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Summary

Escherichia coli is the “workhorse” for the production of cognbinant proteins due to
numerous advantages. It is well known for its edHdeandling with short time generation and for
its ability to accumulate high amount of foreigofgin. Nevertheless. coli systems present also
some limits; serious problems can occur duringptfoeess of heterologous gene expression and
purification, as low expression rates, formationraiusion bodies, improper protein-folding and
inability to produce complex disulfide bonds. Tigsdue to lacks fundamental prerequisites for
efficient secretion, due to the membrane structtive,low chaperone and foldase level and the
high periplasmatic protease concentration. Alteveaexpression hosts are the Gram-positive
Bacillus strains, particularlyB.subtilis and B.megaterium designated as GRAS (generally
recognized as safe) organisms, free of any emooté-urthermore, compared with.coli,
B.subtilisand B.megateriunoffer high biosynthetic capacity and an efficisetretion apparatus
that guides the expressed proteins directly intocthiture supernatant.

The aim of this project was to evaluate these miganisms as expression hosts 1) either for
production of heterologous eukaryotic proteinsttes anti-prion 8H4 antibody fragment (cap.I-
[l), 2) either for engineering of a natural methbgathway, as biosynthesis of hyaluronic acid
(cap.lV).

8H4 scFv (Single chain Fragment variable) is anaeydtic complex molecule with three
disulphide bonds, that has been recently usedesagutic approach in prion diseases, inhibiting
prion replication and delaying the developmentpabn disease. In order to optimize this
therapeutic perspective and address the 8H4 scikvtrgets in SCN, 8H4 scFv has been cloned
in fusion with peptide-transduction domain of HIVFAT protein, that penetrates efficiently into
cells translocating across the plasma membranaksodthe blood-brain barrier. TAT 8H4svFv
protein was been produced previously in our lalmoyan E.coli, but with very low yields.

In this study, WB80ONB.subtilis(deleted of 8 extracellular proteases) and MSB4hegaterium
were engineered to produce and secrete anti-pdnr8H4scF protein .

Several expression-secretion vectors have beerraotesl, cloning the wild-type or a synthefic
coli optimized TAT 8H4 scFv sequence, under the comtfalifferent promoters (IPTG-inducible
Pgrac or strong constitutive P43 promotersBisubtilis or xylose-inducible T7 promoter in
B.megateriury in fusion with secretion signal peptide AmyQlthdugh the choseBacillus
strains were deleted of several extracellular @s#s, no clearly TAT 8H4scFv secreted was

revealed in our hand, (neither after IMAC purifiocat of culture medium, neither after ammonium



sulphate precipitation). Antibody was present oNémansoluble intracellular fraction, and a small
fraction was revealed in periplasm. (cap.ll)

Because the high secretory capacityBaicillus strains is not appeared, we have tried to take
advantage from the use of fusion protein technoltgyncrease the yields and solubility of
TAT8H4scFv inE.coli cytoplasm. At the aim bacterial chaperone DnaK ldtetchaperonen-
synuclein protein were been chosen as fusion tagsheir activity favouring refolding together
physic-chemical characteristicAlthough fusions of TAT 8H4scFv to-synuclein and DnaK
increase expression resulting in accumulation ghicant levels of antibody, these fusion
proteins show to be largely insoluble. Thus, weehtned to co-express DnaKJE and GroELS
bacterial chaperones togetteeisyn or DnaK fusion-8H4scFvs, and purtlysynTAT8H4 from
more oxidizing periplasmic environment. Since thsidn-scFvs yields in soluble form remained
not significant, we have purified Dnak TAT8H4 amdsyn TAT8H4scFvs in denaturing
conditions by immobilized metal affinity chromataghy (IMAC) and in vitro refolding. In this
way has been possible to obtain correctly refoldexyn 8H4, that is able to recognize human
prion protein by immunoblotting. When Dnak TAT8Hddx-syn TAT8H4 were added to CHO
cells culture medium, they were rapidly deliveradide the cells, and displayed mainly a nuclear
localization.a-syn TAT8H4 antibody fragment is able to deplete shiperficial membrane bound
prion protein in HelLa transfected cells with plagsi GFP-PrP but not the analog GFP-Doppel.
Time course of these protein revealed thedyn TAT8H4 shows a half-life major than Dnak
TAT8H4 (cap.lll).

In conclusion fusion protein technology is revealetfective to increase the yields of
TAT8H4scFv inE.coli cytoplasm.a—-synuclein is demonstrated preferabl®tmaK in fusion with
TAT8H4 scFv, either for lower molecular weight iasfon protein, than for higher yields and
ability to refold. Due to its specificity to depdePrP,a—syn TAT8H4 scFv could be effective in
spongiform transmissible diseases treatment. M@redkie use of cell-permeable antibodies, due
to TAT transduction domain, would avoid the safatyl ethical concerns surrounding the direct
application of recombinant DNA technology in hun@imical therapy and could be extended to
treatment of other pathology.

The second part of this study concerns the engmge@f a natural metabolic pathway, as the
biosynthesis of hyaluronic acid HA. In our projéee HA biosynthesis pathway present in natural
producers astreptococci has been has been adapatillus

Genes involved in the pathway of synthesis for ghecursor sugars, that are disperse in the
genoma of Bacillus subtilis, were here linked in a unique polycistronic mRNAgheter with
hyaluronan synthase fro@treptococcus equas is present in natural pathway of streptocdanci.
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our case we have developed several episomal vettere several genes are under the control of
strong and inducible promoters. This expressiotesysusing of a plasmid with relatively higher
copies, it has advantage to express more higheisl@f mRNA than integrative system on the
chromosome.

By PCR amplification ohasAandtuaD genes fron5.zooepidemicuandB.subtilisrespectively,
and cloning in pHTB.subtilis/E.colishuttle vector under Pgrac, we have selectedestabtabolic
engineered 1012 and WB800B&cillus subtilisstrains, secreting HA with molecular weights
higher of 800 kDa oStreptococcuswith ayield more than 5g/L, that are actually producgd b
Strepctococcum industrial HA and largely exceeding that is |shed. To further increase yields
and HA molecular weights, we have construct amhe the cassette-operomasA-tuaDand
hasA-tuaD-gtaB-pgunder inducible promoter T7 iB. megaterium Althought T7 expression
system is present also ncoli, we have demonstrated that recombitanbli cells produce only
low amounts of HA. Indeed these engineeBethegateriumstrains in the optimal expression
conditions identified produce about 2g/L in shalesK, that are very promising results in view of
batch fermentation cultures. MoreoveaisA-tuaD-gtaB-pgoverexpressinds.megaterium seem
produce higher HA MW, about 1800 kDa, comparabs® dbr polydispersity to commercially
available Streptococcussuggesting thagitaB-gpi overexpression result in a molecular weights
enhancement (cap.lV).

In conclusion, although high potential secretaapacity ofBacillus was not appear in secretion
of a heterologous protein, as anti-prion 8H4 sdk\subtilisandB.megateriunhave proven to be
superior expression hosts for engineering of arahtuetabolic pathway, as biosynthesis of HA,
based on several criteria: 1) good quality of HAmparable to commerciadtreptococcus
standards regards to molecular mass and polydisper and superior regards yields. 2) In
addition, unlikeStreptococcugheB. subtilisandB.megateriunderived HA products are exotoxin
free and secreted directly into the surroundinglioma and are not cells associate, simplifying the
recovery process. 3) Finally, whi&treptococcu#\ and Crequire more expensive complex media
for growth, Bacillus strains grow on minimal media, assuring a finaldoicts more pure and

toxin-free.



Sommario

Escherichia colié “ il cavallo di battaglia” nella produzione di pedie ricombinanti per i
numerosi vantaggi. E'nota la sua facilita di matagamne con tempi brevi di duplicazione e la sua
capacita di produrre grandi quantita di proteirera@bghe. Tuttavide.coli presenta anche alcuni
limiti; difficolta possono insorgere durante I'espsione e purificazione di proteine eterologhe,
quali bassi livelli di espressione, formazione dirpge di inclusione, ripiegamento proteico
improprio e incapacita di formare complessi legalisblfuro. Questo € sostanzialmente dovuto
alla mancanza dei prerequisiti necessari per uin@egite secrezione, a causa della struttura della
membrana, del basso livello di “chaperoni” e dé&ékata concentrazione di proteasi
periplasmatiche.

Ospiti di espressione alternativi sono i ceppi dyadt gram-positivi diBacillus, in particolare
B.subtilis e B.megateriumclassificati come organismi GRAS (generally ratngd as safe) che
non producono endotossine. Inoltre, rispettdc.aoli, B.subtilis e B.megaterium possiedono
un’alta capacita biosintetica e secretoria naturede secrezione delle proteine espresse
direttamente nel mezzo di coltura.

Scopo del progetto era la valutazione di questrenganismi come ospiti di espressione 1) sia per
la produzione di proteine eterologhe eucariotiateme il frammento anticorpale anti-proteina
prionica 8H4 (cap I-Ill), 2) sia per lI'ingegnerizzane di una via metabolica naturale, quale la
biosintesi dell’acido ialuronico (cap-1V).

Il frammento anticorpale a catena singola (scFi34 & una complessa molecola eucariotica con
tre ponti disolfuro, recentemente utilizzata ngpeoccio terapeutico verso le malattie prioniche,
in quanto in grado di inibire la replicazione deiopi ritardando lo sviluppo della patologia. Nel
tentativo di ottimizzare questa prospettiva terdipau si € pensato di indirizzare il frammento
anticorpale 8H4 al suo target nel sistema nervestrale, clonandolo in fusione con il dominio di
trasduzione peptidica della proteina HIV-1 TAT,ecpenetra efficientemente nelle cellule
traslocando attraverso la membrana plasmaticateedadarriera ematoencefalica.

Il frammento 8H4 era gia stato prodotto nel noktbmratorio inE.coli, ma con rese molto basse.

In questo studio, i ceppi WB80OB.subtilis (deleto di otto proteasi extracellulari) e MS941
B.megateriunsono stati ingegnerizzati a produrre e secerepedteina TAT-8H4.

