for35min. The proteins wera@ry transferredfrom
the gelonto a PVDF membrane¥l$ ¢ SOKy 2t 23AS&0 dza Ay 3 ackofllingh . f 2
2 GKS Yl ydzF I OlAdeNBde’ing the ryednliravidifoiking solation (PBS, 0.1 %
Tween20, 5 % milowder), the membrane waimmunologicallyetectedwith a primary antibody
(Table2-4) diutedin blocking solution, washed twice with FEBBS).1 % Twee20) andrevealed

with appropriate secondary antibodyable2-4). The membrane was washed twice in PBR®ice

in PBS and twice in distilled water 15 min eachFinallyprotein bands weredetecedg A 1 Kt A S N.
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ECL Plus Western Blotting Substrhtfe(Technologigéd OO2 NRAYy 3 (G2 GKS YI ydzF

andimaged with the ImageQuant LAS 4000 (GE Healthcare).

Table2-4: List of antibodiessed in this study

Antibody Target Clonality Species Conjugation Dilution Supplier Reference
. . . Universal Al190
Primary Histag Polyclonal Rabbit HRP 1/2000 biologicals 114pP
Z;;AG Monoclonal Mouse - 1/1000 Sigma F1804
tC;\f;yC Monoclonal Mouse - 1/1000 Abcam Ab32
Lacl Monoclonal Mouse - 1/2000 Abcam AB33832
. 33115
G6PD Polyclonal Rabbit - 1/2000 Assaypro 05111
MBP Polyclonal  Rabbit - 1/5000 Abcam AB21144
DsbA Monoclonal Mouse - 1/1000 Abcam ABL06061
MA5-
V5tag  Monoclonal Mouse - 1/2000 Thermo 15253
HAtag Polyclonal Rabbit - 1/4000 Abcam ab9110
Rabbit .
Secondary 1gG Polyclonal Goat HRP 1/2000 U.n|versal AL20
biologicals 101P
HC+LC
Mouse Jackson 115036-
L3Ds Polyclonal Goat HRP 1/2500 ImmuncResearch 071

2.5.2.Protein activity assays

All samples and standardiere measured in triplicate.

2.5.2.1J -galactosidase activity assay
I -galactosidasectivity was measured using ONPG substrate (Siglaréch) as recommended by
the manufacturer. Aitration was preparedn a 96 well plateising concentratiosranging from 1.25
to 1280 U/Lof purifiedi -galactosidaestandard(SigmaAldrich) The samples were diluted in PBS in
the sameplate before ONPG substrai&igmaAldrich) was addedthen the solutions were
homogenized by brief and vigoroushaking The plate was incubated for 30 min at 37°C and the
NBIFOlA2y ¢+ a &aui2LIISR QB3 M) KoSach weR followed ¥y baeF ang n
vigorousshaking The amount of product formed was measureds on a Synergy 2 plate reader
(BioTek). A standéicurve was fitted from which treetivity in each fraction sample was calculated.
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2.5.2.2 Alkaline phosphatase activity assay

Theactivity of PhoAwas measured using pNPP substrate (Siggldidch) as recommendeby the
manufacturer. Atitration was preparedn a 96 well plataisingpurified PhoA (Sigmaldrich) at
concentratiosranging from 1 to 24 U/L.In the same plate, 10 pl of the fractionated samplese

diluted in90 YUIPBS beford00 pl ofpNPP subsaite was addedollowed bya brief and vigorous
shaking The plate was incubated for 30 min at 37°C and the reaction was stopped by the addition
2 ¥ pfi8 MN&OH to each well followed ayotherbrief and vigoroushaking The activity was
measured at A05 on a Synergy 2 plate reader (BioTek). A standard curve was fitted from which the

activity in each fraction sample was calculated.

2.5.2.3.Green fluorescent protein activity assay
The activity of sSfGFP was estimated by reading the fluorescence on the d#mgahfractions. In
a96well plate, ® ul of samplaevere loaded per well and the relative fluorescence activity was read

by a Synergy 2 plate reader (BioTek) witkr 485 nm andem = 228 nm.

2.6. Microscopic observations

Bright field observations o&lsteria wergerformedon live cellsit thetime of harvestA5 plvolume

of culture weremounted between anicroscopic slide andaverslip. Thecells were imagedsing

ay 9+xh{xn C[ AYI3IAYy3I YAnQNBEelBnNIBtimedolfedtivel NB 3 Sy 0
The fluorescence imaging was made using the gamatecol,but a green fluorescence filter was set

(<ex= 470 nméem = 525 nm).
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3. DESIGN STRATEGYMRROVEAT EXPORND ITS ASSMENT

3.1.The limited current use of the Tat pathway

Export of recombinant proteins through the Tat pathway have been shown successfully over the past
decade. Indeed, GFP is an interesting example since it was used as a model protein irdieany stu
Sec export of GFP is possible by fusion to the signal peptide of MBP but the recombinant protein wa
not active in the periplasifieilmeier et al., 2000However, GFP was successfully translocated via
Tat ard found to be active in the periplagifhomas et al., 2001The highest export yields of GFP
through the Tat pathway were obtained in fermenters whexgressing the TatABC components

to 1.1 g/L(Matos et al., 2012)These process optimisations have shown that the Tat system can be
exploited to produce an active recombinant protein to high titrésher et al. (200&pnfirmed this
conclusion by testing the export between Sec and Tat of several recombinant proteins. Comparable
and improvedsecretion yields were obtained for MBP, PhoA, GFP and a scFv when transported
0KNRdzZAK ¢l G AyadgSIR 2F {SO® ¢KS tK2!3x LKedl &
fragments recombinant proteins were also reported to export via Tat aoliMatos et al., 2014,
Alanen et al., 2015PDverall, Tat can be used to export recombinant proteins in the peripladsm of

coli, but, since its discovery, less than a dozen of proteins of interest have been reported.
Furthermore, the active state of these proteittsconfirm correct folding following export, has only
been demonstrated for two of these proteins.

The reason of the low success presented so far may be due to the insolubility of the proteins of
interestin the cytoplasm resulting in the rejection by the proofreading systémuse of a soluble
partner © improve protein solubility and hence Tat expfotms the hypothesis of this thesis.
Indeed, numerous publications justify how the fusion of a sojdotmer improved the expression

of proteins of interest both in the cytoplasm and exported via Sec (sdctigh3) (Nygren et al.,

1994, Esposito and Chatterjee, 20C6eng et al., 2017)

3.2. Desigrof screeninggtrategy
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Based on the relative success of using a fusion partner strategy for Sec export as discussed in secti
3.1, a similar approach will be used here where a NYSWwW 068 dzASR Fa | W
recombinant protein into the periplasm via Tat. A diagrammatic representation of the fusion protein

IS given irFigure3-1.

substrate 4 interest

Figure3-1: Protein fusion strategy to evaluate Tat export

The fusiomprotein consists of a natural Tat substrate baringNiterminal signal peptid¢ SP¥used to a His
tagged protein of interest via a linker consisting BL.AGag FLAG, a TEV cleage site (TEV) and a flexible
linker (FL).

A Nterminal NTS bearing a signal peptide is fused teen@nally polyhistidine (Hidagged protein

of interest via a 34 amino acids long linker region consistingrbA@&ag, TEV cleavage site and a
flexibe linker. The His (6xHis) tags will be dsetto detect the presence of the respective individual
NTS and protein of interestnd secondly taid purification if needed.

Tat export of @erminally Higagged proteins has been previously reportedygasting that the
flexibility of this unfolded tail does not prevent Tat exgbtatos et al., 2014, Alanen et al., 2015,
Matos et al., 2012)TheFLAGag (DYKDHDGDYKDHDIDYKDD®Ré*also used for detection with

the final aim to detect the NTS after separation of the two domains. This particularly long version of
the FLAGag has been shown to increase the detection sensitivity while still being hydrQfsritie,

2003)

A TEV cleavage site was positioned between the two proteins to allow the possibility to remove the
carrier protein if necessaryfollowing purification. The TEV cleavage motif (ENLY3/Q) is
recognized very specifically by a protease fronilibigacco Etch Virwghich cleaves at the position

denoted by the arrow with high specifici{gesaratto et al 2016)
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The flexible linker consisting of five amino acid residues of G8#IGfe Nterminal elements of
the linkerwereused to allow enough space and flexibility between the two folded protein structures.
Indeed, the GSSGG linker is known to praéaébility and maintain solubility through the polarity

of serine residuefChen et al., 2013)

3.3. Selection of natural Tat substrates as the carrier partner

Selectingan NTS as the soluble carrier protein for the fusion construct has dual interest: increasing
the solubility of the protein of interest hence reducing the risk of forming inclusion baries
improving Taexport To date, there are knownE. coliNTS, of which 19 have been somewhat
characterized experimentally (such as TorA and DmsA), whereas little is known of the others, apar
from the signal peptide sequence and its specifittg, molecular weight of NTS and information
gleaned from analysis of its genetic organizatiailico(sectionl.3.2.4, Appendixl) (TullmanErcek

et al.,, 2007, Mejean et al., 1994, Sambasivarao et al., .198@) largest Taxported complex
described was the FdnGH subcomplex of the formate dehydrogéhesech isasnNTS of 142 kDa
(Sargentt al., 2002) Although there is no report defining the maximum protein size limit of the Tat
translocation capability, the translocon is thought to have an export siz€Bienks et al., 2000)
Therefore, a small NTS would be preferable as a soluble partner, as this would allow a much large
protein of interest to be used. Of th@ NTS, 12 NTS are within the smallest size range (< 41 kDa
therefore NTS larger than this were eliminated from this p@pmendixl).

Another criterium for selection was grounded on whether the NTS with their natural signal peptides
were obligates for Tagxport. Sigal peptideMBP reporter fusions in a Tat knemkt strain have

shown that soméTat signal peptidesTéka led to promiscuousexport into the periplasm via Sec
(TullmanErcek et al., 2007)Subsequently NTS thatiléa to meet this specificity according to
available published data, were eliminated. Of the 5 NTS remaining, 2 appear to have partners ant
are therefore not monomeric and the oligomeric state of 2 others are unknown. The potential of

expressing additionglartners is replete with issues such as complicated vector design and larger
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plasmid size, increased carrier protein size, subsequent overexpression, folding and association c
the carrier complex, and increased metabolic drain. Ideally the NTS carstiiolale be monomeric,

yet of the remaining panel only AmiA (31.4 kDa) is reported to be monomeric (Tablel); the oligomeric
state of YcbK (20.4 kDa) although small, is not known and TorA (94.5 kDa), although monomeric,
larger in size. TorA has been usethany published studies and proved to besgacifiSantini et

al., 1998, Weiner et al., 1998hd its signal peptide (Tashis the most widely used in Tat export
studies (sectio.1); it may prove to be a useful positive control. To increase the candidate shortlist
to five, a heterodimer HyaA (40.7 kDa) and a heterotrimer PaoA (24.3 kDa) subunits were selectec
to investigate the potential for Tat export of thegetgins Table3-1). Initially, these proteins will

be expressewithout their respective partners to gauge whether they alone can be used as a fusion

partner.

Table3-1: Selected NTS candidates

The panel of NT8as selected based on the criteria of small size, monomeric state and specific to Tat export.
The table indicates the shqrtoteinname,molecular weightdDg, the number of cysteine (#Cys), the number

of disulphide bond (#DSB), the cofactor(s), the oligomeric state in which the said protein is transported via the
Tat pathway and the required chaperone. N/D -determined.N/A nor applicable.

Size Oligomeric state complex
Name #Cys #DSB Cofactor Chaperone  during Tat size Reference
(kDa)
export (kDa)

) (Ize et al.,
AmiA 314 O 0 Zn GroEL Monomer N/A 2003)
YcbK 204 O 0 N/D N/D N/D N/D

(Pommier

TorA 945 10 0 Mo TorD Monomer N/A et al.,
1998)

Putative ([;l:]t;;m

HyaA 40.7 14 0 [2Fe2S} HyaE heterodimer 102

with HyaB Sargent,

2003)
Heterotrimer (Neumann

PacA 243 9 0 [2Fe2S} PaoD with PaoB and 135 etal.,
PaoC 2009)

AmiA is a periplasmic amidase and functions as a cell wall hydinéaseal., 2003)This protein is
non-essential, although theamiA gene deletion results in a morphology defect where cells form
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growing chains and highlights incomplete septum cleavage during cell didisidrich et al., 2001)
TheamiAgene is the first gene of th@miAhemFoperon(Troup et al., 1994)The HemF protein is

the oxygendependent coproporphyrinogehl oxidase, an enzyme involved in heme biosynthesis in
aerobt metabolismTheypeAgene is located upstream frommiAand is transcribed in the opposite
direction meaning that this operon does not contain more upstrganes.

YcbK is an uncharacterised protein where the signal peptide has been experimentally tested as al
MBP fusion for Tat expafTullmanErcek et al., 2007YcbK is encoded as a lone gene and is flanked
by the downstream genegloC encoding a cytoplasmic hydroxyacylglutathione hydrolase,
presumably involved in methyglyoxal detoxification whereas the upstreanygeBencodes for a
transpeptidase involved in cell wall biosynthégiagnet et al., 2008)

TorA is the trimethylamine-biide (TMAO) reductase involved in the electron chain transport in
anaerobia irE. colby reducing the TMAO as the rginal electron acceptafMejean et al., 1994,
Jourlin et al., 1996)This periplasmic enzyme receives electron from TorC, a pentab¢ypie
cytochrome(Gon et al., 2001gnd requires the cytoplasmic chaperone TorD for correct maturation
(Pommier et al.,, 1998)The TorCAD proteins characterised as the active members of the
trimethylamine Noxide redictase system are encoded by toeCADoperon(Mejean et al., 1994)
ThetorT andtorSgenes are located upstream from this operon and their respective proteins are
responsible for the transcriptional regulatiohtarCAD(Jourlin et al., 1996)

HyaA (40.7 kDa) is the small subunit of the hydrogenase 1 complex which also contains the larg
subunit HyaB (66 kDé&jorzi and Sawers, 200HyaA is an inner membrabeund protein facing

the periplasm(Sawers and Boxer, 1986, Forzi and Sawers,.200Wrefore contains a TM domain,
suggesting that expression may lead to incorporation into the inner membrane on the pedplasmi
side. Although no direct evidence has been published, the 102 kDa hydrogenase 1 is believed to b
Tat exported and uses tH@atkpof HyaA to hitchhike the leaderless HyRBdrigue et al., 1999 he
hyaAgene belogs to thehyaABCDEsperon(Menon et al., 1990)The HyaCDEF proteins encoded

by thehyaCDEgenes are essential chaperones for Hysyhesis and activifivienon et al., 1991)
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PaoA is an ireaulphur binding subunit that forms a heterotrimer with PaoB (34 kDa) and PaoC (78
kDa)(Lee et al., 2014)The 135 kDa complex functions as a molybdedependent aldehyde
oxidoreductase and presumably plays a role in detoxification to prevent cell ddieageann et

al., 2009) The subunits PaoB and PaoC are both devoid of export signals and are translocated int
the periplasm in a piggyback fashion usingTtagrof PaoA(Lee et al., 2014Both PaoB and PaoC
partners are thought to be essential for Tat export. A cofactor protein PaoD (35 kDa) is also thought
to be involved, improvingomplex stability and a requisite for its activity. The complex is genetically

encoded by thgpacABCD operon (previously knowryag TSRYINeumann et al., 2009)

3.4. Selection of pteins of interest

To validate thestrategy, the selected NTS will initially be fused to reporter protein(s) as the protein
of interest, as shown iRigure3-1. An ideal reporter protein would be monomeric to avoid folding
hindrance, selected withnal without DSEs) for choice flexibility and to test DSB formation in the
cytoplasm, of small size so that the fusion protein does not breach the size threshold for Tat export
and have a rapid and measurable activity assay to quantify whether the repdtdigied correctly.

The reporter proteins will be initially tested agekminal fusions to signal peptides to confirm their
export via the Tat pathway prior to being used according to the fusion strategy. A valid reporter will
be a protein that is exchively exported by Tat and presents activity in the periplasm, thus confirming

its correct folding (Chapt&).

3.5. Evaluaibn ofthe success of this strategy

The success of the strategpsestimated by the deteatin of the cellular localisation of the protein

of interest and reporter activity assays. The expressing celis fragtionated to separate the
cellular compartments and the isolated fractiorsravseparated by reducing SBAGE. Gelsene

run in reducingconditions as many of the proteins of interest and reporter proteins possess DSBs.

Analysis wre confirmed by Westerhlot and immunological detection of ovexpressed proteins
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via their respective tags using specific antibody reagents. A positivewaselpected to be the
localisation of the protein of interest in the periplasm when fused tos Trabrder to confirm the
Tat specificity of the export, the protein of interests expected tonly localise in the periplasm of
WT cells and be absemt the periplasm of Tatull, a strain devoid of an effectiviet pathway

(section3.6.).

The NTSwere first be expressed with their own natural Jretb select the valid candidates.
Subsequently, the signal pates of the latter wre planned to befused to the selected reporter
proteins to test their export properties via the Tat pathway. However, to mitigate risk that this may
not be successful, the signal peptide of Toes also considered. Indeed, this siypeptide has

been widely and successfully used in the literature for Tat export of recombinant pf@teimsas

etal., 2001, Matos et al., 2012, Matos et al., 2014, Alanen et al., 2015, Fisher et alTI#0R@)Xer
sequence was proven to allow npromiscuous export when fused to recombinant pragein
(TullmanErcek et al., 2007, Berks et al., 2000)

To evaluate whether there is redundancy between the Sec and Tataat in relation to export of

these proteins, a Sespecific signal peptide was also used to test for Sec export efficiency. The latter
pathway has the advantages of being a more efficient export pathway with a large capacity for export
than the Tat pathay and therefore may be preferable. Amongst the discovered Sec substrates, the
signal peptides of PhoA, pectate lyase B (PelB) or outer membrane protein A (OmpA) are of the mos
commonly used for the secretion of recombinant protdinsw et al., 2013)in-house, the signal
peptide of OmpA is preferred for Sec export based on data from periplasmic expression of antibody
fragments(Ellis et al., 2017)herefore, Omp#was selected to direct the proteins of interest into

the periplasm via Sec. The potential to cytoplasmically express these proteins (without a signa
peptide) will also be evaluated to werdtand whether these proteins have the natural ability to fold

into a native and stable conformation in the cytoplasm, this being a prerequisite for Tat export.

3.6. Selection of st strain selection
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TheE. colK12 W3110Table2-1) strain was selected as th€Thost, given that it is used routinely
in-house for periplasmic expression of recombinant proteins. To assess the specificity of Sec and Tz
export, engineered strains where the Sec or Tat pathway is deletdd Wweudeal. However, the

Sec pathway is essential for bacterial growth and the tempergemissivesecmutant strains

offer a technically unreliable and conditional alternafiteet al., 1989)On the other hand, the Tat
pathway is noressential and a knoahut strain (Tahull) has been successfully develo@texler

et al., 2000) This mutant{able2-1) was constructed frork. coliK12 MC4100 by deletion of the
tatABCDoperon andatE gene Figurel-5). Genetically, MC4100 and W3110 appear to have some
differences, with MC4100 bearidg2.7 % gene deletions (119 genes) compared to MG1655, a
W3110related strain(Peters et al., 2003)From the 8 genetic differences noted between the
genomes of MG1Hb and W3110, only the mutation mpoS introducing a stop codorchange the

gene number in W311Hayashi et al., 2008)Vithoutrpo§ this brings a total expected of 118 genes
missing in MC4100 compared to W3110. Since W3110 is geneticallyndfifene the MC4100 Tat

null mutant, the MC4100 WT straifable2-1) was also utilized for expression studies.

As no annotated genomes are available for MC4100 and to confirm authenticity of our strain stocks,
DNA squencing of W3110 WT, MC4100 WT and MC410@ullatvas conducted as detailed in
section2.2.13 The sequencing data was aligned to the theoretical W3110 reference genome
(AP009048.1, NCBI). The differencesligigted are presented idppendix3 and first show no
variances between the reference and ourhouse W3110 WT strain, thereby confirming
authenticity. Secondly, the sequenced MC4100 WT strain actually lacksn&33rgen seven loci
compared to W3110 WT, including tlae and pacABCDperors which codes for th&at substrate
PaoAThis indicates that this genome is five genes shorter compared to published atiisyet

al. (2003) Two of the missing gengsiWandykgN(Hayashi et al., 2008)entified in this work were
referenced after the publication frorReters et al. (2003Yhe three remaining discrepancies
identified in this wdk are thefnr, uspEandynaJgenes, all from the same genetic locpgendid,

locus G)This suggests that these genes were either deleted by spontaneous mutation in our strain

or the deletions were notletected by Peters and cworkers (2003).The fnr gene is worth
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mentioning since it encodes forgdobaltranscription factor essential for anaerobic respiratory
processes(Spiro and Guest, 1990Hence, the MC4100 WT stravas only used in aerobic
conditions Lastly, the MC4100 Taull strain is demonstrably identical to MC4100 \Afart from

the engineereddeletion of thetatABCDIgenes.

TheE. coliTatnull strain was confirmed to have a morphological phenotype asopsdy reported

by Caldelari et al. (2008)igure 3-2). Cells cultured in LB were visualised with a {60
magnificatiorunder oil immersioand shown to form long chains. This pbigpe is due to the AmiA
and AmiC Tasubstratesunable to translocate to the periplasm due to the absence of the Tat
pathway(Bernhardt and De Boer, 2003, Ize et al., 200Bgse proteins ar cell-wall hydrolass
involved in septum cleavage during cell division

This Tanull strain has also been reporteid have other biological phenotypes including
hypersensitivity to exogenous drugs and detergents, sensitive to lysis by lysozyme without EDTA
sensitive to copper, lower virulence, periplasmic leakiness and resistance to infectiq@ alydpdri

et al., 2008)It is thought that the lack of a functional Tat pathway leads to théooatisation of its

substrates, thereby resulting in these phenotypes.

Strain W3110 MC4100 MC4100
Phenotype WT WT Tat-null
S5um

Figure3-2: Morphological differencdsetweenE. colWT and Tat mutant strains.
The images show bacteria from the strains W3110 WT, MC4100 WT and MC440ID fian left to right

GF1Sy dzaAy3 |y 9xhwu C[ AYlIIAy3I YA OhR mnappiicdiidn atdK S L
under oilimmersion. Scale bar is 5 um.
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4. DEVELOPMENT OF ABRIBFRACTIONATION NED

4.1. Available methods to assess proteicalistion

In bacteria, proteingocali® at specific sites to form an elaborate subcellular archite¢Ruener

and Losick, 2010¥sram negative bacteria such Bscoli have four protein locationsthe outer
membrane (OM)the periplasmthe inner membrane (IM) athe cytoplasm Eigurel-1) (Costerton

et al., 1974)Fractionation is mexperimentaprocesaisedto isolak proteinsfrom their respective
sub-cellular compartmentdMoreover, the activity ahe protein of interest caalsobe tested in the
different isolated fractions. The risk with this technique is to have-tnaxstfon contamination which
would result in artefactual daté&Anothermethod Bto fuseGFPRo the protein of interestallowing
direct observation by microscoférigoni et al., 1995 his approach is limitdgcause fusions may
influence the localigen of the protein of interest through misfolding, aggregation or the GFP could
be proteolytically clipped antherefore canno longeridentify the localisation of the protein of
interest. Moreover, the activity of the latter cannot be evaluated in #paetive fractions using this
approach. Hence, the fractionation method was considered for this project with a primary focus on
fraction purity.