Sono stati costruiti vari vettori di espressionerseione, clonando la sequenza naturale TAT 8H4
o I'analoga ottimizzata pé#.coli, sotto il controllo di promotori differenti (IPT@ducibile Pgrac

o costitutivo forte P43 iB.subtilis oppure xilosio-inducibile T7 iB.megateriunin fusione con

il segnale di secrezione AmyQ. Benché i ceppBdcillus utilizzati fossero privi di parecchie

proteasi extracellulari, non siamo riusciti ad o&e chiaramente frammento anticorpale secreto
4



(né dopo purificazione IMAC del mezzo di coltura, copo precipitazione con ammonio solfato).
L’anticopro era presente principalmente nella fvagi intracellulare insolubile e in piccola parte
nel periplasma (cap.ll).

Poiché l'alto potenziale secretorio Bacillus non appariva, abbiamo provato ad incrementare le
rese e la solubilitd del frammento anticorpale T@H4 nel citoplasma dk.coli sfruttando la
tecnologia delle proteine di fusione. Allo scopma stati scelti il chaperone batterico DnaK e la
a-sinucleina (che sembra avere attivita di chapgroper la loro azione di facilitare il
ripiegamento e per le loro caratteristiche chinfiseche.

Benché la-synucleina e il DnaK in fusione con TAT 8H4scFvinerementassero I'espressione a
livelli significativi, queste proteine rimanevarargamente insolubili. Abbiamo quindi provato ad
esprimerle in ceppi dE.coli ingegnerizzati per sovraesprimere i chaperoniebaitDnaKJE e
GroELS, e a purificarei-synTAT8H4 dall’ambiente periplasmatico piu ossigarPoiché le rese
di anticorpi di fusione in forma solubile rimanewanon significative, abbiamo purificato Dnak
TAT8H4 ea-syn TAT8H4scFvs in condizioni denaturanti mediact@matografia di affinita per
ioni metallici (IMAC). Mediante processi di ripiegeento in vitro, € stato possibile ottenere in
forma correttamente ripiegata sodesyn TAT 8H4, cosi in grado di riconoscere la pirtde
prionica umana mediante immunoblotting. In cell@EO trattate con Dnak TAT8H4 @-syn
TAT8H4, le proteine internalizzano in breve tempmstrando una localizzazione principalmente
nucleare. Il frammenta-syn TAT8H4 e in grado di internalizzare gran padila proteina
prionica legata alla superficie cellulare, in clIHELA transfettate con il plasmide GFP-PRP ma
non con I'analogo GFP doppel. L’emivita della pméen-syn TAT8H4 si € dimostrata superiore
a quella del Dnak TAT8H4 (cap.lll).

In conclusione la tecnologia delle proteine di duna si € dimostrata efficace nell'incrementare le
rese di produzione di TAT8H4scFv nel citoplasmakEdcoli. In fusione con il frammento
anticorpale,a—sinucleina si € dimostrata preferibile a DnaK deminor peso molecolare, le
maggiori rese di produzione e la sua azione dit@e il ripiegamento.

Quindi per la sua specificita nell’eliminare in fata proteina prionicag—syn TAT8H4 scFv
potrebbe essere efficace nel trattamento dellettieakgpongiformi trasmissibili. Inoltre I'utilizzo
di anticorpi permeabili alle cellule grazie al domoi di traslocazione TAT, eviterebbe le questioni
etiche e di salute riguardanti I'applicazione ddkcnologia del DNA ricombinante alla terapia
clinica umana, e potrebbe essere esteso al traitardealtre patologie.

La seconda parte di questo studio riguarda I'ingegmazione di una via metabolica naturale,
guale la biosintesi di acido ialuronico. Nel nostrogetto la via metabolica di sintesi dell’acido
ialuronico, presente in produttori naturali comiestjleptococchi, é stata adattatBacillus. | geni
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coinvolti nella via metabolica biosintetica degluccheri precursori che Bacillus subtilissono
dispersi nel genoma, sono stati associati in uncumRNA policistronico assieme alla ialuronato
sintasi daStreptococcus equcome nella via naturale di produzione negli stvepcchi. Abbiamo
sviluppato parecchi vettori epitomali con i genttsdl controllo di promotori forti e inducibili.
Questo sistema di espressione, che utilizza plasrardun numero di copie relativamente alto, ha
il vantaggio di esprimere livelli di mRNA maggiorispetto ad un sistema integrativo sul
cromosoma.

Mediante amplificazione PCR dei gehasA e tuaD rispettivamente d&.zooepidemicug
B.subtilis e loro clonaggio nel plasmide shuttle pHBIsubtilis/E.coli sotto il controllo del
promotore Pgrac, abbiamo selezionato ceppi stabiliBacillus subtilis 1012 e WB8O0ON
metabolicamente ingegnerizzati e secernenti, daidoonico con pesi molecolari maggiori di 800
kDa, e con rese molto superiori ai 5¢g/L, attualmentedptti industrialmente d&treptococcuse

ai dati finora pubblicati.

Successivamente, per incrementare le rese e impelgcolari dell'acido ialuronico, abbiamo
costruito e clonato le cassette-opertrasA-tuaDe hasA-tuaD-gtaB-pgsotto il controllo del
promotore inducibile T7 iB. megaterium

Poiché il sistema di espressione T7 e presenteeaimch.coli, abbiamo dimostrato che cellule
ricombinanti diE.coli producono acido ialuronico in quantita molto badeeece i ceppi dB.
megaterium ingegnerizzati, nelle migliori condizioni di esgsione individuate, hanno rese di
circa 2g/L in fiasca, che sono molto promettentrista di processi di fermentazione in bioreattori.
Inoltre i ceppi diB.megaterium che sovraesprimono i getasA-tuaD-gtaB-pgisembrano
produrre acido ialuronico con peso molecolare naggicirca 1800 kDa, comparabile anche per
polidispersione agli standard commercialStlieptococcussuggerendo che la sovraespressione di
gtaB-gpi influisce sui pesi molecolari incrementandoli, cproduzione di acido ialuronico a
catena piu lunga (cap.IV).

In conclusione se da una parte I'alto potenziatzeterio diBacillus non si € manifestato nella
secrezione di una proteina eterologa, quale il fin@mto anticorpale anti-PrP TAT8H4 scH,
subtilis andB.megateriunsi sono rivelati ospiti di espressione superi@t fingenerizzazione di
una via metabolica naturale, quale la biosintesiailio ialuronico, sulla base di diversi criteri:1)
buona qualitd dell’acido ialuronico, comparabiler peassa molecolare e polidispersione agli
standard commerciali di Streptococcus e superioge m@sa. 2) Inoltre, a differenza di
Streptococcuysl’acido ialuronico prodotto d&. subtilise B.megateriurmon contiene tossine e
non €& associato alle cellule, ma secreto direttéeneel mezzo, semplificando i processi di
purificazione. 3) Infine, mentr&treptococcusichiede mezzi complessi per la crescita, i ceppi

Bacilluscrescono su terreni minimi, garantendo prodattlfipiu puri ad esenti da tossine.
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Chapter |

General introduction



1.1.Prion protein and prion disease

Prion protein is a normal product of a specificgBmp. The protein product of this gene (PyP
appears physiologically as an approximately 250nanadcid sialoglycoprotein. It is a highly
conserved, ubiquitous protein that is glycosylptmagiaylinositol (GPI-) anchored on all cell
membranes, but appears under normal circumstandesgrincipally located in neuronal and glial
cells of the central nervous system (CNS). It twas N-glycosylation sites, and its C-terminal is
folded largely intoa-helices stabilised by a single disulphide bond &ngl monomeric. The N-

terminus contains an octapeptide repeat region tigtit bonding sites for CGii (Prusiner 1998;

Harris 2003).

| 1-22: 1ER signal Sequence  53.109: N-terminal domain

Fig. 1.1 Domain organization of the human PrP pnote

PrP is glycosilated in the endoplasmic reticulum aftee removal of an N-terminal signal
peptide. The GPI anchor is attached after cleawdge second signal peptide at the C-terminus
(Stahl et al, 1987). The protein is then trafficked the Golgi to the cell surface (Shyng S.L.,
1993), where it is internalized in clathrin-coaggts and endocytosed for recycling (Shyng S.L.,
1994). Studies in cultured cells show that it igrdeled with a half-life of approximately 6 hours
(Taraboulos et al., 1992).

The functional role of PfPremains poorly understood but is associated wéthtral nervous
system development, synaptic transmission, coppereostasis, neuroprotection, regulation of
circadian rhythms, and memory and cognitive fumdiqHu W., 2008). The conversion of
endogenous cellular form of the prion protein (@ so-called scrapie isoform of prion protein
(PrP9 is a common feature of all prion diseases (Parsi.B., 1998). Prion diseases or
transmissible spongiform encephalopathies (TSE§ progressive, fatal neurodegenerative
disorders that affect humans and other animals.

In humans, TSE are classified into: (i) sporadienfs such as Creutzfeldt-Jakob disease (CJD)
and fatal insomnia; (ii) inheritable forms such Gsrstmann-Straussler-Scheinker disease, fatal
familial insomnia and a small percentage @ID of familial origin; and (iii) iatrogenic

forms such as kuru and the new variant of CJDI)Collinge J., 2001). In animals, TSE was
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traditionally recognised in sheep and goats aspsgrain mink as transmissible mink
encephalopathy, in deer as chronic wastingadis, and in cattle as bovine spongiform
encephalopathy (BSE). This latter disease,clwvhs also known as ‘mad cow’ disease, has had
dramatic consequences for public health in the d& @ther European countries (Caramelli et al.,
2006).

TSE are characterised by spongiform changeshen CNS (because of the vacuolation and
cavitation give the “sponge-like” histologic appaace of the infected brain tissue), neuronal
loss, astrocyte proliferation and microglial aatien, due to accumulation of scrapie aggregates

in the brain. _ ) _ )
The prion disease related isoform (PyHs derived from by a

post-translational process that involves conforamati change

C SC
,Prp PP \ and aggregation. PYPis rich in a-helical structure, whereas

PrP¢ which is found as insoluble aggregates, seemeto b

predominantly composed @-sheet structure. In contrast to

PrP ,PrP° has other important features including resistance

Eir%glc-z Conversion of PfRo proteinases, radiation, and detergents that hawéicylar
significance for transmission and expression ofaks.

The mechanisms involved in their pathogenesis atecompletely understood, but they are

associated with the accumulation in the brain affadiled form, PrE® (Prusiner S.B., 1998).

Direct interaction between the pathogenic r@mplate and the endogenous PsBbstrate and

the following conformational conversion of Prihto PrP° are proposed to exert a neurotoxic

effect via aberrant signalling cascades (Harris,[2tAal. 2006; Aguzzi A., 2005).

1.2. Therapeutic strategies

Various lines of evidence indicate that the proaaflssonversion of PrfPinto PrPC is the key
element in prion pathogenesis. Knockout mi€np 0/0) are resistant to prion diseases and
do not propagate infectivity (Bueler et al., 1998)d brain tissue homogenates frémp 0/0
cows are resistant to prion propagation in vitracfiR et al., 2007). MoreoveRrnp 0/0 brain
tissue surrounding prion-infecteBrnpt/+ neurografts does not develop neuropathological
changes typical of prion diseases (Brandner e1896).

Despite the uncertainties about the possible mésmanof neurotoxicity, prevention of this
conversion in neurons can prevent disease progressid reverse early degenerative changes.
Depleting neuronal PrP in prion infections prevahsgase and reverse spongiosis (Mallucci et al.,
2003).



Reagents specifically binding either prion-proteonformer may interrupt prion production by
inhibiting this interaction. Over the past seveyahrs, many anti-prion compounds have been
identified in vitro models of prion replication, &u as polysulphated polyanionic compounds,
polyamine, tetrapyrroles, polyene antibiotics, pbgs, tetracyclic and tricyclic compounds.

These prion antagonists can be targeted towardseiketive binding of PfPand/or PrE° to the
process of conversion (Weissmann and Aguzzi, 2008ewigs et al., 2007; Trevitt et al., 2006).
However, most of these molecules were found tamke tor ineffective in animal models of prion
diseases.

Alternatively, anti-PrP antibodies have been shdwrhave an anti-prion effect in cellular and
animal models (Peretz et al.,, 2001; Heppner et28l04; Enari et al., 2001; Sigurdsson et al.,
2003). The use of antibodies that bind to and ktabior sequester PrRwhich make it less
available for conversion) is a possible strategypi@venting conversion. Early indications of the
potential of antibody therapy for prion disease ednom in vitro studies showing a reduction in

infectivity of prions after incubation with aanti-PrP antibody (Gabizon et al., 1988).

Inoculation  Neuronal PrP deplation
+ ¥

PriP¢-depleted mice

== %

£
C T

Healthy animals (% of total)

] 1 1 ] ] Iy
16 20 24 28 32 36 40 44 48 52
Weeks post-inoculation (wpi)

Fig.1.3 PrP cell
trafficking (adapted
from Mallucci
&Collinge, 2005).

Fig.1.4 Survival of prion-infected mice after Bréfepletion

(adapted from Mallucci &Collinge, 200~

It is showed a significant delay in the onset lafical symptoms in scrapie-infected mice using
monoclonal 8H4 anti-PrP antibodies directed agaibgb-185 residues of PrP inoculated
intraperitoneally following exposure. Immunizationith PrP peptides reduced PfPin a
peripheral model of mouse scrapie (Souan, 2001ffei@nt publications report that antibodies
directed against the middle portion of PrP (ressd9¢-110 and 132-156) can cure scrapie-
infected cells in culture and reduce PK (proteing¥eesistant PrP in spleens of infected mice
(Peretz et al., 2001; White et al., 2003).

In cell systems, anti-prion antibodies were abl@urge the cells entirely of PiP(Peretz et al.,
2001), and their potency correlated with their iabito recognize the total population of BrP
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molecules on the cell surface. Despite these eagmg results, development of effective
immunotherapy presents several problems in botiveaeind passive approaches. An important
obstacle in the development of efficacious regim@nsactive immunization is host tolerance to
endogenous PP which limited the therapeutic efficacy of this rimanization approach
(Sigurdsson et al., 2003; Polymenidou et al.,200dcomparison, passive immunization suffers
from the intrinsic problem of poor antibody diffasi from vessels into tissues, especially in the
nervous tissue: administration of monoclonal amtibs has been shown to prevent the
pathogenesis only when applied simultaneouslyhortly after, peripheral prion infection (White
et al., 2003). As antibody do not readily cross the blood-brairdlea (BBB), there was no
protective effect in the intracerebrally infectedcen The major problem in using anti-prion
molecules in vivo is that peptide and protein tpetdics are generally excluded from transport to
the brain, owing to the negligible permeability tbkse drugs to the brain capillary endothelial
wall, which makes up the BBB (blood-brain barrier)vivo. Moreover, production of large

amounts of monoclonal antibodies for therapgahhically challenging and expensive.

1.3. Anti-PrP single-chain variable fragments
One promising solution to this problem is offeredthe use of single-chain variable fragments
(scFv). ScFv are recombinant antibody (rAb) rnagts becoming popular therapeutic
alternatives to full length monoclonal antibod{@bs) since they are smaller, possess different
properties that are advantageous in certain medggdlications, can be produced more
economically and are easily amendable to geneticiputation. ScFv Abs are one of the most
popular rAb format and are easily expressed byragegpression systems.

scFvs Abs (26-28 kDa) are monovalent mini-antib®die
Peptide linker containing the complete antigen binding site. They

constituted by a single fusion polypeptide compgsihe

variable region of the light and heavy chain 4 \{Vy)
of an Ab, linked by an introduced flexible pobgiide
linker (Maynard and Georgiou, 2000). The first scFv

7

mAbs8HA scFv 84 molecules were developed independently by Hustbn
al. (1988) and Bird et al.(1988) and repregbet
Fig. 1.5 Representation of scFv engineering. _ )
smallest functional V Vy domains of an Ab necessary
for high-affinity binding of antigen.
scFv fragments retain the binding properties oirtharent Abs, they maintain antigen specificity

and can be engineered for intracellular expressiorsecretion. So far, several groups have
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investigated the use of scFv in prion-infected allture systems. One group showed the
paracrine inhibition of prion replication by RD-4lis expressing and secreting scFv(6H4) on co-
cultured ScN2a cells (Donofrio G. et al., 2005).

Another interesting study showed the retentionré'fn the ER (endoplasmic reticulum) of HEK
(human embryonic kidney)-293 and PC12 cells afterexpression of a scFv from antibody 8H4
and 8F9, containing the ER retention sequence KDEH4 intracellular expression causes a
marked impairment of prion maturation and trandiocatowards the membrane compartment,
with a strong reduction of the Prfhembrane fraction. As a consequence, the tismand
accumulation of the pathogenic scrapie isoformidoeked in infected cells (Cardinale A. et al.,
2005).

Starting from these results, a subsequent setwdf/manalyses was carried out showing that mice
intracerebrally injected with KDEL-8H4-NGF-differeated PC12 cells infected with scrapie did
not develop scrapie clinical signs or show anyrbdamage (Vetrugno V. et al,2005). Moreover,
scFvs directed against the LRP/LR (37/67 kDa lamirgceptor) have been recently used as
therapeutic approach in prion diseases (Zubert &l.,2008 a).

Delivery of these scFv both by passive immunotranséfand by AAV (adeno-associated virus)-
mediated gene transfer (Zuber, C. et al., 2008ebylted in significant reduction of the
peripheral PrP Sc propagation. Therefore, thesalteesupport the use of scFv as a therapeutic

approach.

1.4. Recombinant antibody expression systems

Diverse prokaryotic and eukaryotic expression systbave been developed for rAb expression.
These have included bacteria(Martin C. et al.,, 2006), yeasind filamentous fungus ref,
eukaryotic alga, insect cell (Bruenke J. et al.080 plant (Makvandi-Nejad S. et al., 2005),
mammalian cell and transgenic animal systems (Nasd. et al., 2006).

For therapeutic purposes, large doses of Ab areirest] and in some cases exceed a gram per
patient per year. Thus, there is a need to deyaloguction systems to make these molecules
efficiently and cost effectively (Andersen andil, 2004).

Using a single production platform for most, ibtnall, proteins would be ideal for the Ab
production industry; however, protein expressionvaiable and yields vary for each rAb
fragment and/or fragment type (Weisser N. and H&., 2009). Expressed rAb fragments
differ in their yield and activity because of sealefactors, such as protein size, solubility,
stability and amino acid sequence. Thus, mtiran one production platform is usually
required and expression of each protein must benagsd. The optimal expression system
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depends on the type of rAb fragments being expdeasenell as the required purity and quantity
of the final product.

For example, a requirement for certain therapeldi@s to have appropriate glycosylation
necessitates their expression in mammalian cellso,Adue to their complex structure, whole
antibodies have been preferably expressed in eokargystems which have the appropriate
cellular machinery for efficient folding and asgdy. Due to much simpler structure of Fab
and, scFvs and no requirement of glycosylationtesed expression, and almost exclusively

E.coli expression, has been the method of chfmcexpression of these molecules.

1.5. Bacterial expressionE.coli expression system

Bacterial expression systems for heterologous eproproduction remain most attractive due to
low cost, high productivity, and rapid use.

The Gram-negative bacteriud.coli is still the most common workhorse for recombinan
proteins production, and its importance is alscogaized for biopharmaceutical production,
which tipically has several options in selecting #xpression system (Schmidt F.R., 2004). This is
because of itis able to grow rapidly and at hdghsity in large-scale on inexpensive substrates,
thus simple conditions and low capital costs fernfentation. Moreover it is the best-
characterized host with ease of genetic manijmuaind many available expression systems. A
large pool of cloning and expression plasmadisains and purification systems is presently
available forE.coli. Finally no concerns about viruses that are hartefilumans and relatively
for fermentation (Lee et al.1996; Makrides et H996).

Therefore, most protein expression strategiesnicrobiologic research focus on this organism.
However, aside from the obvious advantage&.abli systems there are limits, because ©Bf
coli cannot produce mammalian proteins that requird-fpasslational  modification  for
activity as glycosylation or some multi-domain emlles containing complex disulfide bonds
such as IgGs . Moreover, serious problems canrodaung the process of heterologous,
particularly eukaryotic gene expression and purification: (1) lowression rates, because of
yields are dependent on the individual Ab fragmanprotein (2) formation of inclusion bodies
from which soluble and biologically active proteinan only be recovered by complicated and
costly denaturation and refolding processes, witalf yields usually very low (3) improper
protein-folding, (4) toxicity problems depending protein sequence and (5) the possibility of
bacterial endotoxin contamination of purified prottu(Baneyx, et al, 1999).