Although published fractionation protocols are not wholly different from each other, there appears
to be no stadardized method to extract all compartments with diiigence against cross
contamination and inconsisten{Balasundaram et al., 200Qubcellular fractionation begins with
extracting the periplasm throughe outer membraneThen theresultingcells are lysed to release

the cytoplasm which is separated from the insoluble fraction which includes membranes and
potentidly aggregated proteins by centrifugation. Further preparation to isolate itiner
membranefrom the outer membranecan also be performe(Ttein et al., 2010but this is out of

the scope of this worlPeriplasmic extraction is the most critical step of the process since disruption
of theinner membraneanresult in contamination from cytoplasmic proteins. Common methods to
extract the perism use either an EDTysozyme strateg§Thein et al., 2010, Pierce et al., 1997)

or cold osmotic shockang et al., 2012, Manoil and Beckwith, 1986)a combination oboth
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(Alanen et al., 2015Figure4-1). In the former method, EDTA is used to destabilie outer

membrane(Clifton et al., 2015)allowing the lysozyme to enter the periplasm and hydrolyse the
peptidoglycan cell wall. This process subsequently relehsegetiplasm and leaves the cells as
spheroplastyPierce et al., 1997)The second method generates an osmotic shock induced by
successively adding a hypertonic solution to weakemdter membrae, followed by a hypotonic
solution to partially disrupt theuter membranewithout compromising the integrity of thener

membrane(Kang et al.,@12)

EDTA-lysozyme N CO'? Ezg&otlc
Ivalent cation
«

009 °
AR HHER oM > i

pbyboplplosplptoplplysiplyy 4—— Peptidoglycan —— Spplplolplyllylyiriyy

Ji [ -y
Hetid sk N M g I R R T

k EDTA Hypertonic solutionw

dnpiaplapiapapinydapiopiaplpiopiey

S R R SR R

Figured-1: Diagram of thection mechanisms of the nmaperiplasmic extraction procedures

Onthe left, the EDTAysozyme strategy aims to destabilise the outer membrane (OM) by chelating thatbivale
cations such as Mgand C&". The latter are necessary for the stability of the outer membrane and act as
cofactors for enzymes involved in cell wall building. Once the outer membrane is fragilized, lysozyme can
penetrate inside the periplasm and dedeahe peptidoglycan. The periplasm is hence released while the inner
membrane (IM) remains intact. On ttight, the cold osmotic shock partially disrupts the outer membigne

the successive cell resuspension in hypertonic and hypotonic solutions.

The gcond and third steps in the fractionation process result in the recovery of the cytoplasmic and
insoluble fractios simultaneously. This primarily involves cell lysis to disruphtier membrane

and subsequent centrifugation to separate the cytoplasmitinsoluble fractions. The risks are poor
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soluble protein recovery due to incomplete lysis or the use of harsh conditions resulting in loss of
soluble protein through aggregation which in turn contaminates the insoluble fraction. The most
common ceHlyds techniques usedh small scaleaare freeze/thaw cycling andltrasonication
(Balasundaram et al., 2009, Thein et al., 20E@eze/thaw cycling causes the formation of ice
crystals ultimately leading to cell diption. However, loss of enzymatic activity have been reported
(Lambert et al., 1983s well as low yieldStanbury and Whitaker, 1984)ltrasonication uses the
cavitation principle to disrupt the membranes by ultrasonic vibration creating local disruption of
pressure inthe form of cavitation bubbles which by collapsing release mechanical energy
disintegrating the membrandBlarrison, 199). The risks from this technigaeethe heat produced

by the absorption of the acoustic energy which might denature proteins and the ionisation which
was reported to inactivate enzym@slly and Dunnill, 1969Moreover, feeze/thaw cycling offaer

the advantage of treating sevesaimples simultaneously whereas ultaigation can treat only one
sample at a time. Following cell lysis, the samples are centrifuged to isolate the insoluble debris. Tht
pellet contains the membrane fragments and, wpegsent in the cell, protein inclusion bodies.

To the best of our knowledge, no single study clearly describes in detail, a robust method to obtain
uncontaminated soluble bacterial fractions. For instar{@@o, 2008)and Then et al. (2010)
compared periplasmic fractions obtained by EDTA/lysozyme and cold osmotic shock and
demonstrated crossontamination in each case. Many publications show nodiligence to
fraction purity(Pechsichuang et al., 2016, Alanen et al., 2015, Pierce et al., 1997, Kang et al., 2012,
Matos et al., 2014)Some do utilize controls in the form of stdmpartment specific host proteins

as puritymarkersbut theseare incomplete. For instancghang et al. (201 herely controlledhe

fraction purity in only one of their experimeiity Westerrblot using an anti -lactamase antibody.

I -lactamase israE. colnatural periplasmic protein whigim this casgwas found contaminating the
cytoplasmic and outer membrane fractions. Intaeo exampleFisher et al. (2008)sed an anti

GroEL antibody for the same purpose. GroEL being &mweelin cytoplasmic protein, was used to
assess the purity of the periplasmic fractions by the lack of detec&abEL proteins but in only one

of their experiments
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Figured-2: Diagram of the action mechanisms of the neaith lysigprocedures

On the left, the freeze/thaw cycling strategy leads to creation ofricdats which disrupt the cells. On the
right, the sonication technique applies ultrasonication vibration to the cells creating cavitation bubbles. Their
collapsereleasesmechanical energy disintegrating the membran€: outer membrane, IM: inner
membrane.

4.2.Discovery of crossontamination issues

A clean fractionation method is absolutely necessary in order to detect expressed proteins in their
actual respective subcellular compartments. This method must also be robust enough to handle WT
strains as wells mutants with envelope debilities such as the control strain MC4 10T Gection

3.6). During the preliminary stages of this work, contamination was observed in the form of
cytoplasmic proteins detected the periplasmic fraction. HiaggedPhoA(PhoAHis) was expressed

in W3110 WT and MC4100 Tratll strains and targeted to either the cytoplasm (no signal peptide)

or periplasm via Sec and Tat export, the latter with the use of specific signal peptigespfor

Sec or the natural signal peptide of the Tat substrate Yobiré4-3). As PhoA contains two 3SB

the CyDisCo components, Ervlp and PDI which enable cytoplasmic DSB formatiori (4€c8on

were also ceexpressed with PhoA as cytoplasmic chfgged proteins. The cells were grown at
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37°C and harvested after 16 h at 18°C fudtiction {Table2-3, condition 4). Thdractionation

protocol used was method ITdble4-1) and comprised of cold osmotic shock for periplasm
extraction and freeze/thaw cycling for cell ly@i4anoil and Bekwith, 1986) Cytoplasmically
expressed PhaoHis (with no signal peptide) was expected to be confined to the cytoplasm. However,
as shown irFigure4-3, significant levels of this protein were detected in both ¢litoplasmic and
periplasmic fractions when @xpressed with CyDisCo. Without CyDisCo, -PlAexpressed
without a signal peptideyas not detected in any fraction, indicating that the CyDisCo components
are essential for cytoplasmic expression. Silpjlahe periplasmitargeted proteins for either
export pathway were observed in the periplasm when expressed in W3110 WT as predicted.
Although the Setargeted PhoAdis was observed as expected in the periplasm of the MC4100 Tat
null strain which lackthe Tat export machinery, the Fargeted PhoAdis was unexpectedly
detected in the periplasmic fraction of this strain. Furthermore, the cytoplasmic CyDisCo
components, particularly cMytagged PDI was significantly detected in all fractions irrespeaxtive

the strain. Although Ervigmyc was present at lower levels in the periplasm, erostamination

was still obvious. It is also worthwhile to point out that the CyDisCo proteins were dédteeted
substantial amounin the insoluble fractions irrespéat of strain. As the presence of PhoA in the
insoluble fractions was minimal, this is likiglg result of high levels of overexpression of these
proteins and subsequent formation of insoluble inclusion bodies. Althoughonoissgnination of

the insolubé fraction by the presence of dysed cells may account for the minimal detection, the
AyazfdzotsS LINBLI NI GAZ2y O2dZ R Ftaz OFLGdNE 21
across the inner membran®verall, this experimentonfirmedthat this fractionation protocol
needs to be optimised to obtain pure fractiofifie contamination of the periplasmic fraction by
cytoplasmic proteins revealed that the cold osmotic shock compromised the inner membrane
resulting in cytoplasm leakiness. Also, thgdaamount of proteins detected in the insoluble
fractions was a potential risk of artefact from-lyeed cellsHaving no crossontamination and a

high recovery of soluble proteins are mandatory to drawing reliable conclusions regarding protein

export.
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Figure4-3: Crosscontamination issues using cold osmotic shock and freeze/thaw cycling

Histagged PhoA(PhoAHis) with no signal peptide (No SP),-Begeted signal peptide (Ompd or Tat
targeted signapeptide (Ycbid were expressed with (+) and withodt ¢ytoplasmic cMytagged Ervlp and

PDI in W3110 WT and MC4100-mall strains. Cells were fractionated using method 1 (cold osmotic shock
and freeze/thaw cycling) procedure allowing the separatidheo€ytoplasmic (C), insoluble (1) and periplasmic
(P) fractions. Proteins were separated by-BBGE and detected following Westétot by antiHis and anti
cMyc antibodies where appropriate. Molecular weight markers are indicated in kilodaltonTteDfigure is

a composite image where the marker lanes reflects the approximate position of the molecular weights.

4.3. Identification of a robust fractionation method

As shown in section 4.2, cell fractionation using a published méihaaoil and Beckwith, 1986)
resulted in fraction crossontamination which would have inadvertently led to false conclusions. As
it is critically important for data integrity to identify methodologies that would yield clean fractions
several protocols from published literature were compared in paradielé4-1). Method 1, as used
in sectiond.2., comprised of cold osmotic shock for periplasmicaetion and freeze/thaw cycling
for cell lysis and resulted in cressntamination. Since cold osmotic shock causes inner membrane
leakiness, the addition of Mg@b the hypotonic solution as suggesteddbyyaagoubi et al. (1994)

was consideredT@ble4-1, method 2). Mgglis thought to play a major role in maintaining the
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integrity of the outer membrang(Clifton et al., 2015, Neidhardt et al., 1998nhother popular
fractionation methodutilizesEDTA/lysozyme/cold osmotic shock altichsonicatiorfor periplasmic

and cytoplasmic extraction, mectively (Jones et al., 2016)As described in sectioA.l,
ultrasonication is not higthroughput unlike freeze/thaw cycling and therefore EDTA/lysozyme/cold
osmotic siock was paired with freeze/thaw cycling into method 4 to improve the probability of

identifying a robust method that is also hidfinoughput.

Table4-1: Cell fractionation methods

Name Periplasmic extraction Cell disruption
Method 1  Cold osmotic shock Freeze/thaw cycling
Method 2 Cold osmotic shock with MgCl Freeze/thaw cycling

Method 3 EDTA/lysozyme/cold osmotic shock Ultrasonication
Method 4 EDTA/lysozyme/cold osmotic shock Freeze/thaw cycling

PurefFac  Cold osmotic shock with MgClI Ultrasonication

To compare these four methods, cytoplasatijeexpressedPhoAHis (without a signal peptide) was
co-expressed with CyDisCo proteiddyctagged Ervlpnd PDin W3110 WT and MC4100 Tratl|
strains. Therdre PhoAHis, ErvlgMyc, PDEMyc as well ashe Lacl repressar which is used to
negatively regulate expression of the latter proteinstha expression plasmid served as
cytoplasmic markers. The endogenaysoplasmicprotein, glucosé-phosphate daydrogenase
(G6PD)and periplasmic host proteinsnaltose binding proteinMBB and protein disulphide
isomerase DsbA were usednadive hosimarkersto validate fraction purityDalbey and von Heijne,
2002, Bassfal, 1990, Jonda et al., 1999rotein localimtion and crosgontamination was
monitored by Western blot of overexpressed proteins and selected markers.

The transformants were grown as outlinedTiable2-3, cordition 4 (growth at 37°C and harvest
after 16h at 18°C poshduction) and the cells were fractionated as outlined @ble4-1, using
methods 1 to 4. As shown Figure4-4, the periplasmic fraction isolated by cold osmotic shock

(method 1) presented minor bands with RByc and Lacl and, to a lesser extent, RH@and
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G6PD in both strains indicating some cromstamination from the cytoplasm. The markers MBP
and DsbA ware located in the periplasmic fractions as anditdg, confirming corredbcalistion of

the periplasnt proteins However, the cytoplasmic contamination observed with method 1 was
completely avoided by the inclusion of Mgdilring the cold osmotic sk (method 2) while the
periplasmic markers were still extracted effectivéligre4-4) confirming the role of magnesium
saltsin maintaining outer membrane integrity (sectibii.). Minor bands of periplasmic MBP were
still detected in the cytoplasmic and insoluble fractidrigyre4-4) presumably from intact cells
escaping the periplasmic extraction process and will be adatdater (sectio.5). Despite this

slight drawback, the periplasmic extraction by cold osmotic shock with, Meglilted in
reproducibledata where each protein was detected in its predicted fraction.

In contrast, when using EDTA/lysozyme/cold osmotic shock for periplasmic extracimasl,
methods 3 and 4), the periplasmic host proteins were not detected as expected. DsbA was not
detected at all in any fraction wdhi could be the result of degradation due to instability in the
cytoplasmic environment{gure4-4). The second periplasmic marker protein, MBP, was detected
in majority in the periplasm of the Faull cells withmethod 4 but more distributed in all fractions
with method 3 indicating inconsistency of the method. Moreover, this marker was found with a large
majority in the cytoplasmic fractions of the WT strain suggesting an ineffective periplasmic extraction
(Figure4-4). Furthermore, all cytoplasmic markers were unexpectedly detected in the periplasmic
fractions of the MC4100 Taull strain suggesting that this method can be-epbmal forat least

this mutant grain. Itis likely that the hypotonic conditions of the extraction method in addition to
the effect of cation chelation by the EDTA on itmeer membrane(Clifton et al., 2015)and
peptidoglycandigestion by the lysozyme all contributed to weakening of dhter and inner
membranesand subsequent disruption of the latter. Overall, due to cooskamination, the
EDTA/lysozyme/cold osmotic shock technique can lead to-rfadssiive and falspositive

conclusions and therefore is not fit for this purpose.
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Figure4-4: Evaluation of periplasmic and agtasmic extraction methods
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Cytoplasmically expressed{ttigged PhoA, cMytagged Ervlp and PDI proteins wereegpressed in W3110

WT and MC4100 Tall strains. The cells were fractionated according to method 1 (cold osmotic shock and
freeze/thaw cychig), 2 (cold osmotic shock with MgCl2 and freeze/thaw cycling), 3 (EDTA/lysozyme/cold
osmotic shock and sonication) and 4 (EDTA/lysozyme/cold osmotic shock and freeze/thaw cycling). The

fractions are represented as cytoplasmic (C), insoluble (I) andagemipl(P). Westefblots shown (from top

to bottom) represent the detection of PhdAis, PDtMyc, ErvligMyc, G6PD, Lacl, MBP and DsbA proteins
as detected by antiis, anticMyc, antiG6PD, antiacl, antMBP and amtDsbA antibodies respectively.
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For the isolation of cytoplasmic fractions, two methodologies, freeze/thaw cycling and
ultrasonication, were compared. Generalligrasonication (method 3) appeared to be superior with
notably higher recovery of soluble cytoplasmic proteinisdisated by PBiMyg ErvlpcMyg G6PD

and LaclRigure4-4). With the freeze/thaw cycling technique (method 1, 2 andmst of the
cytoplasmic proteins except Phé#ls were unexpectedly located in the insolulbtaction
irrespective of the strain. The inconsistent cytoplasmic proteins recovery from these three methods
was most likely due to the periplasmic extraction techniggedon the previous steps which left

the cells in different statewith inner and ouér membrane disruption andariablepeptidoglycan
digestion. The proteins detected in the insoluble fractions likely came froRyaad cells or
carryover from the cytoplasmic fraction (unwashed insoluble pélllet) necessity of purity markers

was hightihted here where Lacl and MBP gave clear data whereas G6PD and DsbA were mor
difficult to interpret if present at all. Hence, the cytoplasmic marker Lacl and the periplasmic marker
MBP will be used throughout the rest of the study.

In conclusion, cold amotic shock with Mgehppears to be the superior method for periplasmic
extraction whilaultrasonication gave optimal results for cytoplasmic recovery. These two techniques

were subsequently combined in a single new method.

4.4.Validation of the composite rtteod

The optimal method, consisting of cold osmotic shock with Mg@lsonication, named PureFrac,

is described iTable4-1 and Appendix4 (Malherbe et al., 20190 assess this extraction procedure,

the Tattargeted PhoAis (fused to a TorA signal peptide, EeRh0AHIs) was c@xpressed with

the cytoplasmic CyDisCo proteins,-Blayc and ErvipMyc in W3110NT and MC4100 T-aull

strains. PhoA has previously been shown to export into the periplasm as an active protein via the Ta
pathway when fused to a TorA signal pepfisher et al., 2008, Matos et al., 2Q1@)Is were first
cultivated under varying growth conditiongaple2-3) commonly used to overexpress proteins in

order to both determine the optimal conditions for Tat export and evaluate -cargamination
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propensty in relation tothe environment(Pierce et al., 1997, Kang et al., 2012, Pechsrichuang et al.,

2016, Matos et al., 2014, Ellis et al., 2017, Gaciarz et al., 2017, Roth et al., 2017)

A | Strain WT Tat-null Figure4-5: Evaluatiorof the compsite PureFrac

method.
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As shown ifrigured-5A, periplasmic PheHis was only observed in WT cells indicatingXjorted

protein as expecte@Matos et al., 2014)ut to varying degrees, this being dependent on the growth
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parameters used. Growth condition 2 witlstzort induction o4 h at 30°C in LB medium gave the
optimal level of exported Phetdis whereas condition 3 gave the lowest level and condition 8 no
export at al(Table2-3). The cytoplasmic markers RiMyc, Ervfi-cMyc, Lacl, and the periplasmic
marker MBP were all observed in their predicted fractiohboth strains Figure4-5B) further
supporting the robustness of this methdte ondition2 was therefore selectedsthe expression

conditions forthe following studies.

4.5.Lysozyme addition to PureFrac is not a solution

The PureFrac proceappeared to be superior to published methods as all control proteins were
detected in their predicted fractions. However, this metlodild potentially be improved using
lysozyme to enhance soluble protein recov@&ggrading the peptidoglycan using lysozyme could
expand the release of the periplasmic proteindsttiie addedmagnesiuntouldstabilize theouter
membranedisrupted by tle osmotic shock. Therefore, a comparison between the use of PureFrac
with and without lysozyme was undertaken wdtiexploring the Tamediatedexport of PhoAusing

the signal peptide of another Fapecific substrate, aldehyde oxidoreductase-salphurbinding
subunit A (Pao#).

PaoArPhoAHiswas ceexpressed with CyDisCo in W3110 WT and MC4168ulladtrains and
fractionated using PefFrac with and without lysozynrethe hypotonic solution (100 pg/mitinor
bands of PhoAlis were detected in thperiplasmic fractionsf the PureFrac methodhereasa
significant amountof the protein vas located in the periplasnwhen using the lysozyme
complemented PureFrac methg@igure 4-6A). Without lysozyme treatmentthe cytoplasmic
marker proteins ErvipMyc and Lacl werexclusivelyobserved in the cytoplasmhereas a small
portion of PDEMyc was also found in the periplasm of WT c€lisversely, significant levels of all
these proteins were detected in the peapi when extracted with lysozyme. This indicabed
lysozyme addition to the perigmic extraction buffer increasemosscontamination risk and the

high level of Paa&PhoAHis observed in the periplasnififactionwith lysozyme wamost likelya
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crosscontamination artefactThe detection of this protein in the periplasm of the-fi@all strain
further supported the artefactual datén terms of Ph& activity, this protein appeardd be active
in all fractions with close correlation with levels of Pfm#d in each fractionmigure4-6B). In
conclusion, presence of lysozyme appears to cause further-awosmmination and therefore

should be avoided.

4.6. The importance of NEM to analyse the disulphide bond status

Some proteins need thelDSBd4o be formedto reach a native conformatioand thusbe active.
However,the DSB statusvithin a protein carchangeduring sample processing because of air
oxidation leading to artefacts and loss of acti{igiena et al., 1998The use of very weakly alkaline
solutions and the multiplpipetting/resuspension steps as required in the PureFrac protocol are
optimal conditions for this process to occur. Therefore, preseth@QSHinkages of a proteiis of
paramount importance

N-ethylmaleimide (NEM) is a capping agent used to blockebkethiol groups of cysteine residues

in proteins by reacting with sulfhydryl groups to form alkyl derivatives and thus preventing artefacts
(Matos et al., 2014Y o test the impact dIEM orDSBormation duringextracion proceduresPhoA

was expressed in MC4AWTin fusion with Omp#: The protein was expressed in LB at 30°C against
an empty vector as a control and harvested 2 h after induction as outlif@able?-3, method 1.

The culture was split into equal volusnand the resulting ceBamples after harvesivere
fractionated using the PureFrac method where U8ONEM was added to all the buffers used for
one sampleFor the other sample, NEM was added at the same concentration to all buffers except

to the PBS uskto wash the cells in the very first step of the method.
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Figure4-6: Effect of lysozyme treatment on fractionation purity with PureFrac

W3110 WT and MC4100 Fatll strains consisting of the empty vec{@) as a control or eexpressing Tat
targeted Higagged PaofPhoA with cytoplasmic CyDisCo {yc and ErvligMyc) were cultured in LB at
30°C and induced with IPTG for 2 h. The cultures were split into two samples and recovered cells were
fractionated using the PureFrac methog 6r treated by the addition of 100 pg/ml of lysozyme to the
hypotonic solution (+). Fractions include cytoplasmic (C), insoluble (I) and periplasmic (P) Aaélestern

blots representing PheHis, PDEMyc, ErvlgMyc, Lacl and MBP proteins were detected by-ldigtj anti

cMyc, antiLacl and artMBP antibodies respectively. Molecular weight markers are indicatabbdalton

(kDa) on the right of each bloThe figure is a composite image where the marker landsctefthe
approximate position of the molecular weighBsPhoA activity wadetermined using titration curve of a
commercialpurified PhoA and normalized against the empty vector. The bars indicate the cytoplasmic (white),
insoluble (grey) and perigaic (black) fractions. n=3
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Figured-7: Relevance of NEM to assess the propensity of disulphide bond status

W3110 WT strain expressing gargeted Higagged Ompée=PhoA or only containing an empty vactvere
incubated for 2 h at 30°C pasiduction. The cells were split in two samples and fractionated using PureFrac
method into the cytoplasmic (C), insoluble (I) and periplasmic (P) fractions. One sample was washed in PB
with (+ NEM) and without NEMNEEM) while all other solutions used contained NEM for both san#les.
Westernblots showing PhoRis, Lacl and MBP proteins detected by -Higj antiLacl and ariMBP
antibodies respectively. Molecular weight markers are indicated in kilodalton (ke oght of each blot.

The figure is a composite image where the marker lanes reflects the approximate position of the molecular
weights.B. PhoA activitywas determined using titration curve of a commercijgburified PhoA. The bars
indicate the cytosmic (white), insoluble (grey) and periplasmic (black) fractions. n=3

Figure4-7A shows higlexpressiorof PhoA, albeit clipped prodwoivere detected in all fractions
including the expected periplasmic fractiodicatingexportthrough the Sec pathwairrespective

of NEM additiorto PBSThe respective cytoplasmic and periplasmic control markers Lacl and MBP
indicate no crossontamination between the soluble compartments further supporting the
robustness of th fractionation methodAppreciable levels of Phd#is and associated clipped
product was alsdetected in the insoluble fractions and likely to be derived firoctusion bodieas

a result of high levels of overexpression in rich media

The activity assayhowever, revealed a significant difference between the periplasmic fractions
(Figure4-7B). Indeed, without NEM, a 28 % increase in PhoA activity was observed when comparec
to the conditionwith NEM Since PhoAsionly active when th®SB are formed,this strongly
supports disulphide shuffling, enabled by air oxidation has taken place. This has resulted in more

than 25 % of thextractedperiplasmid®hoAHisgairing activity through correcDSBformation in
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the aésence of NEMConsequently, the addition of NEM from the very first step of the sample

processing, is critical to assess the activity of secreted psdtein contain DSB(S)

4.7.Conclusion

A fractionation protocol was needed for this study, giving purecsliblar compartments to reflect

the precisdocalisition of expressed proteins within a cell. From the literature, cold osmotic shock
and EDTA/lysozyme/cold osmotic shockiaecommon methods for periplasmic extraction. In this
work, both presentd crosscontamination between the soluble fractionsHowever, wherMgCh

was added to the hypotonic solution of the cold/osmotic shock procedureontaminated
periplasmic fractions were obtainetihe next step in cell fractionation is to isolate the cy®pla
preparation. ©mparison of ultrasonication and freeze/thaw cyclingsed to lyse the cell
demonstratedthat ultrasonication gives superimgcovery of soluble protein§hus, he optimized

cell fractionationmethod PureFrac, combineboth the cold osmdic shock withMgCh and
ultrasonication procedureand was demonstrated to tserobust technique to isolate proteimgth

respect tatheir subcellular compartmentsThis was accomplishadthout crosscontamination and

with superior recovery of solublegieins.Minor contamination with respect to thgeriplasmidost
markerMBPwas observedh the cytoplasmic and insoluble fractiasfssome casemdicatingthat

no method would give 100 % clean fractions and it is unrealistic to believe so. As the cross
contamination levels are so low in these experimergsy little room is lefto misinterpret these
observations as falgaositives. Conversely, if the cragsmtamination was significant, then this
would be a major risk. Moreover, adding lysozyme wasngited to enhance soluble periplasmic
recovery buied to major crosgontamination ands best avoided for this type of study.