Although eukaryotic expression hosts are sometiaids to overcome these problems, they are
not without their own difficulties in terms of eagkuse, time, cost and experimental flexibility.
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So in order to enhancing the production of solubeoteins, in particulary scFvs, in more
economical and easy of use and scale bacteridmags significant researches into field has been
done and a variety of techniques have been dewklope

E.coli is the bacterial production system of choice forak non-glycosylated rAb fragments,
including scFvs (Wang et al.,, 2008). Compacethammalian cell lines, the generation of Ab-
producingE.coli cell lines is faster and easier and thuewal for the easy progression from
Ab selection to large-scale manufacturing (Andersed Reilly, 2004). Moreover, large rAb
concentrations can be attainedgmoli; expression levels of up to 2 g/L have been regbfChen

C. et al., 2004).

Because of a scFv molecule requires generally tigalftle bridges for correct folding and
structural stability, indispensable for its biologii activity two basic strategies have been applied
to express various formats of antibody fragmemtduding Fabs, scFvs and sdAbsEincoli. The

two approaches involve directing the antibody patdo either the reducing environment of the
cytoplasm or the oxidizing environment of the pkagmic space between the cytoplasmic and
outer membranes or the culture medium.

- Expression in the reducing environment of thepldsm can be achieved at high concentrations
but often results in the formation of inclusiondies due to their foreign nature, high expression
rate and lack of disulphide bonds (i.e. redueedl unfolded Abs), that require solubilisatio
with denaturing agents (e.g. 8 M urea) and subseque vitro refolding, to convert to active
species. However, correct in vitro refolding andification of functional product is a complex
and time-consuming process, requiring expertiseianolving many steps. Moreover, refolding
efficiency is highly variable depending on the speantibody fragment with yields varying from
10-40% for Fab and Fv fragments.

- As an alternative to Ab recovery from inclusioodies, cytoplamic expression can be donE.in
coli strains that promote proper folding and oxidatiorvivo, ask. coli cells with mutations in
both the thioredoxin reductase (trxB) andtahione reductase (gor) genes (Jurado P. et al.,
2002)

The cytoplasm of thde.coli trxB/gor double mutant strains Origami and FA1l®vies an
oxidizing environment, while thde.coli cytoplasm is maintained in a reduced state under
physiological conditions. Venturi et al.(2002) afdrado et al. (2002) showed that functional
antibody Fab and scFv fragments were prodwefédiently in the cytoplasm of the mutant
E.coli cells, respectivelyJsing such strains, scFv have been producetetetls equal to or
greater than those achieved with periplasmicesgion (Levy et al., 2001).

-Moreover, cytoplasmic expression using fusion et such as glutathione S-transferase

(GST), thioredoxin (Trx), and maltose-bindingotein (MBP) generally results in high
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productivity and enhanced solubility (Bach H. ef 2D01). It was previously reported that MBP-
fused scFvs are expressed at high levels in thapagm of E.coli as soluble and active proteins
(Bach H. et al., 2001). Zheng et al.(2003) showed & fusion method witk.coli protein NusA,
which had been identified to have a highest salybithen over-expressed in the cytoplasm of
E.coli cells, has potential as a valuable tool for ovadpction of soluble and functional scFvs
(Jurado P. et al., 2006).

- Another approach used for cytoplasmic expressiosotiible heterologous proteins is co-
expression of molecular chaperones in theoptgsm. Although there are several reports that
co-expression of molecular chaperones, such asS&BEL (GroELS), DnaKJ/GrpE (DnaKJE),
trigger factor (TF), DsbC, and Skp, with Ab fragrteeimproves their production (Heo M.A. et al.,
2006; Levy R. et al., 2001; Hu X. et al., 200A)Ynfortunately, determination of a successful
match between the target protein and the chapésamérial-and-error process (Georgiou G. et al.,
1996; Hannig G. et al.,1998).

- Alternatively, scFv expression can be directedeither the oxidizing environment of the
periplasmic space, where disulfide bonds in pratare stable refunder regulation of the pelB
leader sequence (Padiolleau-Lefevre et al., 2006)to the culture supernatant using tie
hemolysin (HylA) system oE.coli (Fernandez et al., 2000; Fraile et al., 2004). HA system

is a type | secretory apparatus that forms a prateannel between the inner and outer membranes
of E.coli through which the hemolysin toxin is secreteds #ystem has proved competent in the
secretion of heterologous protein hybrids includgogv (Fernandez et al., 2000).

In some cases, periplasmic expression resultseinAhs leaking through the outer membrane and
into the culture supernatant. When this does notummdhe rAb can be easily obtained from a
periplamic extract via osmotic lysis.

Both periplamic and culture supernatant expressamasadvantageous in that a high concentration
of reasonably pure Ab can be easily obtained. tmesen, proteins are released directly into the
growth medium, which greatly simplifies and reduties costs of downstream purification steps.
In addition, in case of efficient secretion, tfemation of inclusion bodies in the cytoplasm
decreased, leading to higher amounts of propeolgletl and active enzymes.

However, production rate and efficiency of secretiepends a great deal on the type of target
protein and individual sequence of the antibody, secretion of a target protein into the oxidizing
periplasm generally results in low yields. Moregv&ram-negative bacteria likE. colisecrete
proteins mostly into the periplasm (Ward et al 93 Only in rare cases can the scFv be isolated
in higher amounts from the supernatant (Lauel. e2@05).

The use of a Gram-positive bacterium coulditate the scFv production due to the lack of an

outer membrane allowing direct secretion abtgins into the growth medium. Among the
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Gram-positive bacteriBacillus brevis (Inoue et al., 1997; Shiroza et al., 20@3acillus subtilis
(Wu et al.,, 1998; Wu et al. 2002) amhcillus megateriumJordan et al., 2007). Thus an
alternative expression host also for secretionfafeign proteins could be the Gram-positive

Bacillus strains.

1.6.Bacillus strains

Bacillus species are Gram-positive, ubiquitous rod-shapeteha; they can be either obligate or
facultative aerobes and show positive reactioméndatalase test. Members of the geBasillus

are known to form spores under stressful conditidimese endospores are highly resistant to heat

and radiation and are viable for extremely longquts.

1.6.1.Bacillus subtilis

Bacillus subtilisis an ubiquitous bacterium that exhibits a numbef lifestyles, each
characterized by a distinguishing patterngehe expression. This “simple” organism resides
in the region of soil surrounding plant rqotgalled the rhizophere, where it forms
multicellular, organized biofilms, and secretes eupns enzymes to degrade a variety of
substrates, enabling the bacterium to survive éorginuosly chancing environment. It exhibits a
number of additional lifestyle adaptations as sfadien, competence, motile-sessile switch
behaviour (Earl et al. 2008).

B. subtilisis one of the best known Gram-positive bacteribath the genetic and physiological
level, thus it is often used in molecular biologydaas a general model organism. Its harmless
nature, brilliant genetic amenability and relatiwéhrge gene size make the organism a highly
valuable tool for science and demonstration purposeis been used to help demonstrate
biochemical differentiation, gene/protein regulataend cell cycle events in bacteria.

The entire sequence of its chromosome is known 7L2d efficient tools for the genetic
modification of this bacterium are available.

B.subtilis and relatedBacillus species are well known for their contributions agricultural,
medical and food biotechnology and for large-sgaleduction of recombinant proteins, in
particular for the production of secreted enzyngxh@limey M. et al., 2004).

Besides the well-known reputation in the industpedduction of enzymes, such as proteases and

amylases, somBacillus species, with particular emphasisBisubtilis have been explored as a
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Fig. 1.6 Phylogenetic tree of some members ofgidreus Bacillus based on 165 rRNA sequence analfsis ¢t al.,

1991). Modified from Priest (1993). Kingdom: BacgerDivision: Firmicutes; Class: Bacilli; Order: Baalks; Family:
Bacillaceae; Genu®acillus.

host for the expression of foreign proteins withahacological or immunological activities
(Harwood 1992, Wong 1995). Such interest stems fqtethora of very solid reasons:

(1) compared withE.coli, the Gram-positive bacteriufd.subtilis offers an efficient secretion
apparatus that guides the expressed protein girextt the culture supernatamacillus strains

do not have an outer membrane and, thus, all secpeobteins are released directly into the growth
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medium, which greatly simplifies and reduces thestgoof downstream purification steps
bypassing the time-consuming cell disruptiont(iinakes subsequent protein purification much
easier); (at present, about 60% of the coromér available enzymes are produced by
Bacillus species). In addition, in case of efficient saoret the formation of inclusion bodies
in the cytoplasm is decreased, leading to highesuats of properly folded and active enzymes
(van Wely et al., 2001).

(2) the available knowledge on genetics and phggilof B.subtilis finds parallel only with
Escherichia coliK12, making easier the development of controllaiglene expression systems
and adaptation to large-scale stream-line ferntientaprocesses, Actually a large body of
information concerning transcription, translatigerptein folding and secretion mechanisms,
genetic manipulation and large-scale fermentatemtbeen acquired.

(3) B.subtilis strains are non-pathogenic and have a well-estaddi safety record and have
deserved the GRAS (generally regarded as safejssta¢ing organism free of any endotoxin
(Westers L. et al., 2004)

(4) production of spores, the most resistantfofen found on earth, warrants easy preservation of
strains even under harsh environmental conditions;

(5) the ability to grow in simple and non-expersmedia at fast growth rates and no significant
bias in codon usage confer to this bacterialciggea top candidate position for the expressio
of heterologous proteins, including those with ptitd use in vaccine development (Henner et al.
1990, Wong et al., 1995).

But there are also two obstacles reducing the @8 subtilis (i) production of a number of
extracellular proteases which recognize andratke heterologous proteins, and (ii) stable
vector plasmids. The first obstacle has been lgrgelved by the construction of protease-
deficient strains. And the second has been comypleteercome by introducing plasmids using
the theta-mode of replication such as thdseived from the natural plasmids pAME1 and
pBS72 (Janniere et al., 1990; Titok et al., 2003).

1.6.2.Bacillus megaterium

1.6.2.1. General features

First described over 100 years adghmegateriumhas recently been gaining more and more
importance in scientific as well as industrial apgiions.