Toimprove the process, wash steps could be added before the solubilization of the insoluble pellet
after ultracentrifugation with shouldninimizecontamination by carryover. If more persists, a slow

speed centrifugation step could be added after solubilization of the insoluble materials to separate
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the potential unlysed cells or theltrasonication step could biirther optimized to increase cell
lysis.

Since the purpose of thRhD is to investigate Tat export of expresgeaateing onlythe soluble
cytoplasnic and periplasrit compartmentsare of interest Therefore the methodto isolate further
pools of different protein stretures from the insoluble preparatiavas not optimized.

PureFrac was proven to be robuwsith both the WT strain and the Tatull strain which has a
compromised envelope his process waslso adequatén all the rich media conditions tested and
the isolded proteins weredemonstrated to beactive Moreover, the necessity for NEM was
demonstrated to cap the free thiol groups and thus, prevent the formati@S& by air oxidation
during sample processing.

The development of PureFrhashighlighted the ned for specifitocalistion markers particularly
the selection of appropriate and consistent protein markeraonitor crosscontaminationevents.
Hence, through the whole project, WesteBiots against Lacl and MBP were performed to justify of

fractiors purity for every single experiment.

Overall PureFrac preseaseveral advantages over the compared methfsdm literature It allows
extraction of the periplasmic fraction without contamination by cytoplasmic endogenous (G6PD) or
recombinant (PhoAlis,PDicMyc, ErvlgMyc and Lacl) whereas EDTA/lysozyme and cold osmotic
shock procedures led to such contamination. Moreover, PureFrac enable a higher recovery of soluble
cytoplasmic proteins by sonication than by using freeze/thaw cycling. Such improvemrenbt

only valid for WE. colstrain but also for a mutant strain with impaired cell wall demonstrating the
robustness of the method. Furthermore, the addition of NEM in PureFrac allow extraction of proteins
which DSB status is unaltered during sanppbcessingThe purity of the soluble fractions could be
further demonstrated by running proteomics analysis on the samples from the different
fractionation techniquedrinally, quantitative measurement of the benefit of PureFrac over other
techniques ca be achieved via such proteomics study but also via peptide mappiAggHis

purification followed by size exclusion chromatography and mass spectrometry on the fractions.
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5. EVALUATION OF NATURAT SUBSTRATES@SJBLE PARTNER

5.1.Initial expression of thieve selected candidates

The suitability of the selected five NTS as outlined in se&oas an export and soluble partner in

the fusion design was tested. To this aim, all fivéagdged candidates (AmiAy&h, PaoA, TorA and
YcbK) were expressed in W3110 WT, MC4100 WT and MC41Q0 $atins in LB at 30°C induced

for 2 h at 30°CT{able2-3, condition 1). The cells were fractionated according to the PureFraodneth
(section4.4, Appendixd) and the expression and export profiles analysed byPRIBE and Western

blot. As shown ifigure5-1A, the expression of the 5 NTS was measured through various degrees of
success. YcbK was not expressed even though the plasmid sequence was confirmed before and aft
the experiment to rule out nucleacidmutations.The growthprofile of YcbK was similto those of

the other NTS in the WT strains with respect to that during the induction phager(did), a lower

ODyoo was reached compared to the control strain (empty vector). This suggests that YcbK was
expresed but bearing in mind the results on analysis, was instable in the cytoplasm and so was
degraded. YcbK is currently of unknown function, is not in an operon structure with other genes
which could highlight its role or the necessity of partners or chaperessential for expression,
folding and stability (sectioB.3). Computational analysis using Virtual Footprint of the region
upstream of the open reading frameyafbKwithin the chromosome revealed a conseatvé0 and

-35 promoter region as well as RpoD, CRP, ArgR and Sigma70 binding sites, which strongly supp
that this gene is at least transcrib@dunch et al., 2005, Solovyev, 201The absence of YcbK
expressiorin this studycould be due toseveral reasons: (i) requirement of unknown chaperones
and/or partners, (ii) requirement of an unknown metal ion which was not found in the supplied LB,
(iii) instability brought by the aerobic conditions as some Tat substeaie involved in anaerobic
growth. Furthermore, AmiA, HyaA and PaoA were expresseadstibfthe proteins were detected

in the insoluble fractions demonstrating thimstability irrespective of the strain. TorA was the only
candidate to express asignificart amount and shoed partial stability as demonstrated by the

intensity of the detected bands in the soluble fractidfigifres5-1A).
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Regarding export, the three highly unstable candidates AmiA, HyaA @adsiaed no sign of

crossing the inner membrandmiA ha been overexpressed previously but no evidence of the
subcellulatocalistion have beemought using isolated fractiorfize et al., 2003, Bernhardt and De
Boer, 2003) HyaA is known to form a dimer with HyaB and ¢bmplex is believed to be Tat
exported using the signal peptide of Hy&bddrigue et al., 199%Ithough no direct evidence have
been published. Moreover, evidence of the chaperone HyaE binding the HyaA signal peptide have
beenhighlightedby Dubini and Sargent (2003Jowever,no evidence of HyaE being required for
HyaA export habeen presentedlt is plausible thahe chaperone HyaE and/or the partner HyaB
mayneed b be ceexpressed in orddor the complexo be exported by the Tat mechanism.

In relation To PaoA, a more complexgtas emerged from other author&.cytoplasmic variant of
PaoAhas beerexpressed in the cytoplasm where it was found to interact thi#hPaoB and PaoC
partners to form the PaoABC complex (secB@&) (Neumann et al., 2009, Correia et al., 201L6¢

et al. (2014ronfirmed the formation of this complex but also proved that both partners are required
F2NJ ¢l 0 SELRNI 2R | SKBE¢OZXKLIVSE iz aKSIAKEAY! f
demonstrated the implication of the PaoD chaperone in improving the complex stability and its
requirement to gain activity. In this case, PaoA would requiexpession of the partners PaoB and
PaoC as well as potentially, the chaperone PaoD for Tat ekperto the success of export reported

by Lee et al. (2014Yhis highlighted that the PaoA experiment needed further optimizatizioh

was performed andeported in sectiorb.2

The only successful candidate, with regards to expothe frst experiment was TorAas a
significant amount of proteinsagdetected in the periplasmic fraction of the WT stra@snversely,

no proteins were detected in the periplasm of the-fiiall strain Figure5-1A). Since the control
markers Lacl and MBP wdpeth detected in their respective fractionh)is confirmsTorA was
specifically exportetly Tat and supports previous published d&i&einer et al., 1998, Jack et al.,
2004) TorA, even without its chaperone TorDkimwnto fold to a near native conformation

althoughat a slower ratéPommier et al., 1998, llbert et al., 2003)
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The fractionation controls representedrigure5-1B indicae the purity of theisolatedfractions as

confirmed bythe absence of Lacl and MBP contamingtirageins in the respectiveeriplasmic and
cytoplasmic fractions. Overall, only TorA was exported bwiltadut any further optimization.
However, the DNA sequence coding for this protein rendered the plasmid unstable which made TorA
technicallyimpractical. Therefore, none of the five selected candidates were fit to use as soluble

partner as such and woutdquire optimization.

5.2. Optimization of PaoA for Tat export

5.2.1.PaoA stability assessment
In section5.1., PaoA was shown to not export via Tat and revealed a relatively low stability when
expressed while bearing iwsvn signal peptide. Expression of PaoA alone has never been published
hence the following experiment was designed to assess the cytoplasmic expression and periplasmi
export of PaoA alone and with its partners and /or chaperone. PaoA was expressedsigtimho
peptide to assess the stability in the cytoplasm, with Qysfpitest the suitability for Sec export,
with its own signal peptide as a reference and with the ssavAest the improvement of the stability
or export. These proteins were expresgethie W3110 WT strain and the cells were grown in LB at
30°C and induced for 2 fdble2-3, condition 2) before fractionation using the PureFrac method

(Appendixd).
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Figure5-1: Initial screen of the selected natural Tat substrates for suitabil&galsible partner

The Higagged natural Tat substrates AmiA, HyaA, PaoA, TorA and YcbK with their own signal pejtides and
empty vector as a control, were expressed in the W3110 WT, MC4100 WT and MC41dDstratins. The

cells were grown at 30°C and induced for 2 h prior to cell fractionation using the PureFrac method, into the
cytoplasmic (C), insoluble (I) and pespiic (P) fractiondA. The westerrblots represent AmiA, HyaA, PaoA,
TorA, YcbK and an empty vector detected by anHistiantibody. The molecular weights of proteins
before/after theoretical cleavage of their respective signal peptide are indicatedainrkihe left.B. The
westernblots represent the Lacl (38.7 kDa) and MBP (43.4/40.7 kDa) detected on the same samples by anti
Lacl and ardMBP antibodies respectively. Molecular weight markers are indicated in kilodalton on the right
(kDa).The figure isa composite image where the marker lanes reflects the approximate position of the
molecular weights.
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In Figure5-2, PaoA wasevealedto be unstable when expreed in the cytoplasm without a signal

peptide Thisfurther supporsthe conclusion fronNeumann et al. (200@9nd Correia et al. (2016)
stating thatcytoplasmid®aoA is unstable without its partners PaoBC (se8tBhn Further evidence

of instabilityis demonstrated with its own signal pepti@5.3 kDaand TorAes(24.2 kDg)where no

export wasletected,andboth presenedexpressed material in the insoluble fraction. The seagnd
bands dserved inthese insoluble fractions have an apparent larger size than the mature protein
(see No SP lane) and hence, are likely to be degradation pro#iiitke bands correlated to PaocA
appeared to have migratilearound 5 kDa higher than theixpected sizeFhis discrepancy was not
observed in the work dfleumann et al. (200@8ndLee et al. (2014)ut was consistently present in

this work Figureb-1, Figure5-2, Figure5-3, Figures-4, Figure5-5, Figureb-7 and Figures-8).

With OmpAg the prematureprotein (22.1 kDa) is present in the periplasm which suggest
cytoplasmic contamination. Indeed, Se@orted proteins are released in the periplasm upon
cleavage of their signal peptide by the LepB peptidase (sdc8dk). The protein may be targeted

to the Sec pathway but cannot be fully processed, hence the signal peptide still present. This idea i
supported by the presence of presence of mature protein in the insoluble fraction which could come
from PaoA jenmed into Sec. The wedging of Sec would compromise the cells which is supported by
the two species of the periplasmic marker MBP found in all three frackemthermore, he
insolublefraction also contains mature proteins (20.0 kDa) which were prapgytyrted via Sec but

were unstable in the periplasm due to the absence of its partners and therefore, formed inclusion
bodies.Overall, the data suggests that the expression of PaoA in the cytoplasm or targeted to the
periplasm via Sec or Tat, resultecpmotein aggregation and thereformnfirms that PaoA is not

stable on its own.

5.2.2.Coexpression of the partners and chaperone of PaocA

Since the instability of PaoA alone was confirmed in the sécRadh, coexpressing the chaperone
and its partners was tested to replicate the dataNeumann et al. (2009).ee et al. (2014and

Correia et al. (201@&)s validation. According ke et al. (2014PaoA only requires its partners PaoB
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and PaoC to form the PaoABC complex and export via Tat into the peripEastolaBut according

to Neumann et al. (2009}he cytoplasmic chaperone PaoD improves the complex stability and is
required for its activity. Therefore, two new plasmids were created for polycistronic expression of
PaoB and PaoC aonflPaoB, PaoC and Padalfle2-2). All three proteins were -@rminally V5
tagged. These plasmids were designed to enablgraosformation with the pTTO plasmid
expressing PaoA, and therefore, nedtb have compatible origins of replication.rde, the pBR
replication origin was selected since it offers a copy number-g8D18ose to the 122 copies for
p15A, the origin of replication of pTTOhang and Cohen, 197&dditionally, the new plasmids

contained an ampicillin resistance gene for specific selection.

Protein empty PaoA
Signal peptide  vector No SP OmpAg PaoA,,  TorAe,
Fraction c I pC1 P CI1 Pkpa C I P C I P

PaoA-His . r < =

lac] S e e -_— e ) S = e
MBP - - - -

Figureb-2: Asessing the stability of PaoA

An empty vector ant the natural Tat substrate P&lig\fused with no signal peptide (No SP), the signal peptide
of OmpA (Omp#y, PaoA (PaaA or TorA (Tordy were expressed in the W3110 WT strain. The cytoplasmic
(C), insalble (1) and periplasmic (P) fractions were obtained using the PureFrac method. The Wettern
represent the detection of Paeis, Lacl and MBP using an -#&fii, antiLacl and ariMBP antibodies
respectivelyThe bands matching the sizes of the preum@aand mature proteins are indicated by orange and
blue arrows respectively on the right side of the relevant bMtdecular weight markers are indicated in
kilodalton (kDa)The figure is a composite image where the marker lanes reflects the appepiosiion of

the molecular weights.

Due to their relatively similar sizes, PaéB (35.3 kDa) and Pad3 (36.4 kDa) could not be
distinguished on an¥5 Westerrblots andhave therefore beerannotatedas PaoBV5/PaoBV5

whilst PaoGV5 (79.5 kDa) wasell separated. PacKHis with and without its own signal peptide or

an empty vectarwasco-expressed with PaoBC or PaoBCD from two different plasmids to replicate

the export reported by ee et al. (2014he W3110 strain were used and the cells were fractionated
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according to the PureFrac meth@dppendix4) into the cytoplasmic, insoluble and periplasmic

fractions.

The results, represented Figure5-3, showed no significant improvement of Padi& export with

or without PaoBC nor PaoBCD. PaoA still remaimgelylain the insoluble fraction with a small
portion located soluble in thperiplasm However, PaoA was also detected in a similar amount in
the periplasm when expressed without a signal peptide indicating that the periplasmic localisation
of this proteirs is not the result of translocation by Tat. Moreq Pao&/5 and Pao®5/PaobV5
were detected in the periplasm when-egpressed with PacKis (no signal peptide) which was
unexpected since neither of these proteirsaba signal peptide. Moreover, PadB/PaoBV5 were
again detected in the periplasm when-expressed with the empty vectoNo proteins are
significantly detected in the periplasm without Padh)and themarker proteins are present in their
respective fractions demonstrating the absendecmsscontamination Figure5-3). Therefore,
PaobBV5somehow enabled export of PadB/PaocBV5 and Pao®@5 (only when cexpressed with
PaoAHis) most likely through its chaperone activity. Furthermore, solyidplasmic Pac@5
appeared to be more stable when-erpressed with PaeW5 as published hyeumann et al. (2009)
Altogether, Paol¥5 is needed to increase the stability of R¥&Gnd export of Pags and PaoB

V5/PaoBV5 but its expression was still not enough to obtain export of the complex.

5.2.3.Effect of the molybdenum cofactor on export of PaoABC
In the sectiorb.2.2, PaoABCD were-eapressed in LB as described g et al. (2014)ut PaoA
was not significantly exporte@trelo-Cardoso et al. (2014ublished that in the PaoABC complex,
the PaoA subunit binds to two ir@ulphur clusters and the PaoC subunit binds to a molybdenum
cofactor as identified by smalhgle Xray scattering. This data was later conédrbyCorreia et al.
(2016)by crystallography. Therefore, a new attempt to export PaocA was performed using the same
conditions as the sectidh2.2 except that sodium olybdate and iron chlorideave added to the
culture medium to a final concentration of 1 n{Meumann et al., 200&nd 0.5 mM respectively

(section2.3.1).
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Figure5-3: Coexpression of PaoA with its partners Pa@BC

An empty vector as control (1), Pablis without a signal peptide (2) or PaeRaoAHis (3) were expressed

alone (@) or cexpressed with the partners PadB and Pao®@5 (PaoBC) or with the partners and the
chaperone Paoly'5 (PaoBCD) in the W3110 WT strain. The cells were grown on LB at 30°C, induced for 2 h a
30°C and fractionated using the PureFrac method into the cytoplasmic (C), insoluble (I) aashper{pl)
fractions. The Westerhlots represents the detection of the Pabis, Pao&/5 and Pao®5/PaoBV5 using

anti-His and antV5 antibodies respectively. Molecular weight markers are indicated in kilodalton on the right.
The figure is a composite &ge where the marker lanes reflects the approximate position of the molecular
weights.

No significantimprovementwasobserved on the export status of the PaoABCD proteins compared
with the expression without the cofactorfSigure5-4). The cofactors were thought to improve the
stability of the complex but surprisingly, cytoplasmic PaoABCD were detected in a lower amount.

The Lacl and MBP purity control markers, however, indicated extraction of nearly all periplasm
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proteins, no contamination by cytoplasmic proteins and a high recovery of soluble cytoplasmic

proteins.
Partner @ PaoBC  PaoBCD
Fraction C | P C | P C | P «kpa
- 30
1
- 20
- 30
PaoA-His | 2 _— a— .
- 20
. - — - 30
3 : —

1
PaoC-V5 | 2
3
1
PaoB-V5/PaoD-V5 | 2
3

1 .
Lacl | 2
3
1
MBP | 2
3

Figure5-4: Effect of the molybdenum cofactor on export of PaoABC

An empty vector as control (BaoAHis without a signal peptide (2) or PasRaoAHis (3) were expressed
alone (@) or cexpressed with the partners PadB and Pao®5 (PaoBC) or with the partners and the
chaperone Paoly'5 (PaoBCD) in the W3110 WT strain. The cells were grown opplé&rented with Fe€l

(0.5 mM) and NavioQs (1 mM) at 30°C, induced for 2 h at 30°C and fractionated using the PureFrac method
into the cytoplasmic (C), insoluble (I) and periplasmic (P) fractions. The \Aldgtemepresents the detection

of the PaoAHis PaoG/5, PaoB/5/PaoBV5, Lacl and MBP using adis, antivV5, antiLacl an artMBP
antibodies respectively. Molecular weight markers are indicated in kilodalton on theTitighfigure is a
composite image where the marker lanes reflects the appateimosition of the molecular weights.

5.2.4.Culture conditions and strains assessment for export of PaoABC

In the next attempt to reproduce the data obtainedlmse et al. (2014}he divergence of strains

and culture conditions were considered. The MC4100 WT strain was used by the Lee team while
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W3110 WT was used in these experiments and evea difference were observed in terms of

protein localisation when studying the NTS between the two strains, they were compared to test
whether the strain mattered. It is interesting to note here that pfa@ABCperon is present in
W3110 WT strain whereashias been deleted in the MC4100 WT strain (se@i8n. With respect

to experimental methodology, very little information regarding the particular expression conditions
used have been stated liyee et al. (2014)and despite efforts to discern this information from
attempted communication with the alibrs. However, experimental methods for the cytoplasmic
expression of PaoABC have been providéddoynann et al. (2008)nd cited since by other authors.
Therefore, the culture conditions referenced from the lapeblication and subsequent citations
thereof, are hence believed to be a 16 h induction at 22°C with 100 rpm agitation or a 2 h induction
at 30°C with 220 rpm. Consequently, W3110 WT and MC4100 WT were compared for Tat export o
PaoABC in three culturerditions: 2 and 4 h induction at 30°C with 220 rpm agitafiale2-3,
condition 1 and 2) and 16 h incubation at 22°C with 100 rpm agitation.

Figure5-5 indicated no expd of PaoAHis in the tested conditions meaning that the genetic
differences between the strains have no impact on localisation of the protein of interest but also
that these culture conditions do not influence protein localisatitigure5-6 revealed export of
PaoGVv5 and Pao®5/PaoBV5 after 2 h posinduction in W3110 WT but could be due to
fractionation artefacts since Lacl was observed contaminating the periplasmic fraction in this
condition. Similarly, theitge periplasmic band observed 16 h gaguction in the same strain with
PaoABCD and signal peptide is-nonclusivebecause of the presence of contaminating Lacl in the
periplasm. With the other conditions, Pau€& was detected in the cytoplasm only emhce
expressed with PacW5 in the MC4100 WT strain whereas it was observed in the cytoplasm of
W3110 WT in all conditions. This difference indicated that PaoD improved the solubility of PaoC
through its chaperoning effect. The expression of endogencnld Reght be the reason why this
protein is not required in W3110 to solubilize PABCThe localisation of Lacl in the other conditions
than cited above and MBP validated the fractionation robustness. The upper and lower bands

present in the insoluble fctions when expressing PapRaoAHis matched the premature and
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mature proteins respectively and could be the results of signal peptide cleavage in inclusion bodies

Overall it seems that the PaoABC subunits are more stable in solution when Pao2xpesssed

but none of the growth conditions tested allowed export of PaoABC complex.

Construct PaoAgp-PaoA-His PaoA-His empty
Partner PaoBC PaoBCD PaoBC PaoBCD vector
Fraction C | P C | Pkxa C | P C | P C | P kpa
— L204 L 30
o e -y _ -
£20; £ 20
e L s -
W3110| 4h - s
20, L20)
- —' L0 L 30
16h . - -
£20 20,
— - 30, L304
20, L 20)
- - gy = =0
MC4100| 4h o .
p— sam. Q_T:) 30
16h -— - — -—

Figureb5-5: Culture condition and strain screen to achieve export of PaQ/Raga |

N>
o

PaoAHis without a signal peptide BaoArPaoAHis were ceexpressed with the partners PadB and PaoC

V5 (PaoBC) or with the partners and the chaperone R&oPaoBCD) in the W3110 WT and MC4100 strains.
The cells were grown on LB supplemented withsR8G mM) and NaMoQs (1 mM) at 30C, induced for 2 h

or 4 h at 30°C or for 16 h at 22°C and fractionated using the PureFrac method into the cytoplasmic (C), insolubl
() and periplasmic (P) fractions. The Westdats represents the detection of Pad#ls using antHis
antibody. Molecwdr weight markers are indicated in kilodaltdime figure is a composite image where the
marker lanes reflects the approximate position of the molecular weights.
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Construct PaoAg-PaoA-His PaoA-His empty
Partner PaoBC PaoBCD PaoBC PaoBCD vector
Fracton C | P C | P xaC | P C | P C | P kpa
2h e = - —— 100 - -— e - 100
W3110 | 4h =+~ - D [0[s IR — e
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Figureb5-6: Culture condition and strainreen to achieve export of PaoABeart 11

The samples used in this figure are the same as the onesnUSigdre5-5. PaoAHis without a signal peptide

or PaoArPaoAHis were ceexpressed with the partners PadB and Pao&/5 (PaoBC) or with the partners

and the chaperone Pae¥Zb (PaoBCD) in the W3110 WT and MC4100 strains. The cells were grown on LB
supplemented with FeCI3 (0.5 mM) and Na2MoO4 (1 mM) at 30°C, induced for 2 h or 4 h at 30°C or for 16 t
at 22°C andractionated using the PureFrac method into the cytoplasmic (C), insoluble (I) and periplasmic (P)
fractions. The Westerhlots represents the detection of Pad5, PaoB/5/PaobV5, Lacl and MBP using anti

V5, antiLacl and amiMBP antibodies respectiyel PageRuler Plus Prestained Protein Ladder (Life
¢SOKy2t23ASa0 | yR al 3 ioealarMiight markeks®rd indicStéd knkidda@BEaf S & 0
The figure is a composite image where the marker lanes reflects the approximate position ofebalan
weights.

5.2.5.Single plasmid expression of PaoABCD in several growth conditions
The strain and the tested growth conditions made no difference in terms of export ofH&0A
Therefore, more culture conditions weevaluatedwith the objective of remducing the data
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published by_ee et al. (2014Another difference from their work to thisntative remained in their

expressions of the PaoABC proteins from a single plasmid whereas two plasmids were used here ¢
far. Two plasmids induce more stresses upon the cell than a single plasmid due to the presence ©
two antibiotics to maintain the $ction. Also, the copy numbers were slightly different from one
plasmid to the other which might have led to differential expression of the PaoABC complex proteins
creating an unbalanced ratio. Therefore, two new phased vectors were designed to-exress

the PaoABC or the PaoABCD proteins from a single vEahdeZ-2). This modification was used as

an opportunity to change the detection tag on PaoD for the HA tag to be able to distinguish it from
the simila sized protein PaoB. To remain as close as possible_éemt al. (2014onditions, the

culture media were supplemented with Fe@.5 mM) and N#oO, (1 mM) in the growth
conditions described ihable2-3.

Unfortunately, no export of PadAis was observed in the conditions tested which seem torave
impact on the protein localisatiorFigure5-7A). The same observations were made on RéwB
(Figureb-7B) and Pao®5 showed signs of periplasmic export but no lodaisdifference between

the conditions. PaobIA appears to be exported to the periplasm as well but at very low and
fluctuating levels. ThEigure5-7C proves the robustness of the fractionation by the absencacbf L
contaminating the periplasm and the full extraction of MBP into the periplasmic fraction. The only
growth condition where changes observed in terms of protein localisation was the cordviibn
minimal media. This condition is shown once agairai e poor recovery of soluble materials and

a less robust fractionation purity.
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Figureb-7: Expression of the PaoABCD proteins from a single plasmid in different growth conditions

PaoArPaoAHis, Paol/5, Paod/5 and PaolBlA were ceexpressed in the MC4100 WT and-iiall strain.

The cells were grown in different conditions: induced (1) in LB for 2 h at 30°C, (2) in LB for 4 h at 30°C, (3) in L
for 2 h at 37°C, (4) in LB for 16 h at 18°C, (5) in fax 2¥ at 30°Cgj in fedbatch culture for 16 h at 18°C or

(7) in minimal media for 16 h at 18°C. Each media was supplemented wigl{0Fe@iM) and NavioQs (1

mM) and the cells were fractionated using the PureFrac method into the cytoplasmic (Gplengp and
periplasmic (P) fractions. The Westbtats (WB) represent the detection of the Padis f), Pao©/5, PaoB

V5 and Paol¥5 B) and Lacl and MBE)(using antHis, antivV5, antiHA, antiLacl and arMBP antibodies
respectively. PageRuler fPdza t NBadGlFAySR tNRGSAY [FRRSNJ O0[ATFS
Technologies) molecular weight markers are indicated in kilodalton (KiEfigure is a composite image
where the marker lanes reflects the approximate position of the molecular tseigh
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5.2.6.Influence of the induction level with IPTG on PaoA export

The partners, chaperone, cofactors, strain, vector and growth condition were optimized for the
export of PaoA but the results frobee et al. (20149re still not reproducible. The last parameter
GKAOK glayQi 2LIWGAYAT SR Aa (GKS AyRdAzOGIR™ywvast S G
added at the time of induction to a working concentration of-200 uM. To appreciate the impact

of IPTG level on the export of Pddis, a titration was performed using 0, 10, 100 and 500 puM of
IPTG. The closest expression conditions weretsdtein MC4100 WT, in LB supplemented with
Fed (0.5 mM) and NéMoOs (1 mM) at 30°C, induced for 16 h at 22&@h the partners PacB5

and Pao&/5, with the chaperone PagiPAandin a single vector.

IPTG (uM) 0 10 100 500
Fraction C | P C | Pxkxpa C | P C | P
PaoA-His - - :’;; - - ;
paoBvs | - i W -
35 2
— o 100 s R - 1
| - e e
100 2
- )
baopHA - o 4 -
L 407 2
Lacl — - - A0 —-— o= 1
MBP - - L2403 - —-—
. - B 1703 - - )

Figure5-8: IPTG titration to export PaoA

PaoArPaoAHis (1) or an empty vector (2) wereexpressed with the partners PadB and Pao®5 and the
chaperone PaolV'5 in the MC4100 WT strain. The cells were grown on LB supplemented with FeCI3 (0.5 mM)
and N&MoO4 (1 mM) at 30°C, induced for 16 h at 22°C with 0, 10, 100 or 500 uM of IPTG and fractionated
using the PureFrac method into the cytoplasmic (C), insoluble (1) and periplasmic (P) fractions. The Western
blots represents the detection of the Pablls, RoBV5, Pao&/5, PaoEHA, Lacl and MBP using dis, anti

V5, antiHA, antiLacl and artMBP antibodies respectivelpageRuler Plus Prestained Protein Ladder (Life
¢SOKy2t23ASa0 yR al3AOal Nlx o[ AFS ¢ SiokodatonZkBa).S a 0
The figure is a composite image where the marker lanes reflects the approximate position of the molecular
weights.
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The absence of Paddis in the periplasmic fractiongigure5-8) indicated hat none of the IPTG

levels tested influenced its export. PadB and PaolA were found only in the insoluble fractions
whereas Pao®@5 was found soluble in both the cytoplasm and the periplasm even if the majority
was detected in the insoluble fractiomeispective of the level of induction. The large bands of
PaoABCD proteins with O pM of IPTG were the results of the leakinessoftteenoter controlling

their expression (sectidh2.10.1).

5.3. Conclusion orntie use of a natural Tat substrate as a soluble partner

To use as a soluble partner enhancing both the folding of the protein of interest and the targeting to
the Tat pathwayan NTS was initially considered to fuse to the recombinant profaiidentify
suitable applicants, five NTS were selected using criteria such as size and oligomeric status. From tf
initial screen of these five proteins, only TeggForAHis showed Tat export. The translocation failure
from the other candidates could be due to migspartner(s) or chaperong(or yet unknown
specific conditiondHowever, TorA is a large protein (94.5kDa) and only small size proteins could be
fused to it for Tat export since protein with a maximkmown of 70 A can be processed by this
pathway(Palmer and Berks, 2012)

The NTS PaoA was investigated more thoroughly since its successful Tat export waq kepasted

al., 2014) The authors demonstrated the requirement of the partners PaoB and PaoC to form the
pre-export complex PaoABC. Alslgumann et al. (2009steblished the need to cexpress the
chaperone PaoD to stabilize PaoC and confer activity to the PaoABC complex. Heeestea).
(2014)published export of PaoABC withoutepressing this chaperone.

Here the candidate was observed in its premature and mature forms in the insoluble fractions
suggesting that the signal peptide can be cleafeth inclusion bodies. Interestingly, with the dual
plasmid expression, PadB/PaocBV5 were observed in the periplasm wherespressed with the
empty vector or the leaderless Pabis controls while the fractionation purity was prowés the

Lacl andMBP blots (sections.2.2, 5.2.3 and5.2.4). Since this event was not reported using the
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MC4100 strainRigure5-6), the export could be the result of association of plassnicbded PaoBC

with endogenous PaoA in the W3110 strain since the MC4100 does nhot posspas tperon
(section3.6.). In the end, efforts to replicate the exact conditions used to express periplasmic PacABC
were unsuccessful and thus the export data remains unreproducible.

Overall, the initial candidates tested proved to be unsuitable to use as a soluble carrieripribtei

fusion design. Optimisation of the expression conditions might lead to their export but the story of
PaoA troubleshooting indicated no guaranteed success. Going back to the list App&rfslil)

could ke an option but based on this work, it would likely be laborious, difficult to interpret data and
very time consuming as little is known about these proteins. Therefore, it was a better use of time

to look for a carriefrom an alternative source
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6. EVALUNON OF REPORTERTEROCANDIDATES

6.1. Introduction to reporter proteins

Many proteins are used as reporter for gene expression and regulation ilsles 1998, Thorne

et al., 2010, Juers et al., 2012pplicatims are wide and cover transcriptional control element
testing, identification of interacting proteins, monitoring transfection efficiency, viral assays and
mechanism of action, promotor region identification as well as many other pro¢&stemnborn

and Groskreutz, 1999) . SOl dz&aS (G(KS NBadzZ Ga I NB 20a3me@pSR
need to provide a measurable readout which are available with different properties: enzymatic
actity (e.g.l -galactosidasePhoA chloramphenicol acetyltransferase), fluorescence (e.g. GFP),
luminescence (e.g. luciferag®)iraglia et al., 2011, Juers et al., 2012)

The experiment helpdeterminate the mostqualified reporter protein for the desired task-
galactosidase is easy to assay, widely usedhfsitu staining but is a large protein due to its
homotetrameric form (46 kDa) and there can be endogenous actifitghenborn and Groskreutz,
1999) PhoAis a naturally exported enzymehn coliand itsactivity can be assessed with an easy
and sensitive assay but potential endogenous background activity need to be sul{atieaborn

and Groskreutz, 1999GFP was derived in various colours which can report of several activities in a
single assayltis a highly stable protein and require no subst(&ehenborn and Groskreutz, 1999,

Day and Davidson, 200Q)ciferases are enzymes capable of luminescence which can be measured
through a fast and easy assay with a high sensitivity and a wide linear range but it requires a speci
equipment (lumometer) and theorotein is labildSchenborn and Groskreutz, 1999)

Here, proteins of intereswere thought to be first replaced by a reporter proteinvadidate the

fusion design as describe section3.4. By selecting suitable NTS and reporter protdiich both

export specifically through the Tat pathway, the fusion of these two proteins should also lead to
translocation. Here, the objective of theporter protein was to inform onto the export of the fusion
protein and its native folding through its activity. Selecting such reporter proteins is not tritaal for

coli due to their limited amount and to their lack of validity in different cellutsnpartments.
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Nevertheless| -galactosidasePhoA sfGFP and hGH were selected and their evaluation for Tat

export and periplasmic activity are described in this chapter.

6.2.1 -galactosidase

i -galactosidase is a natural cytoplasmic enzynte @bli composedf 116 kDa monomers which
form a 465 kDa homotetramer. It is encoded byl#eZgene from thdacZY fAoperon(Juers et al.,
2012) A simple and qck activity assay is available whereby the amountrafrophenol (yellow)
released from the hydrolysis @hitrophenyt -D-galactopyranosidéONPGyi -galactosidase, can

be measured. It does not possess any DSBs and therefore, does not requireofteeDS& enabling
technology (sectiod.4.1). With respect to export i&. colii -galactosidase was reported to not
export via Sec because of multiple regions within the amino acid sequences as welinaina)
positively charged amino aciflee et al., 1989Furthermore Tat exporthas notbeen reported to
date inE. coli However, successful translocation efalactosidase through the Tat pathway has
been demongtated inBacillus subtilissing the signal peptide of alkaline phosphatag¥i®et al.,
2010, Ren et al., 2016pue to the large size of the complex, it was believed that the monomeric
components are primarilgxported prior to assembly into active complexes after crossing the
membrane. It is important to note here that the reason why this enzyme was secrexéal étyal.
(2010)andRen et al. (2016yight lie in the differat Tat mechanism dBacillus subtilias detailed
insection1.3.2.8pP> (G KS RATFTFSNBY (G & S-fatimSogidaSe, tBeTuse dfhS aigwal Sy
peptide from PhoD, the requirement of Tat&d ceexpression and that the alkaline phosphatase D
is not found in Gramegative bacteria. Thus, it is plausible to speculet -galactosidase at least

in monomeric form, can be exported by the Tat machineB. @bliand therefore would make it a
suitable reporter partner to test.

A preliminary experiment was performed to confirm the absené¢egaflactosidase export vihe

Sec pathway. To this entiete. collacZgene was fused to at€rminal His tag for detection (coding

for LacZHis) and fused to the-i¢rminal OmpAesfor export. A cytoplasmic control with no signal
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peptide was also used. During this experimenteXport was also investigated byté&tminal fusion

of the five selected NTS signal peptides (AmiA, HyaA, PaoA, TorA and YcbK) described5n Chapte
All proteins were expressed in the MC4100 WT anadlbstrans in LB at 30°C with induction of 2

h at 30°C Table2-3, condition 1) and fractionated using the PureFrac metiAgpéndix4). As
expected, cytoplasmic Latlls expressk well and wadocali®d in the cytoplasm and insoluble
fraction, presumably as inclusion bodi€gy(ire6-1A). Moreover, the insoluble materials showed
greateractivity than the cytoplasmiproteins(Figure6-1B).But, the latter observation is most likely

to be the result of a higher concentration of enzyme in the insoluble fraction than in the cytoplasmic
fractionas the activity presented is not spedifithe amount oprotein. The activity in the insoluble
fraction is suspected to come from the inclusion bodies as they have been shown to be capable of
retaining the proteins activitie§GarciaFruitos et al., 2005, de Groot anceritura, 2006)
Nevertheless, the fact that the enzyme is active reflected the stability of the monomers and the
correct assembly into an active tetramdioem.

Similarly, when fused to Omgrand in support of published dathee et al., 1989) acAHis did not

export via the Sec pathway. Surprisingly, no export via Tat was evident with respect to the five NT:
signal peptides tested, in terms of periplasriocali@tion or periplasmic activity. However,
cytoplasmi stability appears to be signal peptide dependent where &idoArand Ycbipenable
polypeptides to form stable-galactosidase complexes in the cytoplasm whereasdrya@d\TorAe

do not, irrespectively of the straififure6-1B). This difference showed that signal peptides do not
performin the same way and can lead taigas exten of instability of the recombinant protein.

The differences highlighted the set of signal peptides in terms of net charge, hydrophobicity or
length @Appendix2), do not correlate to any behaviour giveni -galactosidaseThe Westerrblots
revealed no signs of double bands which is a usual indication of signal peptide clBavadbe
westernblot resolutionpreventsfrom identifying them as premature or mature proteissnce -
galactosidase presented agty in the cytoplasm, f€rminal signal peptides do not interfere with

the folding of the monomers nor with the assembly of the active tetraéth.the signal peptides,

activity was also demonstrated in tiesoluble fractiongFigure6-1B). Since a similar activiby
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about 50 kU/lwas observed in the absence of a signal peptide, it is suspected tdroomieclusion

bodies rather than membrar@ssociated proteins due to their signal peptide.

WB LacZ-His Lacl MBP

Strain WT Tat-null WT Tat-null WT Tat-null
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LacZ-His %-- — - gy — — . e %70 3 - -
OmpAg-LacZ-His s -~ 4 — R - w e -_—
AmiAgp-LacZ-His [l ws — — o, S —— 70 ) Ead -
HyaAsp-LacZ-His [y~ e S Gy - «» - —
PaoAsp-LacZ-His [y ww s = G — | 207 - .-
TorAgp-LacZ-His i « - W - pm—-— -——-— - —
YCbKgp-LacZ-His frisems s o o= Gpe——-— emeEs o - -
B | 80000
—. 70000
)
S
= 60000 I } T T
> I ( L
P
2 50000 — 1 I
5 ! J L
[4+]
L 40000 +—
1%
i)
2 30000 I
fE
= 20000 T 1 -
%0
2 10000 -
0 L L = ﬂ H = 1 H (| = | H
= = = = = = | = - = | = - =
= 2 ES 2 ES 2 = 2 ES 2 ES 2 = 2
® ® ® ® ® ® ®
[ = = - = = -
No SP OmpA AmiA HyaA PaoA TorA YchK

Figure6-1: Celluladocalis G A2y | yR | Oigdladtasitlase dxpidsedaicdia 2 F |

HistaggedLacZ with no signal peptide (No SP) or fused with @miwhiAr HyaAr PaoAr TorAror YcbKp

were expressa in the MC4100 WT and THatll strains. The cells were harvested after 2h induction at 30°C
and fractionated using the PureFrac method into the cytopla@imsolublgl)and periplasmiéP)fractions.

A. Westernblots represent the detection of Lat#s, Lacl and MBP using a#is, antiLacl and ariMBP
antibodies respectively. Molecular weight markers are indicated in kilodalton Tkidfjgure is a composite

image where the marker lanes reflects the approximate position of the molecular wBightmlactosidase

activity assays were performed in triplicate and measured against a titration curve of a commercially available
i -galactosidase as a standard. The background signals were eliminated by subtracting the activity value fron
the empty vecttld FNI OGA2ya (2 SITOKbar® RBACAS the I tgpRdgmicIwhileNI O
insoluble (grey) and periplasmic (black) fractions.

96



Chapter &; Reporter proteins

The localisation results are strengthened by the Lacl and MBP controls which proved the purity of
the periplasmidraction while the periplasmic proteins are still extracteigire6-1! 0 ® h @S NI f
galactosidase was not a suitable reporter protein because it showed no translocation via Tat likely
because it folded into its tetrameric structure in the cytoplasm before reaching the Tat translocon
preventing export. To better understantdet expression, secretion and stability behaviours-of
galactosidase with the different signal peptides, analysing the specific activity of the sample would
have been more informative. However, since the reporter protein is only a tool in this study and
galactosidase presented no sign of Tat export, no further work was performed on this recombinant

protein.

6.3. Alkaline phosphatase

PhoA is a zinc homodimeric enzyme (99 kDa) formed by twoawaently linked subunits (49 kDa)
(Fisher et al., 2008This protein is naturally located in the periplasia.afolthanks to its Sec signal
peptide (Michaelis et al., 1983PhoA requires two DSB on each subunit to be correctly folded and
active which explains its natural need for periplasmic exjpetman and Beckwith, 199These

DSB were found to be required for Tat export and could be cytoplasmically formed by CyDisCc
(Hatahet et al., 2010, Matos et al., 2D14 these cases, the signal peptide of TorA was used to direct
the disulphide bonded PhoA to the periplasm via Tat making this protein a potential candidate as

reporter protein.

6.3.1.Evaluation of alkaline phosphatase as a reporter protein
During the optimiation of the fractionation methodQhapter4), TorAr-PhoAHis was shown to
successfully export tio the periplasm via the Tat pathway whene@ressed with CyDisCo. This
experiment highlighted condition Fgble2-3) as the culture parameters required for optimal Tat
export: growth at 30°C and 4 h induction at 30°C. Following on from this discovery, the export of

PhoA was tested with restrictedset of signal peptides ithe presence or absence of CyDisCo for
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DSB formation. THegalactosidase case (secti®2) demonstrated that the use of signal peptides

is not straight forward. It was therefore decided that selecting tasipeptides which have been
already proven successful was a better approach. Hence, the signal peptide of TorA and PaoA wel
selected based on previous publications detailed in se8ttbrand5.2. Additionally, TorAsPhoA

His and Pao&PhoAHis, PhoAdis with no signal peptide and ti#ec signal peptide OmpA
completed the set.

Expectedly, PheBis was Tatlependently exported and active in the periplasmic foactivhen

fused to TorArand coeexpressed with CyDisGéiqure6-2, Figure6-3). In this condition, proteins
were also detected in the cytoplasm and insoluble fractionslather presumably from inclusion
bodiesor membraneassociated proteinsThe activity assays indicated that the material in the
insoluble fraction is indeed inactiamd therefore not folded correctly, but also surprisingly, the
proteins in the cytoplasmicaction did not show activitFigure6-3). Althougha higher quantity of
cytoplasmic proteinsvasdetected with CyDisCauggeting that this technology improved protein
stability supposedly through its DSB fotiora activity. This indicated that although PHd& was
expressed and stable in the cytoplasm via CyDisCo, it was not correctly folded presumably due t
inability toform native DSBs or to form DSBs in the first plabis implied that PhoA was exported

in an inactive state by Tat and gained its activity in the peripikeaiydue to the action of the natural

Dsb pathwaysectionl.4.1.1).

Without CyDisCanore soluble material was obseniadhe cytoplasmvith PaoArthan with TorAe
demonstrating that signal peptides can influence specificallpeessiorof recombinant proteins.

With PaoAs PhoAHis was exported to the periplasm via Tat but a small amount was observed in
the periplasmic fraction of théatnull strain Figure6-2). This indicates that this export is not wholly
Tat specific and correlates with data observed previo&glyie4-6). It appears that two forshof
periplasmic PhoMlis are present in the WT strain compared toridk, which correlate with the
molecular weights of the premature (PapRhoAHis, 53.7 kDa) and mature (PHd#, 48.0 kDa)
proteins. Since a similar profile was observed with Qaandl TorAg it was evident that the lack of

signal peptide cleavage by the signal peptidase (sett®h was not related to the secretion
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pathway. The causeaycome from the accessibility and number of thanalgeptidase not being
optimalleading tathe partial export of recombinant proteins by an unknown mechanism (discussed
in section1.3.4). PhoA is a natur&c substrate and when fused to the npatural Sec sgnal
peptide OmpAerwas observed to give the highest export yield of active proteirmEspaed
(Figures-2, Figure6-3). Export was observed in both WT andftt stains confirming translocation

via the general and T-atdependent Sec pathway. Unexpectedly though, in the presence of CyDisCo,
increased protein levels were detected in the cytoplasmic and insoluble fractions reinforcing the
theory that this technologyriproves proteinexpression However, cytoplasmic activity was not
detectedconsistent withthe hypothesis that DSBsay beshuffled into nomative stateqFigure

6-3). The exported PhoA was observed to be activihenWT strain, presumably due to post
translocation modifications as discussed previously.

In the absence & signal peptide and CyDisCo, RRi#\was only recovered in the insoluble fraction

in a very faint band=jgure6-2). This result was expected as PhoA expressed without signal peptide
was reported to be inactive in the cytoplasm and to quickly dedMibdaelis et al., 1983, Manail

and Beckwith, 1985, Hoffman andigit, 1985) With CyDisCo, however, the recombinant protein
appeared more stable in solution and remained in the cytoplasm as anticipated. Here again, no
activity was observed from the cytoplasmic proteins.