The source of the significant name "megatetiwas the large size of the vegetativescell
(4 x 1.5um) and the spores. Compared to the model organsnGfam-negative bacteria,

Escherichia coliit has an up to 100-times higher volume (Fig.)1.7
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This large size has been exploited in several naggical studies. It has been used
effectively to study cell wall synthesis as Wwak membrane and spore structure (Archibald et
al., 1993). Moreover, the capability of sporulativess madd3. megateriuman important tool for
examining spore-mediated disease and cell developme

In the taxonomy oBacillus, as can be seen in Fig. 1.6, it is within Bisubtilisgroup, but much
more distantly related tB.subtilisthanB.licheniformis B.cereus B.anthracisor B. pumilusby

16s rRNA sequence analysis (Ash et al., 19est, 1993).

It is interesting especially because of iteygiology, unusual and useful enzymes and
products, and wide range of ecological h#hitAlthough it is generally considered a soil

organism,B.megateriumis able to grow on a wide variety of carbon rsea and thus has been

Figure 1.7 Electron microscope image Bdécillus megateriumyellow) and Escherichia coli(red) vegetative cellsB.
megateriumandE. coli cells were aerobically cultivated separately inmBdium at 37°C. They were grown until reaching

the stationary phase. Compared to Eheoli volume of 0.5um® (0.5 x 0.5 x 2)B. megateriunhas at least up to 100-times
higher volume(FromBunk et al., 2010

found in diverse environments from rice paddceedried food, seawater, sediments, fish, normal
flora, and even in bee honey. Strains are oftelatisd on unusual substrates, such as herbicides,
waste from meat industry or petrochemicalueffits, in the company of pseudomonas and
actinomicetes. Also documented has been tHiéyaloi degrade persistent insecticides and
utilize them as carbon sources . megaterium (Sexana et al., 1987) offering potential
applications as detoxifying agent.

Several B.megaterium proteins are of importance. A family of 984 cytochrome
monooxygenases e.g. is similar to eukaryotic P4aQimy a role in many diseases. Industrial
applications of enzymes excreted Bymegateriumare diverse, starting from amylases used in
bread industry to penicillin amidase, which is ugadthe generation of new synthetic antibiotics

to steroid hydrolases, glucose L-valine and L-akardehydrogenases to synthesize valine and
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alanine. It is the major aerobic producer afamin B12, and is one of the organisms

involved in fish spoilage (Vary P.S.,1994).

Productfuse Comments References

Alphostatin production Inhibitor of alkaline phosphatase Aoyagi et al. (1989)

a-Amylases Can replace pullulanases Takasaki (1989); Vinhinen & Matsala (1989)

p-Amylases Bread industry Metz ez al. (1988); Hebeda ef a/. (1988)

Chitosanases Yeast cell wall analysis Pelletier & Sygusch (1990)

Fungicidal toxins For Rhizoctonia, one isolated Liu & Sinclair (1992); Bhattacharyya &
Pukayastha (1989)

Glucose dehydrogenase Generator of NADH, immobilization, Nagao ef al. (1992); Kittsteiner-Eberle ¢f a/. (1989)

biosensors

Glutamate production 1987 Patent |P62048393

Modification of steroids 4-a-Glucanotransferase A 1989 Patent DID266592

Oxetanocin production Inhibits HIV, hepatitis B, cytomegalovirus, Kohlbrenner ez a/. (1990); Tseng et a/. (1992)

herpes

Phosphate solubilization Phosphate fertilizer Vary (1992)

Penicillin amidase Construction of synthetic penicillins Suga ef al. (1990)

Sensitivity testing Heat, sterilization, antimicrobials Vary (1992)

Toxic waste cleanup Herbicides, C-P bonds Quinn e /. (1989); Saxcna ¢/ a/. (1987);
Selvanayagam & Vijaya (1989)

Vitamin B,, production Only aerobic producer Wolf & Brey (1986); Robin e# a/. (1990}

Expression host Secretes, processes, produces intact proteins Ahn ef al. (1993); Rygus & Hillen (1991); Von
Tersch & Robbins (1990); Shivikumar e a/. (1989)

Table 1.1 Examples of recent industrial useB.afiegaterium(From Vary P., 1994).

During the 1980s, genetic techniques of transdogtplasmid transformation, protoplast fusion
and transposition became developed enoughriregateriuno apply them to the study of many
of its metabolic and developmental functions. &bwer, it is increasingly used as a host to
produce foreign genes since it has been found poeeg, secrete and process foreign proteins
without degradation. In fact, in contrast B subtilis, B.megateriumdoes not produce alkaline
proteases.

B.megateriumlike most species oBacillus (including most industrial strains) cannot be
naturally transformed, but a poly-ethylene-glyowdiated protoplast transformation has been
developed (Von Tersch and Carlton, 1983; Vorodbjeet al., 1980), and many recombinant
plasmids have been introduced (Von Tersch Roftbins, 1990). All the Gram-positive vectors
function well in B.megaterium and there is excellent segregational andtttral stability of
both natural and recombinant plasmids in soménst@M B1551,216 and DSM 319 (Kieselburg
et al., 1984; Meinhardt et al., 1989; Von Tarscand Robbins, 1990). Such protoplast
transformation has facilitated the use of transpsedo develop the genetics®imegateriumand

for its emergence as an effective cloning hast foreign DNA. Transposons and plasmids
lacking Gram-positive origins of replication havéeen successfully integrated iB.
megaterium.Major research strains of B. megaterium includ&éQB1551 , KM, 216, DSM
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319, ATTC 10778 and ATTC 19213. Strains Q BL551, 216 and IWG3, as well as the
plasmidless strains PV361, DSM 319 and VT1680 well-known industrially.

Moreover, surveys involving a total of 18 stisai of B.megateriunshowed that almost all
strains had at least four and up to sevemptiss which stably carry a percentage of its catlul
DNA as plasmid DNA, coding also for several megagi or bacteriocins (Rostas et al., 1980;
Von Tersch and Carlton, 1984).

1.6.2.2 Bacillusmegaterium as expression host

In molecular biology,B.megateriumhas proven to be an excellent host fa ekpression
of non-homologous DNA. In 1991, Rygus andlétil pushedB.megateriuntesearch with the
introduction of a strong and xylose-inducible praendound in the genome dd.megaterium
Under the strict control of the repressort@roXylR, the system was used for the controllable
production of intracellular recombinant proteiilee (-galactosidase, glucose dehydrogenase,
formate dehydrogenase and toxin(B&umchen C et al, 2007; Burger S. et al., 2008juR T.

et al. 1991a; Rygus T. et al. 1991b). This promptevided the basis for the effective and

commercialized  xylose-inducible vector systdor B.megaterium “...one of the most
efficient expression systems described in  anygarmesm so fdr (MoBiTec, Goéttingen,
Germany).

In contrast to other bacilli strainB.megaterium has the advantage, that none of the
alkaline proteases are present. This fact enalesxeellent cloning and expression of foreign
proteins without degradation (Meinhardt et d989; Rygus and Hillen, 1991). In addition
there are no endotoxins found in the cedlllwFurthermoreB.megateriumis able to stably
maintain several extra-chromosomal DNA elementparallel. This high stability of plasmids
during growth (Vary P.S., 1994) , is very advantageallowing a stable gene expression in long
term cultivations and bioreactors andnethods for large scale high cell density bioreacto

cultivation were established (Hollmann et al., 200

1.7.Bacillus secretion system

The transport of proteins from their site of syisisan the cytoplasm to their functional locatign i
an essential characteristic of all living cells.

In Gram-positive bacteria, who&esubtilishas become the model system, proteins can atdeast
delivered to, or retained at, five (sub)cellulacdbons: the cytoplasm, the cytoplasmic membrane,
the membrane/cell wall interface, the cell wallddahe growth medium. The final destination of a

protein is governed by the presence or absenagrmdlgeptides and/or retention signals.
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At least five distinct pathways for protenarisport have been identified Bisubtilis The
majority of ~300 potentially secretory proteins eppto be translocated by the “Sec” pathway
(Fig. 1) for proteinsecetion (H. Antelmann et al., 2001; J.D.H. Jongbledal.,2000; J.D.H.
Jongbloed et al., 2002). Typical proteins ofisthype include degradative enzymes (e.g.
carbohydrases, DNAses, lipases, phosphatas#eapes and RNAses), proteins involved in cell
wall biogenesis, substrate binding proteinsg a@aven pheromones involved in sensing the cell
population density for onset of developmental psses such as natural competence and
sporulation. (However, the precise function of éaproportion of proteins that were shown or
predicted to follow the Sec pathway remains to éterminined.)

Other pathways for protein transport, such as wie-arginine translocation “Tat” pathway, a
pseudopilin export (Com) pathway involved in urat competence development, phage-like
holins, and certain ATP-binding cassette (ABC) $gaorters, are “special-purpose” transporters,

limited to the export of a small number of specfiioteins (Sarvas M. et al., 2004).

1.7.1. SEC-dependent protein transport

Most bacterial proteins destined to leave tliygplasm are exported via the highly conserved
SecA-YEG (Sec) pathway. Protein secretion via thee [gathway irB.subtiliscan be divided into
three functional stages: targeting, translocatmd folding and release.

The exported proteins are synthesized as precuvgitiisan N-terminal signal peptide (von
Heijne, G. 1990; von Heijne, G. 1998). These mpns are first recognized by soluble
targeting factors (as cytoplasmic chaperones, scBRP/FtsY and CsaA ) (Tjalsma H. et al.,
2000; Tjalsma, H. Et al., 1998) that keep the yrgars in a translocation competent state (an
essentially unfolded forran unfolded or loosely folded staterefand faciittiieir targeting to the
translocation machinery SecA-YEG in the cell membra

Next, the polypeptide chain is transported throagproteinacious channel-pore SecYEG in the
membrane, a process driven by the translocatiomm®gc that binds and hydrolyzes nucleotide
triphosphates. During or shortly after transtmog a signal peptidase at the surface of the cell
removes the signal peptide by cleavage of prepraeiits recognitions sequence, releasing the
mature protein into the medium.