PhoAHis was exported specifically by the Tahpay when fused to TogBand ceexpressed with
CyDisCo and was active in the periplasm as publ{shaims et al., 2014)However a significant
amount of proteinsvasfound in the cytoplasmvhich were inactive(Figure6-3). Unfortunately,
Matos et al. (2014Jid not analyse the cytoplasmic activity. This suggest that the Tat exported PhoA
His became active in the periplasm after translocation. In this case;H¥hdv&came sufficiently
folded by the help of CyDis@w be accepted by Tat but was still in a mative conformation
indicating a failure from the proofreading mechanism as discussed in s&@i@b Although
CyDisCo worked partially,ptovided the proteins t@acquire a more stable conformation to be

accepted by th@roofreading system of Tat.
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Figure6-2: Cellulatocaligtion of PhoA expressedkn coli

An empty vector (1) ddistaggedPhoAwith no signal petide (2) or fusedto OmpAse(3), TorAsp(4) orPaoAr

(5) were expressedvithout (-) or with CyDisCo (i) the MC4100 WT and TFatll strains. The cells were
harvested afte h induction at 30°C and fractionated using the PureFrac method into the asmap(C)
insoluble(l) and periplasmi¢P)fractions. A. Westerblots of PhoAHis,ErvlpcMyc, PBEMyc,Lacl and MBP
detected byanti-His, anti-cMyc, anti-Lacl and artfMBP antibodies respectivelpageRuler Plus Prestained
Protein Ladder (Life TechBoHA Sa 0 | yR al 3A Oal NJolrculab weightSmarke& Gufey 2 f
indicated in kilodalton (kDajhe figure is a composite image where the marker lanes reflects the approximate
position of the molecular weights.
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Hatahet et al. (201Gpund that purified PhoA was active in the cytoplasm of BL21(DE3) strain when

co-expressed with Ervlp only. The difference wiith present study could come from the-co
expression of isomerase PDI which could theoretically shuffle the DSB into-retimen
conformation explaining the absence of activity from the cytoplasmic-AlseoMoreover, when eo
expressing TogaPhoAHis wih Ervlp and Dsb®atos et al. (20149btained activeorotein but did

not specifically looked at the cytoplasmic activity. DsbC is an isomerade. frol{sectionl.4.1.1)
whereas PDI is a human isom®z. The different origin between these enzymes could explain the
still hypothetic shuffling issue. To test this hypothesis, the strain SHuffle was used since it expresse

cytoplasmic DsbC (sectitit.1.2 andTable2-1).
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Figure6-3: Activity of PhoA expressedHncoli

The samples collectedhigures-2 were also used to determéte the activity of PhoA. Briefly, an empty vector

(1) orHistaggedPhoA with no signal peptide (2) or fused to Osa(B), TorAr(4) or PaoAe(5) were expressed
without (-) or with CyDisCo (+) in the MC4100 WT anehilldtstrains. The cells were hasted after 4 h
induction at 30°C and fractionated using the PureFrac method into the cytoplasmic (C), insoluble (I) and
periplasmic (P) fractions. TRboAactivity assays were performed in triplicate and measured against a titration
curve using a commeedy availableE. coliderived PhoAas a standardThe background signals were
StAYAYF(GSR 08 &dzodaGNYOGAy3a GKS OGAGAGE @ dzS FNRO
The bars indicate the cytoplasmic (white), insoluble (grey) emplgsmic (black) fractions.
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6.3.2.The impact of CyDisCo on the disulphide bonds of alkaline phosphatase
In section6.3.1, the Tat export of PheKis was observed with the Tat signal peplideAsrand in
the preseme of the CyDisCo components Ervlip and PDI. However, disparities in PhoA activity
demonstrated in the cytoplasmic and periplasmic fract{btagahet et al., 2010, Matos et al., 2014)
suggest that CyDisCo is notgessible for the active state of these proteifis.test the origin of
the cytoplasmic actity of PhoAHis, the strain SHuffle was used since it expresses cytoplasmic DsbC
(sectionl.4.1.2 andTable2-3). The proteins locations were validated with the Lacl and MBP controls
as well as PE2IMyc and ErviggMyc located in their respective fractioisgure6-4).
Effective expressionf cytoplasmically targeted Phéhfis (no signal peptide) required-egpression
of either cytoplasmic Ervlp and PDI (CyDisCo) or DsbC (Sttydfies-4). The WT MC4100 strain
showed no soluble cytoplasmic PHaiA and only traces of insoluble protein. In all situations, no
meaningful PhoA activity was detectédglre6-5). Hence, neither CyDisCo nor cytoplasmic DsbC
appear to achieve the properties claimed for them.
The $c signal peptide of OmpA directs expressed PisAo the periplasm and the periplasmic
material has high leve(8.8-7.3 kU/L)of enzymatic activityHigure6-4, Figure6-5). These results
were expectedsince PhoA is a natural Sec substrate.afoli Moreover, the lower bands present
on antiHis do not correlate to the mature protein since Ompights 21 kDa, but are likely to be
truncation producs.
With TorAg noperiplasmic export of PhalAis was achieved in the WT cells without CyDIsGoré
6-4). However, caxpression of cytoplasmic DsbC or CyDisCo or DsbC and CyDisCo resulted i
detectable periplasmic PhdAis, withactivity being seen in all three situations. For the first time,
soluble cytoplasmic enzyme activity was detected in the SHuffle kiglse6-5), but it was not
established whether this was related to the premmator the mature forms of the protein. This
suggest that conferring activity in the cytoplasm is signal peptide dependent. To understand how the
presence of Tor&led to PhoAHis activity in the SHuffle strain without CyDisCo, a screen of signal

peptidesand TorApY dzil F Y1 a YAIKG aKSR fAIKG 2y GKS AYLN
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Figure6-4: Effect of the cytoplasmically expressed disulphide isomerase DsbClacetisatiorof PhoA

An empy vector (1) oHistagged PhoAvith no signal peptid€2) or fusedto Omp/Asr(3) orTorAse(4) were
expressedvithout (-) or with CyDisCo (i#)the MC4100 WT arffHufflestrains. The cells were harvested after

4 h induction at 30°C and fractionated usthg PureFrac method into the cytoplasnii@) insoluble(l) and
periplasmiqP)fractions. A. Westerblots of PhoAHis,PDicMyc, ErvlgMyc,Lacl and MBRere detected

by anti-His,anti-cMyc,anti-Lacl and artMBP antibodies respectively. Molecular gigimarkers are indicated

in kilodalton (kDa)The figure is a composite image where the marker lanes reflects the approximate position
of the molecular weights.
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Figure6-5: Effect of the cytoplasmicallxgressed disulphide isomerase DsbC on the activity of PhoA

The samples collectedhigure6-4 were also used to determinate the activity of PhoA. Briefly, an empty vector
(1) orHistaggedPhoA with no signal pege (2) or fused to OmpA(3) or TorAr(4) were expressed without

(-) or with CyDisCo (#) the MC4100 WT anB@Hufflestrains. The cells were harvested aftdr induction at

30°C and fractionated using the PureFrac method into the cytoplé&niasduble (I) and periplasmi¢P)
fractions. Thé’>hoAadivity assays were performed in triplicate and measured against a titration curve using a
commercidly availableE. coliderived PhoAas a standardThe background signals were eliminated by
subtracing KS | QG AGAGe @1 fdz2S FNRBY GKS SyYLWie ¢SkeibardDa
indicate the cytoplasmic (white), insoluble (grey) and periplasmic (black) fractions.

6.4. Superfolder green fluorescent protein

GFP is a widely used reporter protdure to its fluorescence activity which can be observed in living
cells for gene expressi¢Bhalfie et al., 1994)nd protein localisation studi¢Seilmeier et al., 2000)
GFP was first identifiedoim the jellyfishAequorea Victoriand its exceptional properties quickly
raised interes{Prasher et al., 1992This protein has a uniquebarrel structure which allows it to
emit a green light when excited at the appropriate wavelength (se2tm@.3). It has no DSB, is
monomeric and has a size of 26.9 kD&. lcoli GFP was reported &xpat via the Sec pathway but
remained inactive in the periplasm whereas the cytoplasmic protein was @etiimeier et al.,
2000) However, successful Tat export leading to active periplasmic GFP has been neportet

and optimized to up to 1.1 g/L of active protein purified from the periplasm after fermentation
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(Matos et al., 2012)urthermore, a GFP variant was created, named superfpieen fluorescent
protein (sfGFP), to improve the solubility of the recombinant partner in reporter fusions thanks to
six mutationgPedelacq et al., 2006)his sfGFP mutant was exported to the periplasm via the Sec
pathway(Aronson et al., 2011, Dinh and Bernhardt, 20dit)no report of Tat translocation has
been published. Howevethang etal. (201BS & ONRA 0 SR SIDRNS (& 12deE 2 LIKSyYy 2 Y
where the protein localised in the cytoplasm, periplasm, outer membrashexracellulamedium
without a signal peptide i&.coli(detailed in sectior1.3.4). The experiment was pursued here to
establish the reproducibility of the data and the suitability of the sfGFP as a rqpoitsn.

In a preliminary experiment to investigate whether sfGFP can be stably produced in our expressior
system, Higagged sfGFP were built with no signal peptide or in fusion with @ri@adAror TorAr

They were expressed in the MC4100 WT anehtifitstrains at 30°C, induced for 2 or 4 h at 30°C
They wereémmediately observed under a fluorescence microscope (se2ténandthesecells

were fractionated using the PureFrac method including the meatiidn.

sfGFFHis with no signal peptide, was observed in all cellular fractions including the periplasm
irrespective of strain, in support of published dd&#&y(re6-6) (Zhang et al., 2017Yhe exported
protein was found to be active whereas the cyésmic fraction was surprisingly not active for
reasons unknownHgure6-7). Fluorescence microscopy of induced cells at 2 h and 4 h showed no
distinctive features to differentiate between cytoplasmic and expat€dPHigure6-8). The aly
difference observed was morphological in relation to WT anehdlbstrains where Tatull was
observed in chains consistent with published data (se8ti@h When the signal peptid®©mpAp

or PaoArtargeting the respective Sec and Tat export pathways was fused até¢n@iNi of SfGFP

His, a similar result to sfGH® with no signal peptide was observed with respect to protein
localistion, activity and fluorescence as expected for Ogap#sFFHis(Dinh and Bernhardt, 2011,
Aronson et al., 2011)he exception is with OmgAwhere sfGHPlis was also found active in the
media fraction after 4hdowever, Lacl, a cytoplasmic host marker was also present in the periplasmic
and media fractions indicating cellular lysis. With Bat#e bands corresponding to the mature size

of sfGFMis in the periplasmic fractions are significantly less intertbe imatnull than in the WT
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strairs. Thisuggestshat these proteins were exported by Tat which allowed the signal peptides to
be processed. The bands corresponding to the premature size in the periplasmic fractions were mos
likely exported by the sameknown mechanism which treated the signal peptates version of
sfGFFHis. The same observation goes with OgapAere a band matching the size of the premature

proteins were located in the periplasmic fractions.
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Figure6-6: Westernblot analysis for the evaluation o sfGFP as a reporter

An empty vector (1) ddistaggedsfGFRvith no signal peptidéNo SP) (Qr fusedto OmpAr(3), PaoAr(4)

or TorAse(5) were expressed in the MC4100 WT andritdkstrains. The cells were harvested azeand 4h
induction at 30°C and fractionated using the PureFrac method into the cytoplé&Siniasoluble (1),
periplasmic(P) and media (Miractions. Westeriblots represent thedetection of PhoAHis,Lacl and MBP
using antiHis,anti-Lacl and ariMBP antibodies respectivelyhe arrows on the right indicate the mature
(black) and premature (grey) forms of the proteislecular weight markers are indicated in kilodalkba)

The figure is a composite image wh¢he marker lanes reflects the approximate position of the molecular
weights.
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Conversely with TogA a different behaviour was observed. sféGH® was not exported by the
unknown mechanism when fused to Tesgince no band matching the premature simes detected

in the periplasmic fraction§igure6-6, Table6-1). However, regarding the mature size bands, active
sfGFFHis was found in the periplasmic fraction of the WIE @nd a considerably lower amount of
protein was detected in the T-aull strain but appeared to be actiieigure6-6, Figure6-7). These
observations revealed that mostthe periplasmic proteins were exported via the Tat pathway but
the remaining exported proteins most likely came as cytoplasmic mature proteins through the
unknown mechanism. Moreover, the fluorescence was localised as discrete bodies around the
cellularperiphery and in particular, at the polésdqure6-8). Polar localisation of other Rargeted

GFP variants were reported before with a periplasmic distribution of the fluorescence but a stronger
signal at the ples(Santini et al., 2001, Ize et al., 2Q0R)e localisation of Tat substrates at the pole

of E. coliwas speculated to be due to the thicker periplasmic space at the cellBelethardt and

De Boer2003)or due to the polar localisation of the majority of the Tat translocase components

(Berthelmann and Bruser, 2004, Ray et al., 2005)

Table6-1: sfGFP proteisizes

Sizes before (premature) and after (mature) signal peptide cleavage of the sfGFP proteins exgfegsed in
6-6, Figure6-7 andFigure6-8.

Construct Size (kDa)
Number —— : ;
Signal peptide Gene Premature Mature
2 No SP sfGFFHis N/A 27.5
3 OmpAsp sfGFFHis 29.6 27.5
4 PaoAp sfGFFHis 33.2 27.5
5 TorAsp sfGFFHis 32.2 27.5

Pedelacq et al. (200@pserved a loss of GFP fluorescence due to the sonication used to lyse the
whole cells which could explain the abseatactivity in the cytoplasmic and insoluble fractions in

the present study since the fractionation method employed on the periplasttracted cells
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involved sonicatiorXppendix). Overall, sStGFP is not a vakahdidate to use as a reporter protein

as it was confirmed to export via an unknown mechanism which did not appear to involve Tat.
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Figure6-7: Activity analysis for the evaluatiohséGFP as a reporter

The activity assays were performed on the samples obtained as detaléguiie6-6 were in triplicate and
represented the relative fluorescence compared to the empty vector. The bars indicate the cytoplasmic
(white),insoluble (light grey), periplasmic (dark grey) and media (black) fractions.

6.5. Human growth hormone

hGH is a 24.9 kDa secreted protein possessing two DSB and is monomeric in solution but dimerize
upon binding to its receptdii, 1982, Walsh et al., 2003his protein was historically produced in

the cytoplasm oE. coli However, this method was limited by the accumulation of the difficult to
resolubilise inclusion bodies, a refolding step necessary to form $Beabdd the remaining-N
terminal methionine increased immunogenicity in patients treated with this horr{i®eeker and
Hsiung, 1986, Glasbrenner, 1986, Soares et al., 2003)ounter these issues, hGH was produced

in the periplasm of the bacteria where the DSB formed thanks to the Dsb pathway (&cfidl)

and hence, less inclusion bodies were obse(@dy et al., 19855ec export of hGH was reported

with OmpApto 10-15 mg/L(Becker and Hsiung, 1988)ore recently, translocation of this protein

was published via the Tat pathwayEincolivhen fused to Torés(Alanen et al., 2015)nterestingly,
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the authors demonstrated that hGH was translocated even without its DSB suggesting that the apo
protein adopted a neanative conformation accepted by the Tat proofreading mecha(iswley

et al., 1969, Youngman et al., 199%lanen et al. (201%Iso demonstrated that hGH acquired its
DSB in the periplasm after translocation but that the Tat transport eeshot impaired if the DSB
were cytoplasmically formed. This protein is therefore an interesting candidate as a reporter protein

for Tat expression.
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Figure6-8: Microscopic observations Bf colexpresing sfGFP

An empty vector (1) diistagged sfGP with no signal peptide (2) or fused to O3}, Paor(4) or TorApe

(5) were expressed in the MC4100 WT anentdtstrains. The cells were harvested after 2 and 4 h induction
at 30°C and immediatelyserved under a fluorescence microscope with a f6@Dmagnification. The scale
bar is 4 pm.

To test its suitability, the gene coding for the hGH proigiri)(was cloned into pTTO without its
natural 26 bp mammalian signal peptide and withtar@inal His tag (able2-2). Variants were
then built to kear the Nterminal signal peptides Omg#or TorAr These three plasmids including

an empty vector as the negative control were expressed in MC4100 WT amdl Fatains, with
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and without CyDisCo. After 2 h induction at 30ablg2-3, condition 1), the cells were fractionated

according to the PureFrac protocol into the cytoplasmic, insoluble and periplasmic fra€iions (

6-9). Surprisingly, hGHis with no signal peptide was detected in the periplasm of all conditions with
an apparent higheemmountwith CyDisCo. This suggested the involvement of an unknown transport
mechanismsince no Nerminal export signal peptide was identified with the prediction software
SignalP(Nielsen, 20178 b2 LINB QA 2 dza NB LEBRIRZ NEE 6K 88 FreDik
phenomenon was not artefactual since the localisation of the Enfllp,LAcl and MBP controls
indicatedcorrectfractionation. Aparallelcan beY RS ¢ A (i ka SIKNS (A 2xié2 2 F &
6.4.) but no evidence so far suggested that both proteins were transported via teensachanism.
Thisdiscovery is worth investigating further to see if a protein of interest can be piggybacked into
the periplasm when fused to h@s but was outside the scope of this projéatrthermore, the
candidate protein appeared in the periplasriiactions in all tested conditions with OmpA
indicating Sec export was not influenced by CyDisCo. But with this signal peptide, fraction impurities
were observed where the periplasm was contaminated by the cytoplasmic PDI, Ervlp and Lac
proteins. Thedct that such crossontamination was not observed in any other condition led to the
conclusion that the expression of h@l$ with Omp&compromised the cell envelope which was
consequently more sensitive to the fractionation. The periplasmieHi&Eold hence come from

a compromised envelope, the unknown mechanism observed with the no signal peptide variant or
Sec export. With TogA hGHHis were detected in the periplasmic fractions of the WT but not the
Tatnull strains irrespective of CyDisCo aomfig that hGKHis can belatdependentlyexported

even when the DSB are not formed prior to translocation Overal§p€atfic export was proven
thanks to Tord& making this protein a suitable reporter protein for Tat export and promising

transport altenative to control with no signal peptide.
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Figure6-9: Tatindependent and dependent exports of human growth hormone

An empty vector (1) didistaggedhGHwith no signal peptid€2) or fusedto OmpAr(3) a TorAse(4) were
expressed in the MC4100 WT and-iiall strains. The cells were harvested aflér induction at 30°C and
fractionated using the PureFrac method into the cytoplag@jdnsoluble(l), periplasmidP) and media (M)
fractions. The Westerhlots represents the detection diGHHiIs,Lacl and MBP using a#tis,anti-Lacl and
anti-MBP antibodies respectivelf\?ageRuler Plus Prestained Protein Ladder (Life Technologies) and
alI3AO0al Nlu Oo[AFS ¢SOKy2ft 23ASa0in kadatbrOkea)FheSigar§is & K
composite image where the marker lanes reflects the approximate position of the molecular weights.

6.6. Conclusion on valid reporter proteins

Out of the four proteins tested, only two came out as valid reporter proteirg\ Rlas exported
specifically via Tat using when fused to the signal peptide of TorA and found active in the periplasn
but onlywhen coeexpressed with CyDisCo. It appeared that the homodimer form of PhoA was not

an issue for translocation and PhoA wassderedto be exportedviaTat as a monomer since all
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periplasmic PhoA appeared to be leaderless. The second valid candidate was hGH which has shov
Tatdependantexport with TorAes Interest was also raised from a different feature: hGH was
observed to expid without the need fora signal peptide. Both characteristics made this protein an
interesting candidate for periplasmic secretion. On the other hagdjactosidase and sfGFP were
also considered but not selected. The former showed no evidence of exfioeny of the tested

signal peptides. In the case of the Tat pathwagalactosidase was believed to assemble into a
multimeric structure prior to reaching the translocase. However, including the signal peptide of
alkaline phosphatase D fraBacillus sbtilisin this screen would have led to a more complete set of
data since it was reported to allow export efalactosidase in this strain Kia et al. (201@ndRen

et al. (2016) The sfGFP protein demonstratedad-3pecific export profile with the Tag#but only

at a specific harvest time. This protein, similarly to hGH, presented periplasmic export even without
a signal peptide and evidence suggested that sfGFP fused tosfempdAPaocss was partially
exported hdependently to the Sec and Tat pathway respectively. Moreover, this protein has already
been assessed to carry proteins of interest across the inner membr&nea{zZhang et al., 2017)

To summarize, PhoA and hGH were selected to use as reporter protein in the fusion strategy.
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7. EVALUATNDOF NOMITS PROTESMS CARRIER TOIFALTE

TAT EXPORT
7.1.Modifying the strategy by using PhoA and hGH as soluble carrier

proteins

The original hypothesis was to investigate whether an NTS could be used as a fusion partner t
facilitate the correct foldingnd subsequent export of at€rminally linked reporter or recombinant
protein into the periplasm via the Tat pathway (ChaB}eAs described in Chaptrthe fiveinitial

NTS candidates selected for study were either poorly expressed and/or could not be exported into
the periplasm via Tat when linked to their own signal. Furthermore, strain selection, optimisation of
growth conditions, cofactoaddition coexpresfon of partners/chaperone, expression vector and
induction level did not improve export efficiency of the NTS in the case of PaoA (Set}iand
thereby highlighted that this process is low throughput, tirmescming and does not guarantee
success. Successful Tat export of PaoA was repottddhet et al., 2010, Matos et al., 20b4i

this published data was found to be not reproducible in the present study degplteirg several
avenues for optimisation. The remaining NT&.afolimentioned inAppendixl, did not pass the
selection criteria. Gathering the fundamental information necessary to export these NTS via Tat vig
informative deductions and technical evidence would require more time than allocated for this
project.

On the other hand, experiments to select potential reporter proteins identified two proteins, PhoA
and hGH that both presented properties that would divertently be considered as good
characteristics of a potential soluble partner (Chap}eiThus, the initial hypothesis was modified

to utilize these reporter proteins as the soluble partner instead of an B&ES.PhoA and hGH
proteins are relatively small (4%and 24.9 kDa respectively), allowing the fusion of a broad range of
recombinant protein of varying size with limits for export. Moreover, both were specifically exported

as soluble proteins via Tat thento the Tordrand in the case of PhoA, also as active proteins.
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Indeed, PhoA and hGH were detected in uncontaminated periplasmic fractions in WT strain when
fused to TorAewhile no export was observed in the -hail strain (sectio.3. and6.5.).

Thus, design strategy was revised to export proteins of interest in fusion with PhoA or hGH as the
soluble partner bearing the signal peptide of TorA. First, the validaleble partners were fused

to one another (hGH¥PhoA and PheAGH) as positive contrdis test whether the independently
exported proteins can be translocated as a fusion as well as the fusion desigmhieelfrelevant
proteins of interesfrom UCBCelltechwere applied: the human fatty acid binding protein 4 (FABP4)

and two cameliederived single domain VHH antibodies.

7.2.Evaluation of the fusion strategy

7.2.1.Design of the fusion proteins
The ability of PhoA (with CyDisCo) and hGH to be exported bg Tatealed by the lack of export
with the Tatnull strain, indicated their capability to fold in the cytoplasm in a state accepted by the
Tat proofreading mechanism (Chap®&r Preliminaryexperiments were perfomed to evaluate
whether these proteins could be exported when fused to one another as a control for the new fusion
strategy. However, although PhoA was found to strictly require a signal peptide for export, hGH
export is complicated by the observationttitavas also translocated without a leader sequence by
an unknown mechanisrselected recombinant proteins were then used with hGH and PhoA as the
soluble carrier to test Tat export of these fusiofise design of the fusion constructs can be found

in Figure7-1.

7.2.2.Export capability of PhoA using hGH as a soluble partner
The first fusion construct expressed was PhoA fused to hGH as the carrier protein as described i
Figurer-1, part 1. Ideally, the PheldGH fusionKigurer-1, part 2) would also be expressed in parallel
along with hGHHis and PhoAlis alone to validate export of the fusion partners individually.
Unfortunately, the number adamples exceeded the maximum which can be handled in one run.

Therefore, the fusions were expressed in separate experiments with their respetgnrairil
114



Chapter 7¢ Fusions

protein as export control. In this section, hBhbA and PhoHBis with no signal peptide or fused
with OmpAror TorApwere expressed in MC4100 WT, with and without CyDisCo, at 30°C and
induced for 2 h at the same temperatur€able 2-3, condition 1). The harvested cells were
fractionated using the PureFrac thed into cytoplasmic, insoluble and periplasmic fractions and
analysed by reducing SBPBGE and immunological detected with relevant antibodies. The shifts in
the band sizes between in conditions 2, 3 arfeigufer-2) are due to the theorical molecular weight
sizes of the protein with no signal peptide, Omi2.1 kDa) and TogA(4.2 kDa) respectively
(Appendix7). With respect to detection of the exported proteins waifti-His and antFLAG, the
pre-mature and mature proteins are indicated where possible. The latter indicates cleavage of the
signal peptide by presumably the inmeembrane located signal peptidase, LepB. The presence of
truncated species with both signaéptides in the cytoplasmic and periplasmic fractions is also

notable in this data and will be discussed in sectibn

1 S - FLAG V' FL PhoA His
A SP PhoA FLAG V' FL hGH His
3 SP - FLAG V' FL FABP4 His

0 FLAG V' FL FABP4 His
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oA FLAG V' FL VHR1 His
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FLAG V' FL VHH2 His
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Figure7-1: Design of the fusion consatts following the new hypothesis

The constructs were designed fromiéminal to Gterminal as follows: signal peptide (SP), either hGH or PhoA
as soluble carrier protein, FLAG tag, TEV cleavage site, short flexible linker (FL), recombinant prosein and H
tag. The recombinant proteins tested were either PhoA, hGH, FABP4, VHH1 or VHH2.

The localisationRjgure7-2, panel A) and activity of Phé#ls Figure7-3, panel A) wee consistent

with previous PhoAlis data as reported in secti6r8.1 Briefly, PhoAdis with no signal peptide was
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degraded without CyDisCo whereas it was stabilized in the presence of CyIgis€a-2, panel A,

His, 2) although inactivé-igure7-3, panel A), presumably through incorrect DSB formation. The
protein localisation was validated since the Ervlp, PDI, Lacl anaddviB® proteins were all
detected in their respective fraction&gpendi®).