The mature protein in the membrane—cell wakriisice must then be folded into their native
configuration in an environment that is dominatgd & high density of immobilised negative
charge—in essence an ion exchange resin. The {pldiepends on the activities of PrsA (
Kontinen, V. P and Sarvas M., 1993), BdbBCD an&polllJ/YqjG (Stephenson K. 1998). It is
essential to the viability of the cell that thesetpins do not block the translocation machinery in

the membrane, form illegitimate interactions witte tcell wall or, through intermolecular
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interactions, form insoluble aggregates particyldrthe cell is subjected to certain types of sére

Consequently Gram- positive bacteria suclBasillus subtilisencode membrane- and cell wall-

associated proteases that act as a quality canttchine, as HtrA and HtrB, as well as WprA

(Tjalsma H. et al.,2000) involved in the qualitynt@l of secretory proteins clearing misfolded or

otherwise aberrant proteins from the translocasktha cell wall. Importantly, HtrA and HtrB

have the potential to assist in the folding orfoitding is impossible, degradation of malfolded

secretory proteins (Noone, D. et al., 2001). Aodel for the function of these main

components of the Sec machineryBosubtilisis depicted in fig.1.8.

Additionally, post-translocational protein foldig of major biotechnological importance in view

of the widespread use Bcillus species for the biomanufacture of proteins angmees.

CYTOPLASM
MEMEBRANE

CELL WALL
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Fig. 1.8 Components involved in Sec-
dependent protein export inB.subtilis
Secretory proteins are ribosomally
synthesized as precursor proteins with an N-
terminal signal peptide (SP). Cytoplasmic
chaperones, such as SRP/FtsY and CsaA , keep
the precursors in a translocation-competent
state and facilitate their targeting to the
translocase in the membrane, consisting of
SecA, SecY, SecE, SecG, and SecDF. During
or shortly after translocation, the preprotein is
cleaved by one of the type | signal peptidases
(SipS-W) or lipid modified by the
diacylglyceryl-transferase (Lgt) and cleaved by
the lipoprotein-specific signal peptidase (Lsp).
SppA and TepA may be involved in the
degradation of cleaved signal peptides (16),
whereas the folding of several secreted proteins
depends on the activities of PrsA , BdbBC,
and/or SpolllJ/YqjG. HtrA, HtrB, and WprA
are involved in the quality control of secretory
proteins. It should be noted that for reasons of
simplicity, HtrAB are depicted in the cell wall,
although HtrA is detected in both the
membrane and the medium . On passage
through the cell wall, the mature protein is
released into the environment. (Adapted from
Tjalsma H. et al, 2004).
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Chapter Il

TAT 8H4 scFv secretion into culture medium

in Bacillus subtilis and Bacillus megaterium
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2.1. TAT 8H4 scFv

B.subtilis and B.megateriumare here evaluated for their capability to prodacel secrete
recombinant antibody fragments, in particular 8iH#d-grion protein scFv, an eukaryotic complex
molecule with three disulphide bonds indispensétiats stable structure and activity. The ScFv
8H4 protein was just produced previously in abdratory inE.coli, but with very low yields.
The scFv 8H4 is a small polypeptide (28.3 KDa) stituted by a single fusion polypeptide
comprising the variable region of the light and\heehain (M;) (VL) of anti-PrP 8H4 mAbs that
recognizes residues 175-185 of helix B of PrP. sTantibody recognizes all described PrP
species (full-length and truncated, unglycosilaad glycosilated forms) and is able to react with
both PrB and PrB°¢ isoforms (Zanusso et al.,1998). The 8H4-scFv maaist the same
immunogenic properties of the original mAbs 8H4 Btorer, both, mAbs 8H4 and 8H4 scfv, have
shown therapeutic effects in vitro and in vivohiliting prion replication and delaying the
development of prion disease (Cardinale et al.5200

In order to optimize this therapeutic perspectind address the 8H4 scFv to its targets in SCN, it
is thought to clone 8H4 scFv in fusion with pepttdensduction domain of HIV-1 Tat protein,
that penetrates directly and efficiently into sdllanslocating across the plasma membrane and
also the BBB (blood-brain barrier) (Frankel A. DdaPabo C. O. (1988); Dietz et al.,2004; S.R.
Schwarze et al.,1999).

Moreover this ‘cell-permeable’ antibody or ‘translyd possesses other advantages over
conventional antibodies or intrabodies. For atstanrrect’ conformational folding and disulfide
bond formation can take place prior to introductioto the target cell. More importantly, the use
of cell-permeable antibodies would avoid the ovesimiing safety and ethical concerns
surrounding the direct application of recombinarAtechnology in human clinical therapy,
which is required for intrabody expression withue tcell by use of viral-based vectors.
Transbodies introduced into the cell would possedg a limited active half-life, without resulting

in any permanent genetic alteration. This woul@yakny safety concerns with regards to their
application in human clinical therapy (Boon Chinngeand Tong Cao, 2005).

2.1.2. Cell penetrating peptides

Intracellular delivery of many therapeutic and diastic agents can be challenging as the plasma
membrane forms a formidable barrier to the intréidmc of macromolecules into cells, being
impermeable to most molecules greater than 50(ED#ay into cells requires agents to transgress
the lipid bilayer while being sufficiently hydropiai to be easily formulated and distributed in

aqueous media. The discovery of cell permeablaegep{CPPs) has made it possible to transduce
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a broad range of physiologically and therapeutycatitive agents into living cells (Deshayes S.et
al, 2005). Cell penetrating peptides (CPPs)rotgin transduction domains (PTDs), also called
permeation peptides are short (fewer than 30uesid basic peptides, acting in a receptor- and
energy-independent manner that penetrate intoglcells. Efficiency of CPPs depends greatly
on the cargo being transduced. The most frequesttigied CPPs include HIV-1 Tat peptide
(derived from transactivating protein Tat of humiemunodeficiency virus-type 1, HIV-1) , HSV
VP-22 peptide, penetratin (the third helix of thentfeodomain ofantennapediatranscription
factorrefand simple synthetic polyarginine peptideasion of CPPs to other proteins confers
transducibility to the fusion protein and haseb used to deliver a variety of proteins t
living cells both in vitro and in vivo (Waai J.S. et al., 2005; Schwarze S.R. et al., 2005;
Kanovsky M. et al., 2005; Phelan A., et al.1998he Translocation across the cell membrane by
PTDs is a rapid process, that occurs at 37°C 4%Gtin dose-dependent manner practically in all

cells type doing not have strong cellular spedifigiDerossi D. et al.,1996;Vives E et al., 1997).

2.1.3. TAT sequence

HIV-tat peptide and its derivatives have recendgaived much attention, primarily because of
their efficiency and short sequence. Tat peptide erginally derived from the HIV-1 tat protein,
an 86-amino acid transactivation of transcripti®AT) protein involved in the replication of HIV-

1 virus after it was shown that full length Tat {@ia could be taken up by cells and activate of the
viral genome (Fawell, S. et al.,1994; Mann D.Akt1991; Vives, E. et al.,1997).

The transduction domain or region conveying thd pelnetrating properties appears to be
confined to a small (9 amino acids) stretch ofidamino acids derived from amino acids 47-57
of the HIV TAT protein, with the sequence RKKRRQRRI&hwarze S.R. et aR000).

This short most basic (pl = 12.8) Tat peptide calivdr a large variety of cargoes, ranging from
small particles of some hundreds of daltonpdptides, heterologous proteins of 110 kDa and
nucleic acids and massive structures with andier up to 200 nm such as liposomes across
most biomembranes without losing bioactivity, andacumulates in the cell nucleus.

Several studies using tat peptide have demonstthéedreadth of strategies where TAT has been
used successfully for efficient cargo delivery io@l culture and in vivo.

TAT PTD has been shown to deliver cargoes @&elas iron nanobeads and fluorescent quantum
dots into cells in culture TAT has also been useddliver large, active proteins into the cells of
live mice and TAT fusion proteins and peptides hbeen used to treat mouse models of

cancer, inflammation and other diseases TATahss been used to deliver phage encapsulated
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DNA to cells, and liposome encapsulated DNAdene expression in mice (Fawell S. et al,
1994; Schwarze and Dowdy 2000; Caron et al. 200lls &t al. 2001; Torchilin 2002; Ryu et al.
2003; Ryu et al. 2004; Snyder and Dowdy 2004; Wai.2006).

Despite the high number of biological applicatiarssng these peptides, and principally the Tat
peptide, the precise mechanism of entry still apgpeantroversial and certainly requires further
investigations. The current model for TAT mediafgdtein transduction is uptake by way of
macropinocytosis, a multistep process that invobiading of TAT to the cell surface, stimulation
of macropinocytotic uptake of TAT and cargo oimbacropinosomes and endosomal escape
into the cytoplasm (Gump and Dowdy, 2007). Maamopytosis, a form of fluid phase
endocytosis, is thought to occur in all cell typedso neuronal, because of the size of
macropinosomes is such to take up large extraeelparticles in the cells. TAT stimulation of
macropinocytosis is important because it in@isathat these molecules do not just pagsivel
enter cells but stimulate their own endocyptake.

In contrast with other amphipathic peptides withnikar cell penetrating properties, Tat peptide
has very low toxicity in cell culture. Being highhydrophilic, tat peptide causes little perturbatio
to the plasma membrane, even during 1-hr incubsi@m concentration of 1QM1 (Hallbrink M.

et al., 2001). So the TAT sequence using offergatyadvantages to delivery of antiPrP-scFv,
because of allow a quick and easy administrationcontrolled amounts with nuclear and
citoplasmic localization. Moreover TAT strategyaalls to uptake the proteins also in denatured
form because inside cells there are mechanismglaaguerones to refold the proteins. The use of
TAT as a carrier for therapeutic proteins and mkgsti has many advantages over traditional
gene therapy. The therapeutic is relatively sheed and lasts only as long as the lifetime of the
protein or peptide. Most importantly, non-viral thgy does not require the integration of the
nucleic acids into the genome of the patient, wibtentially catastrophic consequences.
Additionally, the use of TAT mediated delivery ofaotomolecules does not elicit the innate
immune response of the body to viral repetitiveitires, which can both limit the effectiveness

of a gene based therapy and lead to toxic immyBitbpn Chin Heng and Tong Cao, 2005).
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2.2. Materials and methods
2.2.1. Bacterial strains

The bacterial strain used in the present studglaogn in Table 2.1.

Table 2.1 Bacterial strains used in this study

Strain
E. colihost
e ToplOF (FmcrA A(mrr-hdsRMS-mcrBC) @80lacZAM 15 AlacX74 recAlaraD139 A(ara-leu) 769falu galk
rpsL(strR)endA1 nupG). Novagen
e invaF' F endAl recAl hsdR17 (rk-, mk+)sugE44 thi-1 gyrA96 relAl ¢80lacZAM15A(lacZYA-argF)U169 -
Novagen

e BL21(DE3) (Fompr hsdsg (rg” mg) gal dcm(DE3)  Invitrogen
e BL21(DE3) Lys S (Fompl hsdSs (rg” mg) gal dcm(DE3) pLysS (CamR ) Invitrogen

ToplOF, invaF' : used as recipient for cloningnsfarmation, propagation, and maintenance.
BL21[DE3], BL21[DE3] Lys S : specifically designedrfexpression of genes regulated by the T7 promdtegse straing
have not been used for propagation or maintenaiogeoest plasmid.

Bacillushost
¢ Bacillus subtilis 1012 leuA8 metB5 trpC2 hsdRM1 Schumann
¢ Bacillus subtilis WB80ON nprE aprE epr bpr mpr :: ble nprB :: bsr .vpr wprA hyg cm :: neo; NeoR
Schumann

¢ Bacillus megateriunMS941  MoBiTec

2.2.2. Growth condition

E.coli strains were grown aerobically in Luria Broth (L&)37°C supplemented, when necessary

with specific antibiotic.Bacillus subtilisstrains were grown aerobically in LB, MXR, 2xTY,
Nutrient (Difco) or MSR at 25°C or indicated temagierre supplemented, when indicated, with

sugars (glucose and/or sucrose). For selectionlasimpd, the medium was supplemented with

chloramphenicol (10g mI*) and/or neomycin (4@ mr?).

Bacillus megateriunstrain was grown aerobically in MSR supplement&t sugars (glucose and

sucrose) at 25°C or indicated temperature. Foectieh of plasmids, the medium was

supplemented with chloramphenicol (4% mI™*) and tetracyclin (10g mi™).

Table 2.2. Culture media composition.

LB MXR 2xTY MSR
1%Bacto tryptone 2.4% Bacto yeast extract| 1.6%Bacto tryptone 2.5% Bacto yeast extract
0,5% Bacto yeast extract| 1.2% casein hydrolysate | 1% Bacto yeast extract| 1.5%Bacto tryptone
0,5% NacCl 0.4%glycerol 1% NaCl 0.3% KHPO,
0.17 M KH,PO, 20 mM  potassium 1% glucose
0.72 M K,HPQO, phosphate buffer pH 7.0trace elements: 1ml/L 1000
stock solution (2M MgGl
0,7M CaC} 50mM MnCh,
5mM FeCt 1 mM ZnCh)
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2.2.3. DNA manipulation and transformation procedues
Procedures for DNA purification, restriction, ligat, polymerase chain reaction (PCR), agarose
gel electrophoresis, preparation and transformatibmompetente.coli cells were done using

standard techniques (Sambrook et al. 1989).

2.2.4. Construcion of plasmids

All plasmids have been checked for correctnesslésgvage with some restriction enzymes in

agarose gels and by nucleotide sequencing.

2.2.4.1. pHTO1/pHTA43E.coli/B.subtilis plasmids shuttle construction

PHTO1-GFP or pHT43-GFP

The green fluorence protein (GFE)ding sequence was amplified using pHIS-GFP (Negm .,
1997) as DNA template and the oligonucleotide prsn

T375' GCAGATCTATGGCTAGCAAAGGAGAAGAAC 3'  and

T36 5' GCTCTAGATCATTATTTGTAGAGCTCATCCAT 3.

The PCR product was cleavaged vBijll andXbal and cloned int®amHIandXbal of pHTO1
plasmid or pH43 (MoBiTec) to give pHTO1-GFP orpt3-GFP respectively.

pHTO01-P43

To increase the production of GFP and scFv , thengt constitutiveBacillus subtilis P43
promoter sequence was in vitro synthesiz&knescript) and cloned in pUC57-PgracP43. The
P43 was amplified from pUC57-P43 using the oligdeotide primers BS11
5'GCGGATCCATGCGGGGTTCTCATCATCATCAT3 and BS13
5'GCTCTAGAGCGGTGGCAGCAGCCAACTCAG3' and cloned ildamHIandXbal digested
pHTOL1 to yield pHTO01-P43.

pHTO1- P43-GFP

The GFPcoding sequence was amplified from pHTO1-GFP usliegoligonucleotide primers
T37 5' GCAGATCTATGGCTAGCAAAGGAGAAGAAC 3'and

T36 5' GCTCTAGATCATTATTTGTAGAGCTCATCCAT 3.

The PCR product was released wiglll and Xbal and cloned int@amHI and Xbal digested
pHTO1+P43 to construct pHT01-P43-GFP.
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pHT43-8H4

The eukaryotic TAT 8H4scFv sequence was amplifiedmf pRSETB-8H4 using the
oligonucleotide primers

T35 5 GCGGATCCATGCGGGGTTCTCATCATCATCAT 3and

T38 5 GCTCTAGAGCGGTGGCAGCAGCCAACTCAG'.

The PCR product was cleavage wBamHIandXbal and cloned in the same restriction sites of

pHT43plasmid to give the secretion plasmid pHT#428

pHT43-8H40pt

The optimized 8H4scFv sequence was amplified fp@57-8H40pt using the oligonucleotide
primers DANBAC2 5 ATGGTAGATCTCATATGCGCGGTA®' and

DANBAC1 5 TCCTCTAGATTGGGAATTTCAGCCGCTAGCCG 3

The PCR product was cut wiBglll andXbal and cloned in the same restriction sites of pHT43

plasmid to give pHT43-8H4o0pt.

pHTO1- P43-8H40pt

The 8H4scFv optimized sequence was amplified fré#it48-8H4o0pt using the oligonucleotide
primers BS14 835AAGGATCCATGAATCAAAAACGAAAGCGCAC 3' and

BS15 5" ACTCTAGATTGGGAATTCAGCCGCTAG3' primers .

The PCR product was cleavage wBamHIand Xbal and cloned in the same restriction sites of
pHTO01+P43 plasmid to give the plasmid pHTO1-P43i8pt.

pHT43 a-synuclein

The human-synuclein coding sequence was amplified using psi#® (Negro et al.,, 2004) as
DNA template and the oligonucleotide primers B&{in and Xba Syn

5' GATCTAGATCAGGCTTCAGGTTCGTAGTCTTG 3’

5' GCAGATCTATGCGGGGTTCTCATCATCATCAT 3

The PCR product was cleavage wiglll andXbal and cloned int@amHIandXbal restriction
sites of pHTO1 plasmid pHT43 (MoBiTec) to give 48 Syn.

2.2.4.2. pT7E.coli/B.megaterium plasmids shuttle construction
pT7-8H40pt sec
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The 8H4scFv optimized sequenceas amplified from pHTO01-P43-8H40pt using the
oligonucleotide primers Dan endACTCTAGATTGGGAATTCAGCCGCTAGCE' and

Dan start T75' GCTGTACAATGATTCAAAAACGAAAGCGGACAGTB!

The PCR product was cleavage wittrGlandXbal and cloned int@srGl andSpel restriction
sites of pT7plasmid to give pT7 -8H4o0pt.

2.2.5. Preparation of competenBacillus subtilis cells

An overnight culture oBacillus subtiliswas prepared in &l HS medium (table 2.4) at Z7. 50

ml HS medium were inoculated with 01l of the overnight culture and incubated undeoxogis
shaking at 3. The growth curve was recorded, and when tHe medched the stationary phase,
samples of 10 ml each were taken at 15 mm interaglded 1 ml of sterile glycerol, mixed and
left for 15 mm on ice. The cells were fractionateid 1 ml aliquots, frozen in liquid nitrogen and
stored at -8@. To identify the time point(s) yielding high le\@mpetent cells, one aliquot from

each time point was checked with a reference pthBINA (pHTO1).

2.2.6. Transformation of competenBacillus subtilis cells

One competent cells aliquot was thaw aiC3@nd used to inoculated 20 ml LS medium  (table
2.4). Cells were shaked slowly in a'@0water-bath to obtain maximal competence (abok}. 2
Then 1-ml aliquots were taken into a class-tubegeddlOulof 0,1 M EGTA and incubated for 5
mm at room temperature. So plasmid was added dhsuspension was incubated for 2 h aiG37
while shaking. Cell suspension was transferred art Eppendorf tube, centrifuged, supernatant
discarded carefully and the cells were suspenatedie final supernatant remaining on the pellet

and plated on selective medium.

Table 2.4 Culture media composition.

HS medium

LS medium

66,5 ml dest. water

10 ml 10x S-base

12,5 ml 4% (w/v) glucose

5 ml 0.1% (w/v) L-tryptophan
2 ml 1% (w/v) casein

25 ml 2% (w/v) yeast extract

10 ml 8% (w/v) arginine, 0,4% histidine

60 mldest. water

10 ml 10x S-base

12,5 ml 4% (w/v) glucose

0,5 ml 0.1% (w/v) L-tryptophan
1 ml 1% (w/v) casein

5 ml 2% (w/v) yeast extract
0,5 ml 0,5M MgC}

0,5ml 0,1IM Cadl

10 ml 1% (w/v) sodium citrate
0,01 ml 1M MgSQ

2.2.7. Preparation of competenBacillus megaterium cells
50 ml LB medium were inoculated with rhl of a Bacillus megateriunovernight culture and

incubated at 3T in aerobic conditions. Cells were harvested hyrifegation (45009, 15 min),
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when the cell density has reached an optical de@s,s of 1. Cells were suspended in 5ml of
fresh SMMP buffer (table 2.5). 50 of 1 mg/ml lysozyme were added in SMMP buffer &l
wall removal and incubated at 37°C for 60 min. €elere harvested by centrifugation (1300g, 10
min), and gentle suspended in 5ml of fresh SMMIFHeb. These two steps were repeated one
more time. After suspension of the cell pellet, {®toplast were either directly used for

transformation or frozen at -80°C in SMMP buffentaining 15%(v/v) glycerol for later use.