Effective expression and translocation of Rihig\was achieved in fusion to Orgp@igure7-2,

panel A, 3) suggesting that the signal peptide improved the expression of this protein. Sidgled,

et al. (2013demonstrated that signal peptides modulate the stability of recombinant proteins in a
sequencedependent manner. Moreover, the SecB chaperone binds to the signal peptideeand th
emerging polypeptide from the ribosome (sectidrB.1.2). Thus, this chaperone prevents
conformational changes through its antifolding actigityang et al., 201&nd ultimately leads to

its rapid expdrvia Sec. In addition, chaperones such as GroEL, DnaK and trigger factor (TF), wer
reported to be recruited by SecB and involved in OmpA preprotein processing by direct interaction
thus contributingo the antifolding activity and targeg ofthe prepiotein to the inner membrane
(CastanigCornet et al., 2014PDmpAsPhoAHis was exported irrespective of CyDisCo and was active
in the periplasmKigure7-2, panel A, 3Figure7-3, 3). As PhoA is a natural Sec substrate. abli

all soluble proteins were expected to be exported and here, the presence of cytoplasmic proteins
suggests that the Sec pathway is saturated presumabklyadaverexpression of this proteiAhoA
activity was only detected in the periplasmic fractions, indicating correct folding of the protein
exported via the Sec pathwdayigure7-3, panel B, B

With TorAg PhoAHis was exported only when-egpressed with CyDisCo and was also active in the
periplasm Eigure7-2, panel A, His, 4 akdgure7-3, panel A, 4-Howeverthis protein wa not active

in the cytoplasmic fractioand suggests that PhoA was exported via Tat in a folded buhaiive
stateand acquired its native conformation in the periplasm (detailed in segtBnThis strongy
suggests that CyDisCo did not form cytoplasmic DSBs or that they were inadiviostate.

With respect to the hGIFPhoA fusion protein, without a signal peptide, this proteas detected in

the periplasm by both antiis and antFLAGKigure7-2, panel B, His and FLAG, 2). This was not

wholly unexpected as previously it was shown that without a signal peptide, hGH was carried acros:
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the inner membrane by an unknown mechanism (sedi®r). The protein was translocated into
the periplasm irrespective of CyDisCo, although CyDisCo did improveexyeatiorand amplify
export Figure7-2, panel B, His, 2). The marker proseiracl and MBP were detected in their
respective fractions validating fraction puriyppendidg). Moreover, PhoA, in thet€rminal region

of the fusion, presented no activity in any fractibig(re7-3, panel B). This suggests that although

the fulHlength fusion protein adopted a stable conformation, this was not native for PhoA.
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Figure7-2: Localisation of hGH fusiongwPhoA as the protein of interest

Histagged PhoA or the fusion h&#ioA with no signal peptide (2) or fused with Osaf3) or TorAr(4) as

well as an empty vector (1) were expressed with (+) and withaDyDisCo in the MC4100 WT strain. The cells
were harvested after 2h induction at 30°C and fractionated using the PureFrac method into the cytoplasmic
(C), insoluble (1) and periplasmic (P) fractions. The Weslaishrepresent the detection of Hiagged and
FLA@&agged proteins using adtis and ati-FLAG antibodies respectively. Arrows indicate the bands of
premature (orange) and mature proteins (blue) when corresponding to the theoretical molecular weight size
(Appendix7). Green arrows indicate fuéingth protein where the presence of the absence of the signal
peptide is not discernibfe t A Swdzf SNJ t f dza t NBadl AySR t NEGSAY [ I}
Technologies) molecular weight markers are indicated in kilodalton (Ki¥afigure isa composite image

where the marker lanes reflects the approximate position of the molecular weights.

117



Chapter 7¢ Fusions

With fusion to the Sec signal peptide of OmpA, {RBbBIA was detected in all fractions with both
anti-His and antFLAG, indicating export irrespectiveCyDisCoHigure7-2, panel B, 3). Though as
the leaderless variant diiis protein was shown to export via an unknown mechanismliitfisult

to confirm whether export was solely via Sedeed, identifying exgted premature and mature
proteins is challenging due to the presence of truncated species and the large size of the fusion
(Figure7-2, panel B, 3Appendix7). Interestirgly, the periplasmic proteins showed some PhoA
activity Figure7-3, panel B, 3) although the levels were significantly lower1( fold) compared

to the corresponding independently expressed RH@A controls. bwever, due to a range of
truncated species detected by afflLAG in the periplasmic fraction, it is difficult to confirm whether
PhoA activity can be attributed to correctly foldedftigth proteins, or to truncated species that
contain an intact PhofFigure7-2, panel B, 3). The presence of periplasmic preproteins suggest
cytoplasmic crossontamination, however this is unlikely as the control proteins Lacl and MBP were
only found in their natural locationalthough Ervip and PDI were ndppendixg). The periplasmic
localisation of the CyDisCo components whemqoessed with an Omp#ecombinant protein

has been a recurring and consistent observation throughasistindyand will be discussed further

in sectior9.4. (Appendid).

In contrast, expression of this fusion with Tgiéd to the periplasmic localisation of fldhgth
protein when ceexpressed with CyDisCeiqure7-2, panel B, 4Appendix7). Due to the close
molecular weights of pré87.9 kDa) and mature (84.7 kDa) proteins, it icdiffto ascertain the
quality of the periplasmic band&gpendix7). Whilst in the cytoplasm, the truncated products are
indicative of a lower stability, and only the 4alhgth protein is exported. However, altlgiuthe

latter appears to be stable and fully intact, it is completely inactive, indicating -aativa
conformation Figure7-3, panel B, 4). Without CyDisCo, thelkiigth protein was detected in the
periplasmé and, interestingly, also in the cytoplasmic fractiigyre7-2, panel B, 4). The absence

of truncated species in the cytoplasm contrasts starkly witxpoession of this fusion with CyDisCo.
This suggests tih#he presence of these chaperones resulted in the reiteration of many and often

unstable conformations, destined presumably for proteolytic cleavage. However, all proteins were
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also inactive and point to nemative conformationsHigure7-4, panel B, 4). To confirm whether the
pathway used during this translocation event was Tat or the same unknown pathway as with the
leaderless version, a test could be conducted comparing export in the WT versusitiod] $ains.

The amount of periplasmic proteins was higher with Osegginpared to no signal peptide or with
TorAspsuggesting that the Sec pathway contributed to high level export of the Sec signal peptide

fusion proteins.
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Figure7-3: PhoA activity of hGH fusions with PhoA as the protein of interest

The PhoA activity assays were performed in triplicate and measured against a titration curve using a
commercial enzyme. The background signals were eliminated bacirmrthe activity value from the empty
@SOG2NRa FNIOGA2ya G2 SI OK 02 NNBPaddfysiBns (panel BNareO G A
represented as no signal peptide (2), fused with Csn(8) or with TorAe(4), and with (+) and without)(
CyDi€o. The bars indicate the cytoplasmic (white), insoluble (grey) and periplasmic (black) fractions.

7.2.3.Export capability of hGH using PhoA as a soluble partner
A similar set of constructs were built and expressed using hGH as the protein of interest and Pho/
as the soluble partnefF{gure7-1, part 2). In this case, the aim was to test the export of hGH carried
by PhoA. The localisation and PhoA activity results are represerfegune7-4 and Figure7-5
respectively. The localisation profile of R8id which was used as a contféiglre7-4, Panel A,

His), was identical to previous data obtaire sectior6.5. Briefly, hGHHis showed minimal traces
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27 (KSEdR&iiz TSI (dz2NB aadexpéitedyaz higher Hefdlwith Obddpaiid A R S

TorAspin whatappears to be the premature for(Appendix?). The marker proteins were all located
in their expected fractions justifying the purity of the isolated compartments except for the

periplasmidocalised CyDisCo proteins which has been observed previously.
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Figure7-4: Localisation of PhoA fusions with hGH as the protein of interest

Histagged hGH or the fusion Phtd&H with no signal peptide (2) or fused with Os#§3) or TorAr(4) as

well as an empty vectdt) were expressed with (+) and withoQtQyDisCo in the MC4100 WT strain. The cells
were harvested after 2h induction at 30°C and fractionated using the PureFrac method into the cytoplasmic
(C) insoluble(l) and periplasmi¢P) fractionsThe Westerrblots representthe detection of Hidagged and
FLA@agged proteins using adtis and antFLAGantibodies respectivelyArrows indicate the bands of
premature (orange) and mature proteins (blue) when corresponding to the theoretical molecular weight size
(Appendix7). Green arrows indicate fuéngth proteinwhere the presence of the absence of the signal
peptide is not discernibfe t A Swdzf SNJ t f dz& t NBaldlIAySR t NEUGSAY [ I F
Technologies) molecular weight markers are indicated in kilodalton (Kixafigure is a composite image
where the marker lanes reflects the approximate position of the molecular weights.

With respect to the PheAGH fusion, with no signal peptide, ngest was detected, and soluble

proteins were only detected in the cytoplasm with s and antFLAGKigure7-4, Panel B, 3).
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The PhoA component of these fusions was found to be inactive irrespective of Q¥Qised-5,

panel B, 2).

With fusion to Omp#; the fulllength fusion protein was found in the cytoplasm and periplasm
(Figure7-4, panel 2, His, 3) irrespective of G@. This was detected by ardis and antFLAG,
although detection by anttLAG, highlights major truncated species and therefore fusion instability
(Figure7-4, panel B, 3). As fuéingth protein Appendix7) was observed with antlis Figure7-4,

Panel B, His, 3), it appears that the fusion was truncated at multiple positions after the FLAG tag. I
terms of activity, the proteiwas active in the periplasmic but not in the cytoplasmic fractiigsie

7-5, panel B, 3). This indicates that a native conformation was achieved in the periplasm, presumabl
thanks to the Dsb pathway (sectibr8.1), but in the cytoplasm, most of the h@&@HoA conforms to

a stable but nomative conformation facilitated by the -@xpression of CyDisCo. However, since
PhoAcontaining truncated products are present i theriplasm, it is not possible at this stage to
determine whether the activity originates from fldhgth protein. Similar to exported h&hoA
(section7.2.2), it was difficult to confirm whether the periphaig fraction contained premature
and/or mature protein due to a size difference of only 2.1 ppéndix7). PDI, a member of
CyDisCo, was also detected in the periplasmic fractippendix8) as observed previously with
OmpArhGH and Omp&hGHPhOoA (sectiory.2.2). Cell lysis was ruled out since Lacl was not
detected in the periplasm. This support the idea that the combinaifo®mpAp fusions with
CyDisCo correlates with specific export of at least one of the CyDisCo components by a means y
unknown.

In contrast, Toréedid not allow export of the PhaAGH fusionAppendix?) irrespecive of CyDisCo
(Figure7-4, panel B, His, 4). The cytoplasmic proteins were both detected -fen§ilh and also
truncated downstream of the FLA&) but were found to be inactiv&igure7-5, panel B, 4). This
indicates that although these fusions have achieved a stable conformation in the cytoplasm, they are
not native for activity nor can bypass the proofreading ability of Tat. Furthermore, this suggests that
either PhoAhGH or both are not folded to the same conformation as their independently expressed

counterparts (sectioB.3. and6.5.).
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Figure7-5: PhoA activity of fusions with hGH as the protein of interest

The PhoA activity assays were performed in triplicate and measured against a titration curve using a
commercial enzyme. The background signals were eliminated by subtrhetimcfivity value from the empty
GSOG2NRa FTNIOGA2ya (2 ShcHKsoosamIpdstity R hosgnafpetide @) 2
fused with Ompé&e(3) or with TorAe(4), and with (+) and withow) (CyDisCo. The bars indicate the cytoplasmic
(white), insoluble (grey) and periplasmic (black) fractions.

7.3. Fusions with the fatty acid binding protein 4

The fatty acid binding protein 4 (FABP4), also known as aPZFa®PA is a human protein localised

in the nucleugCao et al., 2013)t possesses no D$Bas a native size of 14.7 kDa and is monomeric.
This protein is a chaperone involved in many immunometabolic diseases by reversibly binding tc
specific lipids and thus a therapeutic targe{Burak et al., 2015, Miao et al., 2015, Gonzéalez and
Fisher, 2015)Soluble FABP4 was successfully expresdeauge in the cytoplasm &. colito the

decent yields of 50-100 mg/L in shake flasks (D. McMillan, unpublished data). This protein is
therefore not in need for an alternative way of production but was selected to evaluate Tat export
as itreadilyfolds correctly in the cytoplasm. FABP4 alone as well as fugibnsGH (hGHFLAG
FABP4is) or PhoA (PheRLAGABP4His) were cloned with no signal peptide, Oryafrd TorAe
(Table2-2). The plasmids containing these genes waresformed along with an empty vector t;m

the MC4100 WT straend protein expressed followin@ainductionat 30°C Table2-3, condition
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1). The harvested cells were fractionated into the cytoplasmic, insoluble and periplasmic fractions
according to he PureFrac method. The localisation and PhoA activity results are represented in
Figure7-6/ AppendiX@ andFigure7-7 respectively

When FABP4 was expressed alone and without a signal peptide, stabled-HisABBRE detected in

the cytoplasmic and, unexpectediythe periplasmic fractions irrespective of CyDigtgu¢e7-6,

panel A, 2). Sitair to sSfGFP and hGH (secti@% and6.5.), this indicates export via an unknown
mechanism(s). The reliability of this data can be justified by theNRE2| ErvlgMyc, Lacl and MBP
controls which confirmed the fractions puritgppendix9). Analysis of the drminal protein
sequence of FABP4 by the prediction software SignalP failed to identify a coiSsettilazl signal
peptide motif(Nielsen, 2017agalthough it is naturally secreted by adipocytes to control liver glucose
metabolism via a nonlassical pathwafCao et al., 2018 C! . t n -Bakel Stdt@re With |
sfG=P AppendixL0) which could be linked to a common unknown transport mechanism. However,
hGH, which also presart evidence of noftlassical export (sectioss. and7.2.3), has a helix
bundle structure Figure9-1), suggesting that there might be more than one unknown pathway. It
would be interesting to investigate whether the tertiatyusture of the substrate plays a role in
determining export by this unknown pathway, as eluded t@hmng et al. (2017).astly, CyDisCo

had no effect on protein localisatiofthe leaderless FABP4, but this is not unexpected since FABP4
His does not contain any DSBhoughimproved expression was evident

FABP4 is exported without a signal peptuaie therefore subsequentnterpretation of the data
whenthis protein idused to a signal peptide might be challenging. Indeed, with @apdwithout
CyDisCo, this protein wpgesent in the periplasm but in the premature forliglre7-6, panel A,

His, 3, orange arrowAppendix7). The fractionation controls confirm that this result is not due to
cross contamination artefactdpendix9). A prerequisite for Sec export of periplasmic proteins is
the cleavage of the signal peptide by LepB prior to release into the periplasm (&tdn_epB

is an essential endopeptidase and therefore reports of afmoctional or attenuated enzyme has
never been published. It can be argued that those polypeptides that exit the Sec translocon pore,

but bear uncleaved signal pides, will presumably remain tethered to the plasma membrane and
123



Chapter 7¢ Fusions

consequently be detected in the insoluble fractidherefore, this datsuggestghat the export
occurred via an unknown mechanism where the premature protein does not interact withdrepB n

is the result of the Sec pathwdyis not known if this is the same pathway used by QatpdH

PhoA Figure7-2, panel A, 3), although there is strong correlatigth the latter whichwas also
exported and rkeased into the periplasm with an intact leader sequence. Indeed, the lower band
detected in the periplasm does not correspond to the theoretical molecular weight size of the
mature protein but is rather considered a proteolyticalgaved productAppendix7).

With CyDisCo however, the absence of export of Qeip¥BP4 Higure7-6, panel A, 3) was
unexpected with respect to export profiles of leaderless FABP4 which watedxpespective of
CyDisCo. Although FABP4 does not possess any DSBs, it does have two free cysteine residi
(Gonzélez and Fisher, 20Hs)indicated in magent Appendix10. These residues are internally
located within the -barrel structure of FABPa#hd presumably are inaccessibleGgDisCmnce
FABP4 isorrectly folded. As FABP4 was exported without a leaddryith TorApin the presence

of CyDisCdHgure7-6, panel A, 4), is clear that a unique interaction between CyDisCo and the Sec
targeted FABP4 has occurred. It is therefore possible that SecB recruitment by-@aiay&olding

of the nascent polypeptide and this allows CyDisCo to force a DSB bond. The resulinghbyes
unstable and nomatively folded proteins are subsequently unsuitable for either export pathway
and are either degraded or aggregated. The lack of any stable protein in the cytoplasmic fraction anc
presence of less aggregate in the insoluble prejmraompared to the profile without CyDisCo,
lends support to this possibility. Further confirmation with cysteine mutants of FABP4 may elucidate
the validity of this theory.

Lastly, with Tords export of FABP4 was comparable irrespective of CyBig@re(-6, panel A, His,

4) and suggests that Taor the nascent polypeptidmteracts with CyDisCdt is possible that

these polypeptides fold rapidly similar to FABP4 expressed without a signal peptidefared be
CyDisCo can interadthe exported proteins correlate to the theoretical molecular weight size of the
mature form Appendix7) thereby suggesting that thisgpecificallyTat export. It is less likely that

export is due to the unknown mechanism utilised by the leaderless FABP4 since it is suspected to no
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trigger signal peptide cleavage. However, to prove that this is exclusivepyetiic export, further

confirmation is needed using the Tratll strain.
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Figure7-6: Localisation of fusions with FABP4 as protein of interest

Histagged FABPHIs, the fusion hGHABP4His or the fusion PheBRABP4His with no signal peptide (2) or

fused with Ompée(3) or TorAr(4) as well as an empty vector (1) were expressed with (+) and without (
CyDisCo in the MC4100 WT strain. The cells were harvested after 2h induction at 30°C and fractionated usin
the PureFrac method into the cytoplasmic (C), insoluble (I) and periplé@)rfractions. The Westebiots
represent the detection of Himgged and FLAtagged proteins using artlis and antFLAG antibodies
respectively. Arrows indicate the bands of premature (orange) and mature proteins (blue) when corresponding
to the theoretical molecular weight siz&gpendix7). Green arrows indicate fudngth proteinwhere the
presence of the absence of the signal peptide is not discerma@gEeRuler Plus Prestained Protein Ladder (Life
Tecly2f 23ASa0 FyR al3AOalNlu o6[AFS ¢SOKy2ft23ASa0 Yz
The figure is a composite image where the marker lanes reflects the approximate position of the molecular
weights.

With regards to the FABRis fusedo hGH as the soluble partner, the fusion protein was observed

in all periplasmic fractions irrespective of a signal peptide or CyDisCo. hGH was able to carry C
terminallyfused FABP4 across the inner membrane without any signal pefitdeg/-6, panel 2,

His and FLAG, 2) similar to the hREtdA fusionKigure7-2, panel B, 2). It is also clear that whist

proteolyticallycleaved species were detected in both the cytapiasand the insoluble fractions

125



Chapter 7¢ Fusions

(Figure 6, panel B, 2), only figlhgth protein was exportedAppendix7). However, due to this
undefined export, the interpretation of data when the fusion is expressed with d piptale, is
challenging.

Indeed, the export mechanism of the translocated proteins observed with §ogmhot be easily
deduced Figure7-6, panel B, 3). This protein appears to bempegure, though it is diffult to assign

a mature form due to th@resence oproteolytically cleaved productBigure7-6, panel B, 3). This
further suggests that the fusion with Omp# unstable. However, as the localisation profiles ar
similar irrespective of CyDisQbis suggests that fusiasf FABP40 hGH preventsn interaction

with CyDisCo as observed previously with QwipABP4Kigure7-6, panel A, 3).
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Figure7-7: PhoA activity of fusions with FABP4 as protein of interest

PhoA activity assays were performed in triplicate and measured against a titration curve using a commercia
PhoA enzyme. The background signals were eliminated bsactig the activity value from the empty
B@SOG2NNa FNIXrOGA2ya (2 SHEABM fuSichdaxSépiekentddl as/md sighdlperidlel 2
(2), fused with Omp#(3) or with TorAe(4), and with (+) and without)(CyDisCo. The bars indicate the
cytoplasmic (white), insoluble (grey) and periplasmic (black) fractions.

With TorAg the exported proteins are mostly flghgth proteins and correspond to the theoretical
molecular size of the mature proteinBiqure7-6, panel B, 4Appendix7). However, proteins
corresponding to the both premature and mature forms were detected in the cytoplasm. It is unclear

if these are proteolyticalgleaved products by a nespecifc protease(s) or specifically cleaved at
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the signal peptide, a reaction that can be driven by TatC in the absence of TatB {s&@idh It

is therefore difficult to understand the role of the Tat pathwaselation to export of this fusion.
ConverselywhenFABP4sfused to PhoAthis productoehaved in a specific waywards the export
pathwayscompared to the hGIFABP4 fusiorWith regards to the leaderless and Onydhsed
proteins, the export and awity profilescorrelate withto the corresponding fusion where hGH was
used as the protein of interegtigure7-4 andFigure7-5, panel B, 2 and 3xxport of FABP4 withe¢
natural Sec substrate PhoA at thedkminus was not detected without a signal peptide, as expected
(Figure7-6, panel C, 2). Conversely, with Omypthe fusionwas comparably exported, irrespective

of CyDisCand demonstrably activia terms of PhoA activiffFigure7-6, panel C, 3 anBigure7-7,

3). It is not clear whether this protein is the mature or premature form duéhédr tsimilarity in
molecular weight sizénterestingly without CyDisCaxtivity ofsoluble PhoA was ondietectedin

the periplasmic fractions, presumably from translocated proteins via the Sec pathdaipeir
subsequent native folding in the periplasim contrast with CyDisCo, activity was also detected in
the cytoplasmic fraction, suggesting tlagportionof the preprotein is folded in the cytoplasm with
correct DSB formatiowithin the PhoA portionpresumably via CyDisQiis also notable thathe

fusion is significantly truncate#&igure7-6, FLAG, 4), and therefore the activity could be attributed
to a proportion of proteolytically cleaved products that bear an intact PhoA as well as-kivegn|
fusion.

With the Tat leader TogA the fusion protein showed export albeit minor, only with CyDisigare

7-6, panel C, 4). It is not known whether this form is the premature or mature due to their similar
predicted molecular weight sizeg\jpendix7). The periplasmic proteins presentedsignificant
PhoAactivity Figure7-7, 4)but is not unexpected based on the poor level of exgébA, the N
terminal soluble carrier of the fusion, was confirmed to be active mostly in the cytoplasmic and
insoluble fractions and only with CyDisEigire7-7, 3). This suggests that when the correct DSBs
of the carrier PhoA are formed, the fusion protein is accepted by the proofreading of Tat and
translocated. Wh CyDisCdyowever,the cytoplasmic proteins showed simiRinoAactivity with

the correspondingOmpAs cytoplasmic fusionsupporting the idea thatin this caseCyDisCo
127



Chapter 7¢ Fusions

enabled correct DSB formation. A test comparing export in WT amdilT atrains would conclude

on Tat contribution to this export.

In conclusion, FABP4 was shown to export without a leader sequence similar to hGH7Aet)ion

and sfGFP (sectidh4d 0 @ C! . t n | y Parrél Stidcure bdt K is NdBkndwn whether
these proteins are exported by the same unknown mechanism. sfGFP masstiably active as
indicated by its fluorescence (sect®d.) so it would be interesting to determine if exported FABP4

is also correctly foldeddowever, hisis not possible in thipresentwork due to thecomplicated
nature of these binding assays and the necessity for purified p@@&imzalez and Fisher, 201L5)
CdzNIi K S NI 2 NB = -§8dr3$2 Nili2Q isivifik{oz\BriflséAgipathway(s) responsible for
export when fused to hGH. There is strong correlation that exported proteins are premature in that
they still retain their signal peptides upon exit into the periplasm, particularly with ndfiAethe

this is a phenotype of the unknown export mechanism is unclear.

Conversely, with PhoA at thet&fminus, export of the fusion &Egnal peptide dependenPhoA

being a Sec substrate, is not exported without a Sec signal peptide. However, althougtvasxport
demonstrated with a signal peptide, the fusion was also deemed unstable or poorly exported with
the respective OmpA and TorA signal peptiHesvever, given that FABP4 awtxports as an intact
protein into the periplasm and providing that it is cotkefolded, the auteexportalso raises the

question of redundancy wittespect tothe fusion strategy

7.4.Fusions with single variable domain of camelid heavy chain antibodies

As well as the conventional immunoglobulin (IgG1 subclass) antibody sharedmatishcamelids

and sharks possess another unique type of antibody which is characterised by only a heavy chain ar
no light chain(Bever et al., 2016(Figure 7-8A). Theseheavychain only antibodies (HcAb) are
homodimers of the heavy chain and consist of a variable heavy domain linked directly to the Fc

region. The fragment crystallizable (Fc) region itself is classified as either a gamma 2 or gamma

128



Chapter 7¢ Fusions
subclass and thereforthese HcAbs are known as 1gG2 or 3 (IgG2/3), as illustrafégline7-8A.

Hence, they do not contain the CH1 constant region present in a human classical IgG antibody. Th
complementary domain region 3 (CDR3)}ttef variable heavy is also typically longer than the
corresponding region of a conventional IgG antin@#ywer et al., 2016 he variable domain itself

can be expressed independently and, in this case, is kro@VBlH or NanobodySteeland et al

2016) Since their discovery in 1991, interest in VHHSs has increased due to several features: thei
obvious small size enabling access to hidden viral epitopes, their stability, efficient produgtion in
colior yeast, tissue penetration competencgpid elimination by the kidneys and the possibility to
create bivalent antibodies or add an effector domain by fugitermsen and De Haard, 2007,
Wesolowski et al., 2009, de Marco, 2011, Muyldermans, 2013)s pssess one canonical DSB
linking framework (FW) 1 to FW3 which stabilizes the structure and is represent&diasigure

7-8B. But some llama germlines possess additional cysteines in the CDRs that areimmoived
canonical DSB formation. Indeed, a D8BreenCDR1 and CDR3%%$ or between two cysteine
residues in CDR3-& Figure7-8B) have been identifie@Nguyen et al., @1, lezzi et al., 2018)
These norcanonical DSBs are known to confer a higher thermal stgikgzawaOgawa et al.,

2016) VHHs are often expressed in the periplasi.afolihrough Sec since the canoniCB is
necessary for the stability and activity of the antibody fragréat et al., 2003, Akaza@Wgawa et

al., 2016, de Marco, 2015¥loreover, another type of antibody fragment, s@Agure7-8A), has

been reported to be exported by Tat wheneressed with CyDisCdlanen et al., 2015Here, a
variable heavy and a variable light domain derived fomgG antibody are connesd via a linker.

Since a VHH is a smaller but a similar class of antibody to a scFv, it raises the question whether th
molecule could also be exported via the Tat pathway. Furthermore, Tat export of VHH antibody
fragments has never been reported. Therefdesting Tat export of VHHSs is attractive due to the
interest of these molecules in the biopharmaceuticals indudaffey et al., 2016, Wang et al.,

2018, lezzi et al., 2018)
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Figure7-8: Origin and details of VHH antibody fragment

A. A typical representation of an immunoglobulin G (IgG) antibody (IgG1 subclass) and a camelid heavy cha
only antibody IcAR of the subclass IgG2 or IgG3 (IgG2/3) is preseritedgG1 is composed of two light and

two heavy chains. The light chain consists of a variable light (VL) region and a constant light (CL) region. Tt
heavy chain is composed of a variable heavy (VH), constant heavy (CH1) domains and a fragmentlerystallizat
(Fc) region. The Fc consists of a CH2 and CH3 domain. The camelid 19G2/3 is composed of 2 heavy cha
consisting of a VHH domain and an Fc region of subclass 2 or 3. The following antibody fragments can b
engineered from their respective parental IgGab antibody fragment (Fab), scFv and VHH. The variable
domain of the camelid antibody is called VHH single domain also known as Nanobody®. Disulphide bonds al
represented in orange. The approximate molecular weights are indicated underneath the arutiegp

Y2t SOdz# S& Ay (Aft2RItG2Yy 61500 . & {OKSYIGAO 2F |
(FW), complementary domain regions (CDR) and disulphide be&jisl{& canonical and roanonical DSBs

are represented by the respectipéain and dashed lines. The Figure was adapted flogidermans (2001)
andlezzi et al. (2018)

Two VHHs were selected for assessment basdtieospecific properties of the molecule. These
antibody fragments were originally selected by phage display panning where the VHHSs are displaye
on the surface of the phage astéminal fusions to the coat protein p{ledsgaard et al., 2018)

The Sec pathway d. coliis utilised to enable DSB formatioh the VHHby fusing the post
translational Sec signal peptideErivinia carotovorgectate lyasd® (PelBj (Solforoset al., 2012)

Thus, this ensures that only those VHHs that are correctly folded with DSB(s) and displayed in a

active conformation albeit in a fusion context, can be selected for binding to an antigen via panning.
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Table7-1: Biochemical characteristics of the two VHHs

VHH Length Size (kDa) DSB Charge atpH 7.0 Library of origin

VHH1 116 127 1 1.1 Naive
VHH2 119 12.9 2 -0.1 Immune

AAAAA

¢s2 1 1a 6SNB aSt SO0 ShBuseTsbt@eNng platformgX. ScokTiicke) K Q &
personal communication), based on specific features integral to each molecule as summarized ir
Table7-1. Although both VHHs have very similar molecular weight size, VHH1 possesses one DS
whilst VHH2 possesses two DSBs. The additional DSB of VHH2 is represei®dd Bigy&re7-8B

and is known to increase the rigidity and thus the stability of the préfdinzawaOgawa et al.,

2016) The alignment of primary sequences of these VHHSs reveals a 75 % similarity between the twt
antibody fragmentsAppendix11). Regarding the net charge, decreasing the surface charge to a
negative value was demonstrated to improve protein solub{lifyamer et al., 2012, Chan et al.,
2013) Therefore, VHH2 was predicted to be more stable than VHH1. Other discrepancies beyonc
this feature were investigateth terms of hydropathy and secondary structures to predict any
potential differences with regards to expdfigure7-9A revealed a globally similar hydropathy with

the highest discrepancies located around positRiand 55. Furthermore, the secondary structure
predictions indicate potential variances notably in the number and lengdtksléets which may

result in different spatial conformationkigure7-9B). Overall, the two VHHs would be ideal test
cases to investigate Tat export and the effect of CyDisCo.

To evaluate Tat export of these proteiand whether translocation can be improved by fusion,
expression vectors were designed to produce thaddiged VHHs alone as well agkninal fusions

to PhoA and hGH as depicted-igure7-1. Constructs werelened with either no signal peptide or
fused to Ompér or TorAg and with or without CyDisCdable 2-2). These plasmids were
transformed into MC4100 WT, cultured at 30°C and expression was induced for 2 h@aBEC

2-3, condition 1). The harvested cells were treated according to the PureFrac method to isolate the

cytoplasmic insoluble and periplasmic subcellular compartments. Subsequently, the proteins were
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separatedby reducing SDBAGE and detected by Westdniot. The localisation results of both

VHHs as well as the activity assays of PhoA are described in sédtibrand7.4.2

A —VHH1 ——VHH2

Score
o
(Wal
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Position

B vir [
v [ .-
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Figure7-9: Hydropathy scale and predicted secondary structures for both VHH amino acid sequences

A. The graph represented the hydropathy scale of the VHH1 (blue) and VHH2 (orange) sequences usin
ProtScale online analysis tool with the Kyte and Doolittle paqikade and Doolittle, 1982B. Alignment of

the secondary structure of the VHH1 and VHH2 predicted using the online too(A$He&Kuma, 2013Jhe
h-helixes are represented in orange, theheets in green and the coil in grey.

7.4.1.Expression of fusions with VHH1

When VHH1Hiswas expressed without a signal peptidey detectable proteinwas observed as
representedin Figure7-10 (panel A, His, 2)Thisdemonstrated that the protein was either not
expressed, expressed then degraded or exprebgsethe Hs tag was cleaved. Fusion to OrgpA
enabled comparable Sec export with respect to CyDisCo, where most ofefivot@in was
presumably translocated and processed to the mature fokppéndix7). However,a protein
corresponding to the predicted molecular weight of the mature protein was also observed in the
cytoplasm, irrggective of CyDisCo. Cragsmtamination was ruled out, as the periplasmic marker

MBP was not detected in any other fraction, although an insignificant amount of Lacl was found in
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the periplasmic fraction of theamplewithout CyDisCoAppendix12). However, this does not
account for level of VHH1 shown in the cytoplasmic fraction and is presumably proteolytic cleavage.
As VHH1 was not detected when expressed without a leader, the nature of this protein is unclear. It
is possible thiethrough the recruitment of Sec specifitaperones, the protein was able to fold and

stabilise Figure7-10, panel A, His, 3). It is apparémat CyDisCo has no effect on this localisation.

Panel A Panel B Panel C
Construct VHH1-His hGH-FLAG-VHH1-His PhoA-FLAG-VHH1-His
CyDisCo - + - + - +
Fracton kpa C | P C | P kbaC | P C | P kba C | P C | P
L205 L302
1 60
20 ==
L0, £303 —
2 o0
. [0 S
His | wiew 50 »20)
3 — -— i P _.—-
L2702 50 »2{0) — - -
4 - 60
———— D o
1
2
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3
A

Figure7-10: Localisation of fusions with VHH1 as protein of interest

Histagged VHH1, the fusion h&HHHHis or the fusion Phe¥XHH1His with no signal peptide (2) or fused

with OmpAke(3) or TorAr(4) as well as an emptyater (1) were expressed with (+) and withodtQyDisCo

in the MC4100 WT strain. The cells were harvested after 2h induction at 30°C and fractionated using the
PureFrac method into the cytoplasmic (C), insoluble () and periplasmic (P) fractions. Tdre-biast
represent the detection of Himgged and FLAtagged proteins using artlis and antFLAG antibodies
respectively. Arrows indicate the bands of premature (orange) and mature proteins (blue) when corresponding
to the theoretical molecular weiglsize Appendix7). Green arrows indicate fudngth proteinwhere the
presence of the absence of the signal peptide is not discerima@gEeRuler Plus Prestained Protein Ladder (Life

¢ SOKy2f 23ASau Lifeydehnaldgigs) miviedtulbidwaighiomarkers are indicated in kilodalton (kDa).
The figure is a composite image where the marker lanes reflects the approximate position of the molecular
weights.

With TorAg poor expression and export of VHH1 was obsdrvespective of CyDisCeigure’-10,

panel A, 4). This suggests that the protein cannot fold into a native conformation in the cytoplasm
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despite CyDisCdrifure7-10, parel A, His, 4). Indeed, VHHL1 instability is apparent as demonstrated
by the overall reduced level of expressed protein but also by the presence of a similarly
proteolytically cleaved species in the cytoplasm when compared to Mg/ crossontamination

was detected to indicate artefactual data, although interestingly, both CyDisCo proteinsMyelp

and PDtMyc, were detected in the periplasm with Orggafad TorApsfusions Appendixl2) These
unexpected sulzelldar localisations will be further discussed in secdidn

With regards to the hGH fusioAdpendix7) with no signal peptide, VHH1 was stable in the
cytoplasm and preseéad minimal export with some improvement whenexpressed with CyDisCo
(Figure7-10x LJ y St . X HOP ¢KA&a AYRAOIFIGSa (KIFG KDI X
lead PhoA and FABP4 but also, minim&HH1 into the periplasm. It appears as though CyDisCo
enhances expression of VHH1 including minimal export improvement. However, the exported
protein status, folded or unfolded, is still unknown. The localisation data was supported by the
absence of crescontamination Appendix2). However, neither OmpAnor TorApallowed export

of thefull-lengthfusion protein irrespective of CyDisCo, although the fusion withydagpeared to

be more unstable compared ta@Asp(Figurer-10, panel B, 3 and 4). Proteolytically cleaved species
were detected in all relevant fractions where the fusion was expressed wiRLak®@ but not with

the antiHis antibody. This indicates thdtet cleavage point(s) is within thete&€minal region
downstream from the FLAG tdgjdure7-1) and that the resulting products will likely bear an intact
hGH and signal peptide. The cytoplasmic profiles correlate thé& corresponding periplasmic
profiles, and further support that the truncated fusion proteins that still bear a signal peptide, are
exported thereafter. This highlights a weakness in the fusion design which is further discussed ir
section9.7.1

On the other hand, when using PhoA as the soluble par&kmyendix7), the fusion was highly
unstable when expressed without a signal peptide and degraded or proteolytically cleaved as
observedwith antitFLAGKigure7-10, panel C, 2). However, the protein was stabilised with @mpA
and poor export was observed with slight improvement with CyCis@loé€/-10, panel C, 3). Similar

to the hGH fusion, anrELAG detection revealed export of truncated species irrespective of CyDisCo
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which suggest that this is Sec export as well as highlighting fusion instalgjlitg{-10, panel C,

FLAG 2). Significant PhoA actigityBkU/L)was detected in the periplasmic fractiofsgure7-11,

3). However, due to the poor export of the fielhgth fusion and the presence of proteolytically
cleawed species which likely contains an intact Plfegu(e7-10, panel C, 3 anigure7-11, 3), itis

not clear if activity comes from the exported-athgth fusion.

With regards to Toré, no export of the fullength fusion was noted but CyDisCo significantly
increased the expression of the fidhgth and clipped products in the cytoplagfig@re7-10, panel

C, 4). Poor export @ proteolytically cleaved species was detected only withFA&iG and with
CyDisCo, suggesting that this likely contains an intact PhoA. PhoA was previously shown to export \
Tat (sectiory.2.2). Lack of Phodctivity in any fraction indicates that targeting the fusion to the Tat

pathway does not confer a native foldifgigure7-11, 4).

3500
= 3000
= 7500
=
S 2000
© 1500
(4]
< 1000
2
< 500 . :
0 i ———
B
S T
PhoA-FLAG-VHH1-His ‘

Figure7-11: PhoA activity ofuions with VHH1 as protein of interest

The PhoA activity assays were performed in triplicate and measured against a titration curve using a
commercial enzymé&.he background signals were eliminated by subtracting the activity value from the empty
@ S O (frachdnsito each corresponding fraction. PAGAH1 fusions are representedrassignal peptid€2),

fused with Ompé&e(3) orwith TorAsp(4), and with (+) and withow) (CyDisCda.he bars indicate the cytoplasmic
(white), insoluble (grey) and periplasniblack) fractions.

To sum up, expression of VHH1 without a signal peptide was unstable in the cytojtaswiimfit
fusing a signal peptide or a carrier protein to theeNninus of the VHH improved stability. Export

of the fullHength protein was wly observed with the signal peptide of OmpA, but this was poor. Due
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to the export of proteolytically cleaved species which likely contain an intact PhoA, it is unclear if the
exported fullength fusion is active. The presence of extensive truncatedespadicates that the

fusion design may need further optimisation.

7.4.2.Expression of fusions with VHH2

The export profile of the second antibody fragment, VHH2 (se€tibn revealed similarities but

also discreparies compared to VHHIdble7-1 and Figure7-9). Indeed, the lack of detected
proteins for VHHHis with no signal peptide irrespective of CyDisCo indicates that this ¥HH ha
expression and/or degradation issue(dtiroljust like VHHIRjgure7-12, panel A, His, 2). With the
posttranslational Sec signal peptide of OmpA and without CyDisCo, VHH2 was mostly located in th
insolubk fraction in a mature form, although proteolytic cleavage is also detdagpd€/-12, panel

A, His, 3Appendix?). This suggests that the preprotein was exported byasegprocessed by LepB,

but the mature form folded incorrectly in the periplasm resulting in the formation of periplasmic
inclusion bodies. This indicates that this VHH is unstable whilst VHH1 was stable in similar settings
With CyDisCo however, the ldsation and cleavage status of VHH2 appeared different from the no
CyDisCo profile, implying that these chaperones improved VHH2 exprésgioa7-12, panel A,

His, 3). Very poor export was observed, thoughwlais mostly premature whereas most of the
mature form was found in the insoluble fraction. As the CyDisCo chaperones enable folding which i
incompatible with Sec export, the insoluble mature proteins are likely to originate from Sec exported
protein whichaggregate in the periplasm due to incorrect folding. However, the mature form was
also discovered in the periplasm along with the cytoplasmic markers, PDI, Ervlp and Lacl, suggestil
cytoplasmic contaminatiolAppendix13). But,inner membranegpermeability was ruled out since

the periplasmic marker, MBP was not detected in the cytoplasm. This is, therefore, unclear if VHHZ
exhibited Sec targeted export or employed a similar export mechanism to PDI, Ervlp and Lacl
Periplasmic presence of PDI and Ervlp when expressing a protein fused te-@agpdbserved in

other cases and is further discussed in se®idrand9.7.1
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The data with Tordand without CyDisCo further confirm the instability of VHH2 but also indicates

that the stability conferred by Omp#s signal peptide dependent. CyDisCo marginally improved the
expression of the protein as premature and a protein corresponding to the pdiatkecular

weight size of the mature form were observed in both the cytoplasm and insoluble fraEtgure (

7-12, panel A, 4). Cross contamination was not deted@péndixL3) indicating that proteolysis is
responsible for the cytoplasmic cleaved product. Mature protein was present in the periplasmic
fraction though this indicates very poor export. Thus, VHH2 does not appear to fold correctly in any
of the different celllar environments presented in this study.

However, fusion to hGH as a soluble partner appears to improve expression of VHH2 as
demonstrated by improved detection of fidhgth proteins by both antilis and antFLAG
antibodies Figure7-12, panel B). Fulength hGHVHH2 was detected in the periplasm irrespective

of CyDisCo and without the need of a signal pepkigufe7-12, panel B, 2), in agreement with
previousdatal K i &K2g¢& KDI Q& &l dz2.2,7.%a8d72 NIiThis patbway ist i &
not understood, and it is still unown whether the exported proteins are folded or unfolded. This
translocation of VHH2 does not require DSB formation prior to export although, with CyDisCo,
improved protein expression was evident. When VHH2 alone was targeted to the Sec or Tat
pathwaysijt showed no expression despite CyDisCo. This therefore suggests that expression of VHH
was improved, possibly through its enhanced solubility, and further improved by CyDisCo.

When the fusion was expressed with either Ogp@id TorAs and without CyD3o,a mature

protein was present in the periplasm, suggesting Sec and Tat export respdeinely7(12, panel

B, 3 and 4). But, with CyDisCo, premature protein was also observed in the periplasm regardless ¢
the signal peptide. PDI and Ervlp were also detected in the periplasm, correlating with previous date
where these proteins are exported by an unspecified mechanism with an sPsnpéirate
(Appendixt3). Cross contamation was not a factor as demonstrated by the localisation profiles of
Lacl and MBP. WithorAss CyDisCappeared to significantly improve export though proteolytic

cleavage was also increas€ig(re7-12, pand B, 4).
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Figure7-12: Localisation of the fusions with VHH2 as protein of interest

FLAG

VHH2His (Higagged VHH2), the fusion h&tiH2His or the fusion Phe¥XHH2His with no signal peptide (2)

or fused with OmAsp(3) or TorAp(4) as well as an empty vector (1) were expressed with (+) and without (
CyDisCo in the MC4100 WT strain. The cells were harvested after 2h induction at 30°C and fractionated usin
the PureFrac method into the cytoplasmic (C), insel({ipland periplasmic (P) fractions. The Wesldots
represent the detection of Himgged and FLAtagged proteins using artlis and antFLAG antibodies
respectively. Arrows indicate the bands of premature (orange) and mature proteins (blue) whspamting

to the theoretical molecular weight sizAppendix7). Green arrows indicate fuéngth proteinwhere the
presence of the absence of the signal peptide is not discerfageRuler Plus Prestained Proteidder (Life
¢SOKy2t23A5480 FyR al3adalNlun 6[AFS ¢SOKy2f23A84a0

Using PhoA as a soluble partner, the expression of VHH2 was also improved as demonstrated by tt
presence of soluble protein in tloytoplasm and further enhanced by CyDidEgufe7-12, panel

C). With Omp#s export was observed irrespective of CyDisCo indicating Sec dxgare(-12,

panel C, 3and the PhoA domain of the fusion was found to be acEigufe7-13, 3). Multiple
truncated products were also present, and these profiles correlated between fragtignse-12,

panel C, 3). This suggests that either cleaved products with an intact PhoA and signal peptide wer
translocated, or the protein was cleaved following export, similar to the-Rhib#l fusion (section
7.4.1). Crossontamination with the cytoplasmic marker Lacl was evident and thereby needs to be

considered during interpretation of this datappendixL3).
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However, with Tord minimal export of the fulengthprotein was noted, only with CyDisEwre

7-12, panel C, 4). This result is expected as PhoA was shown to require CyDisCo for Tat translocati
(section6.3.1). Mostof the soluble protein was detected in the cytoplasm suggesting that most of
the fusions did not adopt a conformational status accepted by the proofreading ability of Tat, despite
CyDisCo. Indeed, this protein and also the exported fusion was not &iguee{-13, 4), in
agreement with previous data with respect to PhoA fusions (se6tn7.2, 7.3 and7.4.1).
However, with the latter, the activity could have been below detection level as a very low amount of
protein was exported. No cross contamination was detected confirming tigétyvalf this data
(AppendixL3).

To conclude, VHH2 is naturally unstable but stability was slightly increased when fused4eo©mpA
TorAsrand considerably improved when fused to hGH or PhoA. CyDisCo alselpadsipacted
stability resulting in improved protein yieldghough with hGH, the fusion adopts a more stable
conformation where most of the protein is fldhgth. Without a signal peptide, this fusion is
exported, thereby providing further support for anspecified mechanism for hGH export. With the
signal peptides, export of both premature and mature proteins complicates interpretation. However,
with the mounting support that resident proteins exported by the unknown mechanism still retain
the signal pptide, this suggests that the fusion is exported by both targeted and unknown pathways.
The use of the Tatull strain would at least lead to confirmation of Tat export. When VHH was fused
to PhoA, the Sec and Tat specificity was confirmed with minimatt@fghe fusion. Moreover, Sec
export, which handles unfolded polypeptide (sectioB.1), was unaffected by the presence of
CyDisCo. VHH2 was overall shown to be more stable as a fusion, particularly edi¢o RGH.

However, it is not known if these proteins are folding correctly or can actively bind their ligands.
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Figure7-13: PhoA activity of fusions with VHH2 as protein of interest

The samples origin wakescribed in thd=igure7-12 legend. The activity assays were performed in triplicate

and measured against a titration curve using a commercial enzyme. The background signals were eliminate
by subtracting the adt A i & @I £ dzS FNBY (KS SyLiie @SO0G2NRa FNI
indicate the cytoplasmic (white), insoluble (grey) and periplasmic (black) fractions.

7.5. Proteolytic clipping of the fusion proteins

During experiments as outlined in tlokapter, truncated species of the fusion proteins were a
common observation detected by both ahtis and antFLAG antibodies. When hGH, FABP4 and
VHH1 were expressed a fused soluble partner, they were observedlasgthi| corresponding to
their respective premature, and/or mature forms and thus, demonstrating their stability. The
exceptions are PhoA and VHH2 which both showed proteolytic cleavage. Indeed, presence of cleave
species was observed for both proteins by -ktidi, indicating that fkerminal degradation had
occurred Figure7-2 andFigure7-12, panel A, 3 and 4).

With regards to the fusions, truncated species were observed bidanttor hGHPhoA Figure7-2,
panel B, His), hGH FABP#(re7-6, panel B, His), PhaéABP4Kigure/-6, panel C, His), hG¥HHH2
(Figure7-12, panel B, His) and Ph&AH2 Figure7-12, panel C, His). This suggests that the fusion
design is not ideal for all recombinant proteins. These proteolytaigdjyed species were psent

in each fraction demonstrating that instability of the recombinant protein is not fraction dependent.
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Moreover, no truncated species were detected in the periplagm@antiHis when PhoA was used as

a soluble partner irrespective of CyDisCo, indicdktiagthis protein is more stable than hGH as a
carrier. For instance, only fidingth proteins were observed in the periplasmic fractions when
expressing PheBABP4 whereas proteolyticatlypped products were present when hGHBP4

was expressed-{gure7-6, panel B and C).

Furthermore, Nerminus degradation in the cytoplasm means loss of the signal peptide which would
prevent export. Hence, if classical translocation occurred, periplasmic truncation speres w
originally exported as fdingth and sustained degradation. For example, if the truncated species
observed by antiHis in the periplasmic fraction when expressing QsmipBHPhoA Figure7-2,

panel B, His, 3)ave been exported by Sec, they must have been translocated prietetonival
degradation. However, the nemlassical export mechanism(s), highlighted throughout this chapter,
could have transported the truncated species from the cytoplasm acrossre rimembrane.
Moreover, with antFLAG, the degradation patterns do not correlate with the patterns of truncated
species revealed by asiiiis. This suggests thatpaoportion of the truncation was -@rminally
cleaved from the FLAG tdgiqure7-1) especially for PheBGH Figure7-4, panel B), hGNMHH1 and
PhoAVHHL1 Figure7-10, panels B and C). By subtracting the size of the psotdimterest to the
full-length proteins Appendix7), the sizes of the truncated species revealed that degradation
occurred within both the protein of interest and the linker. Since these proteins expressed alone
were not cleaved, the fusion rendered them prone to degradation.

Finally, discounting the molecular weight size of hGH (22.3 kDa) or PhoA (47.3 kDa) from the full
length protein Appendix7) indicates that, in genalterms, degradation is likely to have occurred in
the soluble partner, with respect to asiis detection, whereas, with affiLAG detection, the
susceptible region is thet€minal protein and thénterconnecting linker region.

Overall, fusing these gteins togetherg except Phok created proteasesensitive sites present in

both the soluble partners, proteins of interest and linker. Therefore, the design of the fusion needs

to be optimised to reduce the truncation events and is further discusseldpter Q
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7.6. Conclusion on fusion proteins

To investigate whether expressing a recombinant protein as a fusion would improve its export by
Tat, hGH and PhoA were selected as the soluble partner (Chapter 6). To test this hypothesis, fiv
recombinant proteins ere selected: the soluble partner PhoA and hGH themselves, FABP4 and two
VHHs.Table 7-2 summarizes the export resulting from the different conditions tested. Data
confirmed that hGH is exported without the helpao§ignal peptide by an unknown mechanism.
Also, all proteins of interest whefused to the @erminus of hGH showed some unexpected degree

of export without a signal peptid@dble7-2). This is an interesting olygation and questions the
necessity for a classical export pathway. Although, questions regarding the understanding of this
pathway and whether the exported proteins are folded into their native conformations remain
unanswered. Hence, it makes it diffictdtinterpret data and attribute a role for the secretion
pathways when using this soluble partner. However, PhoA as a soluble partner happens to be more
specific with regards to export since no translocation was observed without a signal peptide. As
expeted with OmpAg all fusions exported albeit mostly poorly, irrespective of CyDisCo. VHHL1 is an
exception, as it appeared to be particularly unstable without CyDisCo. Wit dahA FABP4 and
VHH2 showed export, though poor, suggesting that the ottmeims were unfolded and were thus,
rejected by Tat proofreading mechanishalfle7-2). Overall, the fusion strategy did not improve Tat
export and this work confirmed that targeting to Sec secretion pathway, tise pralifically used
pathway for protein export ifE. coliwas generally more successful than Tat in terms of export.
Nevertheless, fusing a soluble partner improved the stability of the proteins of interest especially for
the VHH.

Protein stability was tén improved by fusion to signal peptides and also bgxpoessing CyDisCo.

The chaperone and the DSB formation activities of PDI and Ervlp seemed to enhance the folding ¢
the recombinant proteins. However, most of the proteins were not accepted bgtipedbfreading
mechanism and the PhoA component was not active in the cytoplasm which suggests that CyDisC
conferred a stable but nenative conformation. With OmpA the CyDisCo proteins had the
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tendency to cdocalise in the periplasm with the periphaicallytargeted protein. Hence, an
unknown connection between this signal peptide and the CyDisCo chaperones drove to their export
via an uncharacterised mechanisiis¢ussed isection9.7.2). It is not known if this partitar signal

peptide is responsible for export but highlights the need for further evaluation of leader sequences.

Table7-2: Summary of protein export

The table represents the export of the proteins preseritethis chapter. They were either unfused or fused

to soluble partner, hGH or PhoA. The data is classified according to its signal peptide or lack of thereof: nc
signal peptide (No SP), the signal peptide of OmpA (eyrgsf TorATorAs and ceexpressd without (Cy

) or with (Cy+) CyDisCo. The relative export was represented as no g@xportgignificant export (+), poor

export (+) and good export (++). Grey cells represent the conditions that were not tested.

Construct No SP OmpAgp TorAgp
Soluble Carried
partner protein Cy- Cy+ | Cy- Cy+ | Cy- Cy+
PhoA - - ++  ++ - +
hGH - +/- + + + +
- FABP4 | + + + - + +
VHH1 - - + + - -
VHH2 - - +/- /- - +/-
PhoA + ++ | ++ ++ + +
hGH
hGH FABP4 | + + + ++ | + +
VHH1 - + - - - -
VHH2 + + + + + +
PhoA
hGH - - ++ 4+ - -
PhoA FABP4 - - + + - +
VHH1 - - - + - -
VHH?2 - - + + - +

The fusion proteins showed evidmEnof both Nand Gterminal degradation in the cytoplasmic and
periplasmic fractions. These truncated products are thought to have arisen from proteolytic
degradation within the soluble partner, the interconnecting linker and the proteins of interest
regions Figure7-1). The exception for this is the h&MHIH2 fusion which remarkably was present as

mostly fulllength in all relevant fraction&igure7-12, panel B, 2 and 4;apel C, 4). Nevertheless,
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this does highlight that the design of the fusion protein is not optimum for most recombinant
proteins as will be discussed in secton.1

On a more positive note, FABP4 was surprisingly transpacteds the inner membrane without a
signal peptide similar to hGH and sfGFP (seétbrand6.5.). The mechanism of transport is not
understood nor is it known whethéhis is the same mechanism for all and therefore would be worth

investigating.
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8. GENETIC CHARACTERDMODF THE TAT OPERO

8.1. Introduction to thegenomic locusipstream of the Tat operon

The Tat operon contains the genes coding for the TatA, TatB, Tat@tBrproteins (77.8 min) while

the additionaltatE gene (14.2 min min) locates elsewhere on the genome (sett®@.1). The
presence of a mMRNA containitagA, tatB, tatC andtatD was confirmed byVeiner et al. (1998n

the E. coliK12 HB101 strain. No biological evidence of the actual promoter was demonstrated but
by using the prediction software BPR@8blovyev, 2011the estimated promoter region was
established and is represented kigure8-1B. This bacterial promoter contains the consens0s
and-35 regions upstream of the transcription start g¢de Avila e Silva and Echeverrigaray, 2012)
These regions are recognized by the housekeeping, sigma factor subunit of the RNA polymeras

which after binding, initiate transcriptiofBorukhov and Nudler, 2003)

TheubiEJBoperon is upstream of this operon and codes for proteins involved inltiogiinone
biosynthesis pathway which serve the respiratory electron transport ¢hagsel et al., 2014a, Wu
et al., 2015)(Figure8-1A). Indeed, a conserve®5 and-10 region was predicted by BPROM
upstream ofubiE(Figure8-1D). No other putative promoters were predicted within the operon,
which supports that theibiE ubiJand ubiBgenes are part of the same oper{fdovyev, 2011)
Having two operons next to one another is not unusual in bacteria but the interest of the following
work came from a recently developed strain called TatExpress engineerefl. fomiK12 W3110
(Browning et al., 2017)They inserted a cassette containing thepromoter (de Boer et al., 1983)
upstream of the predicted promoter site of that operon, and downstream of thébiBstop codon

as shown ifrigure8-1C. Accordingly, thac promotersubsequenthgtarts 196 bp downstream from
the stop codon of thebiB gene. Thuspatural levels of expression cae still accomplished during
cell growthfrom the native promoter whilsiverexpressionanbe achievedipon induction by IPTG
The noncoding region of 196 bp ism@n-complementaryscar region from the stha construction

which contains restrictioanzymeand Flp recombination sitéBrowning et al., 2017)
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ubiEJB fperon tatABCﬁ operon

4 N \
rmuC ubiE  ubil ubiB tatA tatB tatC tatD rfaH
77.74

v- min

AAGCTTGGATCCCGGGTACCTAGGACCGGTCAATTGGCTGGAGCTGCTTCGAAGTTCCTATACTTTCTAGA
GAATAGGAACTTCGGAATAGGAACTAAGGAGGATATTCATATCTCGAGAAGGCGCACTCCCGTTCTGGATA

ATGTTTTTTGCGCCGACATCATAACGGTTCTGGCAAATATTCTGAAATGAGCTGTTGACAATTAATCATCG
+1 -35

-10

+1

|E| TAGCCCATTGGGAGTAGTTAAGCCGGGTAGAAATCTAGGGCATCGACGCCCAATCTGT TACACTTCTGGAAEAATTTTTTG
-35 -10

ATGAGCAGGCATTGAGATG

Figure8-1: Genetic organisation of the Tat operon

A. Genett representation of theibiEJBand tatABCDoperon loci flanked by the chromosomal minutes. The
coloured arrows represent the genes on a relative scale wherathBCDoperon (blue), thesbiEJBperon
(orange) and themuCandrfaH flanking genes (greeaye indicatedB. The noncoding nucleotide sequence
between theubiBandtatA genes of WT W3110. The stop codorubiB(TGA) and the start codon @ftA
(ATG) are represented in bold on the left and right side respectively. The promoter was predicttobngt
conservation to the35 and-10 motif specific for sigma transcription factors and is indicated as underlined.
The transcription start site (+1) of the downstre@t# gene is indicated by an arrq®olovyev, 2011L.The
non-coding nuaotide sequence inserted bgrowning et al. (20173trictly after the stop codon of the
upstreamubiBgene to build the TatExpress strain. This sequence contaitecthe@moter represented with

the -35 and-10 mdif (plain underlined), thdéac operator (dashed underline) and the transcription start site
(+1) as indicated by an arrdide Boer et al., 1983P. The noncoding nucleotide region between theuC
andubiEgenes. The stop codon ohuC(TGA) and the start codon @biE(ATG) are represented in bold on
the left and right side respectively. The promoteswaedicted with strong conservation to tH&5 and-10

motif of sigma transcription factors, indicated as underlined. The transcription start site (+1) of downstream
ubiE gene is indicated by an arrogGolovyev, 2011)No Rheindependentterminator was predicted
immediately downstream of thenuCgene(Solovyev, 2011)

Transcription termination is operated by two mechanisms in bacteria: intrinsic ateRbndent
terminations(Porrua et al., 2016)lhe former system corresponds to a-1&8G region, creating a

hairpin loop in the nascent mMRNA transcript downstream from the stop codon of the last gene being
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transcribed. This can be detected by computational ma@ssiner et al., 2011, Solovyev, 2011)
Conversely, Rho is a bacterial factor which binds to a&cooserved 7600 nucleotide binding site
of the nascent transcrigCiampi, 2006, Porrua et al., 2016, Mitra et all,72Beyond being rich in
cytosinesand accounting for near half of the transcription terminatioris.inoli these sites do not

have a consensus motif and so remain unpredict@impi, 2006)

If a terminator, whether Rhdependent ofindependent, was present downstream of thieiEJB
operon and halts with a distinct transcriptional terminatiowould be located in the region after its
stop codon.Therefore the transcription initiatedrém thetac promoter insertedstrictly after ubiB
stop codon woulgresumablybe terminated shortly after by the terminator region of tii@Bgene.
However Browning et al. (201 demonstrated that the TatExpress strain enaloleelexpression of
TatAupon IPTG induction whiguggest the absence of a transcriptional terminator downstream
of the stop codonof ubiB Indeed, usg available online tools FindTerm and ARNold, ne rho
independent hairpin terminator was identified downstream ofuh#gene in WT strain§olovyev,
2011, Naville et al., 20117his suggests that if thereaisgerminator, it is likely to be Rittependent
and cannot be predicted. All of this suggests that as one possible scab#itBatABCDgenes
could be transcribed as one mRNA transcript with a 78 bpcadimg region between the two
clusters. In this &, the internal promoter upstream of that operon would give a second
transcript containingatABCDmMRNA.To validate this hypothesis, PCR on cDNA and total RNA

sequencingvasperformedon the strain used bBrowning et al. (2017)

8.2. Analysis of the nenoding region between thgbiBandthe tatA

genes
The hypothesis that bothbiEJBand tatABCDoperons are transcribed as a single mRNA transcript

was evaluated. Total RNA was extracted from W3110 WT cells haaesteHog phase (section
2.2.14) and subsequently cDNA was prepared by reveasscription (sectior2.2.15). The latter

was used as DNA template for PCR amplditsaiwith various sets of primers showrFigure8-2.

147



Chapter &; tat operon

They were designed to ensure specificity by respecting the following criteria: more than 20
nucleotides in length, guanine/cytosine content percentage near,50sl6n temperature above
ppc/ FYR I GKEYAYS 2N IFRSYyAyS ydzOt S2GARS I
was established using the Vector NTI software (Life Technologies) and the BLAST dAlitsehob!

et al., 1997) Then, the reaction products were analysed by agarose gel electrophoresis (section
2.2.6) and the results are represented fiigure8-3 and Figure8-4. The theoretical amplicons

expected in these figures are depictedrigure8-2.

ubie  ubiJ ubiB tatA tatB tatC tatD
2R iy
R2 R4 R3 R1

A 2.365kbp F1/R1
B/C1 1.587 kbp F2/R2
C 4.066 kbp F2/R1
c2 1.519 kbp F1/R3
D 1.957 kbp F2/R4
E  2.559kbp F3/R4

Figure8-2: Theoretical PCR products

The genetic representation of théhiEJBand tatABCDoperons locus is represented on top. The coloured
arrows representtte genes on a relative scale where t&A\BCDbperon and thaibiEJ®peron are indicated

in blue and orange respectively. The forward (F) and reverse (R) primers used in the PCR reactions are indicat:
by black arrows. The theoretical PCR amplicons ddeijas A to F are indicated below. They are framed by
GKSANI NBAaLISOGADBS aAl S Ay (Aft201&S8S LIANI G6106LI 2y |

In Figure8-3A, control experiments were conducted to establish tlze ©f the PCR products
generated using the respective primer pairs F1/R1 and F2/R2 that correspontatdBEebperon
(2.365 kbp; lane A) and thibiBgene (1.587 kbp; lane B). In lane C, to test the presence of mMRNA

corresponding to theibiBtatABCDgenes (4.066 kbp), F2/R1 primers were usefi4A kip band

148



Chapter &; tat operon

wasobserved that corresponds to the predicted size of the PCR amplicon of this region suggesting
that there is indeed no terminator betwearbiB and tatA. To prove further this discovery and
confirm the presence ofibiBand internal members of the tat operoatABC the DNA from the

band in lane CHgure8-3A) was extracted from the gel (secti®r2.7) and theresulting purified

DNA was used as the DNA template to perform Nested PCR. The respective primer pairs F2/F
(Figures-3B, C1) and F1/RBigures8-3B, C2) resulted int @ Sy SNI G4 A 2y 2F | F ™
both. This is the expected size needed to confirm the presence tdtthiBCgenes as well as the
ubiBgene. This data supports the supposition that these genes are transcribed as a single mRN;
transcript. However, thpresence of a 1.9 kbp additional band in the C2 lane suggestespaoific

annealing Figure8-3B) despite specificity checks on the primers.

C B kbp kbp C1 C2
0 10
8 8
6 6
5 5
4 4
3 3
2 2 1.9
1.6
1.5 1.
1.5 1.5 = 15
1.2
1 1 1
0.9
0.8
0.7
0.6
0.5
0.4
0.3

Figure8-3: Experinental evidence of the absence of terminator betwediBandtatA

Agarose gels at 1 % loaded with PCR produnfdifiedfrom cDNA obtained from total RNA extracted from
W3110 WT cells grew in LB to Hod phaseA. The pairs of primers F1/R1, F2/R2 abdRE were used in the

PCR which results were loaded on the lanes A, B and C corresponding to thatgé&@BubiBand ubiB
tatABCDespectivelylane Gvas part of the same gel as lanes A and Biéisibeerpurposelyover-contrasted

for visual inspectio to compensate the lower amplification yield than lanes A aBiBe lanes C1 and C2
contained the PCR products amplified from the amplicon extracted from the lane C, using the pairs of primers
F2/R2 and F1/R3 corresponding to the gar@BandtatABCOrespectively. The approximate sizes of the bands

are indicated in kilobase pair (kbp) by blue arrows while the theoretical amplicon sizes are defégeckin

8-2. The molecular weight markers are indicated ip. Hihe figure is a composite image where the marker
lanes reflects the approximate position of the molecular weights.
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This outcome was reproduced in a more thorough experiment performed in triplicates. A control
was also used for each condition to confithrat the PCR products originated from cDNA
amplification and not from contaminating genomic DNA. This negative control was performed by
replacing the reversanscriptase enzyme with water during the reverse transcription step with the
extracted RNA. Ugirthe pair primers F1/FFigure8-2), a 1.6 kbp amplicorrigure8-4, amplicon

C2, al1a3) corresponding to theastABCgenes was generated, while no bands were observeteon t
negative controlsKigure8-4, amplicon C2, e&3). This confirmed that thatABCgenes amplified
previously Figure8-3B, C2) originated from mRNA rather than contatiiig genomic DNA. Further
FYLX AFAOFLGA2ya 2F | F wm Sigured-40dnplicdNR, RzO6 >~ 1A yi K IL.
kbp product with F3/R4~{gure8-4, amplican E, aia3), corresponding to the size of the respective
ubiBtatA andubiJBtatAregions Figure8-2) provided additional confirmation. As before, all controls
(Figure8-4, amplicons D and E, €B) were clear demonstrating the absence of genomic DNA
contamination. Unfortunately however, amplification of tiidEJBatA (3.36 kbp)ubiJBtatABCD
(5.462 kbp)regions or even ubiEJB(3.012 kbp))operon was ot successful desgt several
optimisations. The latter includethe application ofeveral sets of primergach pair annealing to
different sites on the geneg,range of annealing temperatusdorthe annealing step durintpe
PCRand titration ofDMSO concentration to lax the guanine/cytosine rich regions. Nevertheless,
the data appears to support thabsence of transcriptional terminator between thebi and tat

operons.
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Amplicon C2
Condition kbp al ¢1 a2 c¢2 a3 c3 kbp

3
1.6

2

1.5 1.5
1.2

1 0.9
0.8
0.7
0.6

0.5 0.5
0.4
0.3

Amplicon D E

Condition kbp alcl a2 c2 a3 ¢c3 kbpalcl a2 c2 a3 c¢3 kbp

w U 0O

0.5

Figure8-4: Further confirmation of the absea of terminator betweembiBandtatA

Agarose gels at 1 % loaded with PCR produnfdifiedfrom cDNA obtained from total RNA extracted from
W3110 WT cells grew in LB to Hod phase. The biological triplicates (al to a3) were performed with negative
controls (c1 to c3) where the reverse transcriptase enzyme was replaced by water. The results of the PCR usin
the respective pair of primers F1/R3, F2/R4 and F3/R4 to ampligt&RC(Figure8-3, C2) ubiBtatA (Figure

8-3, D) andubiJBtatA (Figure8-3, E) genes were loaded on the lanes D, E and F. The approximate sizes of the
bands are indicated in kilobase pair (kbp) by bluevestwhile the theoretical amplicon sizes are detailed in
Figure8-2. The molecular weight markers are indicated in Hitye figure is a composite image where the
marker lanes reflects the approximate position ofi@ecular weights.
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To add support taubiEJBand tatABCDF 2 NY¥ Ay 3 2y S I NHS 2LISNRYy >

dzy RSNI I {Sy® LYRSSR: (KA&a GSOKyAljdzS Fft2ga as
knowledge of only a short sequence of the gévidler, 2016 pQ w! / 9 | ff 246SR
characterisag y 2F 020K Sdzl F NE23GAO FyR LINE (AlleN&alj A O
2007, Langley et al., 201’ FHowever, this technique was never optimised for transcript longer than

1 kbp(Zismann and Nourbakhsh, 2014, Miller, 20I&) aim in this study is to identify an mRNA
containing thaubiEJBatABCyenes (5.5 kbp) which is significantly longer and therefore a high risk
MRNA by an unbiased approach. Unfortunately, the amplification steps never reached reads long
enough to encompass the wholéiB and tatA genes on the same mRNA transcript, despite

optimisation of the ER parameters and primers.

8.3. Phylogenetic study of thebiEJRatABCDOocus

The data gathered in the secti82 strongly supports thatbiEJBandtatABCDare transcribed as a
single mRNA presumably from the ¢icked promoter upstream aiibiE This is in addition to the
tatABCDgenes being transcribed as a single transcript from the predicted promoter upstream of
tatA. The cluster of these genes, belonging to ubiguinone biosynthesis and Tat export, may be
consevwed in other species. That region of several bacterial genomes of different bacterial lineage

were downloaded fromhttps://www.ncbi.nlm.nih.gov/genomeAvebsite and analysed using

alignment softwaredols (Geneious). The results representeBigure8-5 revealed that, out of the
10 bacteria, 7 have a chromosomal arrangement simiar ¢olK12 where thebioperon is located
strictly upstream from théat operon: E. colK12 W3110Salmonella enteric¥ ersinia pesti¥/ibrio
cholerag Aeromonas hydrophiléShigella dysenteriaend Shewanella oneidensi$hese species
belong to the same phylum called Gammaproteobacteria subcladeidlirg8-6). In Shigella
dysenteriag Yersinia pestisvibrio choleracPseudomonas aerugingsdanthomonas axonopodis

and Neisseiria meningitidis, hetatD gene is missing from that operon but encoded elsewhere
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in their genome. Thigene is conserved but nassential and codes for a DNase which was

demonstrated to have no direct correlation to the Tat translocation machinery (s&cian3).

Escherichia coliK12 W3110

Salmonella enterica rmuC ubj ubi ubiB A, tatB tatC tatD rfaH g
Yersinia pestis C092 rmucC Ub ub ubiB A, tatB tatC COpA
Vibrio cholerae X ubi ubi ubiB A tatB tatC ccp
Aeromonas hydrophila crcB ubii ubi ubiB A  tatB tatC tatD [ul:]

Shigella dysenteriae rmuC ubii ubi. ubiB A 4 tatB tatC rfaH §

Shewanella oneidensis

Pseudomonas aeruginosa X ubi ubi ubiB isl ghisEg A g tatB tatC rsmE
Xanthomonas axonopodis emH X A tatB tatC X quaA
Neisseria meningitidis A da gutB isEghitAZ AL tatB tatC ma

Figure8-5: Comparison of tat regions across several bacterial species

Thetat regions of theEscherichia coK12 W3110 (NC_00777%almonella entericetNC_003198)Yersinia
pestis(NC_003143)Yibrio choleragNC_002505)Aeromonas hydrophil@NC 008570),Shigella dysenteriae
(NC_007606)Shewanella oneidensfslC_004347)Pseudomonas aeruginogflC_002516)Xanthomonas
axonopodigNC_020800) andeisseria meningitidiNC_003112) genomes were aligned using the Geneious
software. Thaubi, tat and dher genes are indicated in orange, blue and green respectively. The underlined
species indicate that their respective locus is on the complementary strand. The name of the genes is containec
in the arrows withA standing fortatA and Xfor uncharacterisedenes.

In Gammaproteobacteria subcladeRseudomonas aeruginopassesses thhisland hisEgenes
inserted between thaibi and tat operons Figure8-5 and Figure8-6). These genes code for the
metabolic proteins, phosphoribos&MP cyclohydrolase and phosphoribesyP pyrophosphatase
respectively.Xanthomonas axonopod#nd Neisseria meningitidiwere found to be distinct, as
members of the Gammaproteobacteria subcladed Betaproteobacteria respectively. Both do not
have theubi operon located upstream from thit operon suggesting that thebitat locus is

conserved within the Gammaproteobacteria subclade I11.
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Figure8-6: Phylogenetic tree of the proteobacteria

The tree was from théattps://itol.embl.de/itol.cgiwebpage with a focus on the Proteobactdtietunic and
Bork, 2016)The stars indicated the species whose genomes were detailedrigtive8-5 with the ubioperon
located strictly upstream of that operon (green) or not (red).
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