2.2.8. Transformation of competenBacillus megaterium cells

500 ul of protoplast suspension are combined withgbof DNA in SMMP, obtained mixing
equal volumes of 2x SMM and 2x AB3 (Antibiotic Medi No. 3, DIFCO) in one 12 ml tube for
each transformation. 1.5 ml of PEG-P were addedcatid were incubated 2 minutes at room
temperature (RT). 5 ml SMMP were added and mixedobing the tube carefully. Cells were
harvested by gentle centrifugation (e.g. at 0@,0pm for 10 minutes at RT), poured off
supernatant immediately after centrifugation. i08MMP were added, and cells were incubate
at 37 °C for 90 minutes with gentle shaking oringjlof tubes (max. 100 rpm). 2.5 ml aliquots of
CRb5-top agar were prepared in sterile tubes int@m@ath (max. 43 °C). After outgrowth, 50 to
200l of cells were added to 2.5 ml top agar, mix geby rolling the tube between both hands
and poured on a pre-warmed plate of LB daomtg the desired antibiotics. Cells were
incubated overnight at 37 °C and streaked on fpésties within two days.

Table 2.5 Culture media composition.

2x SMM 2x AB3 PEG-P LB plates SMMP
1M sucrose 7 g in 200 ml HO 40 % (wiv) Bacto-tryptone 10 g | 50% 2x SMM
40 mM maleic acid, | autoclave for 15 PEG6000 in 1x Bacto-yeast extract 5 50% 2x AB3
disodium salt minutes SMM g
40 mM MgCh autoclave for 12 NaCl 10 g
pH 6.5 minutes agar 15 g
autoclave for 12 add 1L
minutes adjust pH to 7.5 with
sodium hydroxide

2.2.9. Analysis of GFP fluorescence

Fluorescent colonies expressing GFP gene (Negab,etl997) on solid agar were visualized at a

wavelength of 360 nm on a UV illuminator (ReprostaCAMAG).
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2.2.10. GFP fluorescence measurements

Recombinant GFP was quantified via fluorescespectroscopy measurements (Luminescence
Spectrometer LS50B, PerkinElmer). The fluorescesmectrum analysis of all GFP derivatives
was carried out with a Photon Technology fluorimete

20 ml of LB or MSR added of glucose, sucrose ocgbe-sucrose mixture in different percentage,
as indicated, were inoculated with pHT01-GFP WB8@ pHTO1-GFP 101Bacillus subtilis
overnight culture up to Odg =0.5, induced with 1 mM IPTG and incubated undigorous
shaking at 3. Cells samples of 1 ml were took at differémtet ( 2, 4, 7, 23 h), centrifuged 3
min at 10000 rpm, washed in phosphate-bufferechadlPBS) twice, resuspended in PBS and
disrupted by sonication. Thus samples were dilultd® in PBS prior to analysis.

For quantification of fluorescence, samples wereited at a wavelength of 400 nm, while

fluorescence emission maxima were recorded anfi?2

2.2.11. Protein production studies irBacillus strains
2.2.11.1. 8H4 scFv purification by medium

B. subtilisor megateriumstrains carrying expression plasmid were cultidate shake flasks at
indicated temperature in MSR medium supplementdla giucose and sucrose or in other medium
indicated. The media were supplemented witlpr@piate antibiotics to sustain the selective
pressure on the stable replication of the cpoeding plasmids. Tetracycline and
chloramphenicol were used f8:megateriumat a final concentration of 10 and of 4.5ugml
respectively. Neomycinand chloramphenicol were used for WB80MIsubtilis at final
concentration of 10 pg il each one. Recombinant expression of genes unaesctiptional
control of the xylose-inducible promoter was indiige B.megateriunby the addition of 0.5%
(w/v) xylose at an optical density of 0.dt 678 nm). While recombinant expression of genes
under transcriptional control of the IPTG-inducitgeomoter was induced iB.subtilis by the
addition of ImM IPTG at an optical density(O&f) 0.6 or indicated (at 600 nm). Samples
were taken at indicated time points aftemustin. Cells were separated from the growth
medium by centrifugation.

The scFv was purified by culture supernatant iniveatconditions by Ni-NTA affinity
chromatography and eluited with imidazole. As contulture supernatant was concentrated by
44% of ammonium sulphate precipitation to yield skereted protein fraction.

Recovery of antibody fragments via ammonium sukphaecipitation or affinity-purified, was
assays by sodium dodecyl sulphate (SDS)-polyanige gel and Western blot analysis using
mouse anti-his primary antibody (1:3000; Sigma) amdi-mouse IgG-alkaline phosphatase

secondary antibody (1:3000; Sigma).
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2.2.11.2. 8H4 scFv purification by soluble cellufdraction

Cells were harvested by centrifugation at 7,000 xTdpe cell pellets were resuspended in lysis
buffer (500 mM NacCl, 10% glycerol, 0,1% Tween 20 nivis-HCI, pH 8.0) and disrupted by
sonication. After centrifugation for 30 min at 1@0¢pm at 4°C, the soluble fraction (supernatant)
was collected and the scFv was carried out in eatbnditions using a NTA-Rficolumn in the
presence of 500 mM NaCl, 10% glycerol, 0,1% Twe2B0 mM imidazole, 20 mM Tris-HCI pH
6.5.

2.2.11.3. Protoplast preparation irBacillus strains

To analyze the 8H4- scFv expression in cellulactfoms, protoplast pellet and periplasmic
fraction were prepared. Protoplasts were prepasedeacribed by Merchante et al.(1995) with
minor modifications.

Cells (10 ml) were harvested by centrifugation @00 x g at 20°C. The culture supernatant was
collected as the secreted fraction. The cell mehNeere washed twice with SET buffer (20%
sucrose, 50 mM EDTA50 mM Tris HCI, pH 7.6) andugzended in 2 ml of protoplast buffer
(66% sucrose, 16 mM MgGI50 mM Tris HCI pH 8.0).The suspension was incubaiegi7°C for

45 min in the presence of lysozyme (40§). The mixture was then centrifuged at 21,000(%5
min, 20°C) to yield the periplasmic fraction (supaiant) and protoplast pellet. Protoplasts were
suspended in lysis buffer (5 mM Mga®0 mM Tris HCI pH 8.0) and disrupted by sonication
The insoluble fraction was collected by centrifugiatat 20,000 x g. As a control, the cell pellet
from a similarly prepared 10-ml cell culture wagedily suspended in lysis buffer without
lyzozyme treatment and disrupted by sonication iedythe cellular soluble and insoluble
fractions.

Protein samples were normalized against the ceiside and were analyzed on an SDS 12%
polyacrylamide gel and Western blot using mousetastprimary antibody (1:3000; Sigma) and

anti-mouse IgG-alkaline phosphatase secondaryatifiL:3000; Sigma).
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2.3. Results
2.3.1. Construction of the expression-secretion viec pHT43-8H4

A great advantage dBacillus subtilis as host in recombinant protein production, ise ifs
capacity of secreting functional extracellularoteins directly into the culture medium with
high yields. The secretory production of recombinarotein has several advantages, such as
simplicity of purification, authentic N-terminal ano acid sequence after cleavage by the signal
peptidase, and a better chance of correct protditiny. The goal was the secretion of TAT-8H4
scFv directly into the culture mediumAt the aitrhas developed an expression-secretion vector
to produce TAT 8H4scFv by replicative expressiostasys inB.subtilis Using of an episomal
vector with relatively high copies, it has advamtdg express an higher level of interested gene
(increasing the mMRNA amount) than single copy i@ thromosomelt was used vectors pHT,
that are plasmid-based expression vectors for igfficient intra- and extracellular production of
recombinant proteins iB.subtilis The plasmid pHT43 (MoBiTec) allows high-levekpeession

of recombinant proteins directed into the medilmfact, the sequence encoding target gene is
fused with the coding region for the signal peptmf the amyQ gene, under the control of
expression cassette Pgrac consisting ofgtb& promoter, thdac operator and the efficiegsiB
Shine-Dalgarno sequence (Jurgen et al., 1998).0vestbased on the strong, costitutiwAd -
dependent promoteroE preceding the groE operon d&.subtilis which has been converted
into an efficiently controllable promoter by atitoh of the lac operatdacO of E.coli.

While the background level of expression of thegar@ssion cassettes is very low in the absence
of the inducer IPTGan induction factor of about 1,300 was measuredgusie reporter gene
(Phan et al., 2005). The amount of recombinantemmoproduced after addition of IPTG may
represent 10-13% of the total cellular protein (Pagal., 2005).

Ay GCGGATAACAAT Tcccaattaaaggaggaaggatca
y 4 lacO RBS
Vs ORF-2
.._f,f? 5 latgattcaaaaacgaaagcggacagtttogrtcagacttgtycrtaty
b, GHT43 TATRHA M I Q KRKZRTUV S FRILVYILH

CgcacgctgrratttgtcagittgcCcygartacaaaaacatcagccyy

CTLLFVSLPITKTSAT
taggatcetctagagtegacgteceeggggeagee

T cmr RRFR
W

BamH1  Xbal Aafll  Smal SP
Fig. 2.1 pHT43 TAT-8H4 Fig. 2.2 MCS of plasmid pHT43 and complete sigrguence amyQ (in
expression plasmid for secretion of grey).The arrow indicates the site for scFv processingiggal peptidase
scFv via AmyQ signal peptide. (SP).

To obtain secretion of recombinant proteins, thairap region for the signal peptide of the amyQ

gene encoding ao-amylase was fused to the SD sequence. High leakson of amyQ a-
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amylase oB.amyloliquefaciensand cellulase A and B d@lostridium thermocellunby sec A
pathway was demonstrated Brsubtilis(Nguyen et al., 2006).

The expression-secretion vector pHT43 TAT8H4 (Fij.2vas constructed cloning the eukaryotic
8H4 scFv sequence, present in our laboratory, im4#Hplasmid, under Pgrac promoter control
and in fusion with secretion segnale peptide Amy&y.( 2.2). At N-terminal of 8H4 scFv
sequence there is an exa-his tag that allows tpldymiMAC purification and a TAT sequence for
cell transduction.

The plasmid constructions correctness was contrdiierecombinant plasmid sequencing and by

restriction reactions.

10 20 30 40 50 60
M QKRKRTVS FRLVLMCTLL FVSLPI TKTS AVGSHVRGSH HHHHHGMARG YGRKKRRQRR
70 80 90 100 110 120
RGARLAASGA HADI LI TQSP TTMAASPGEK | TI | CSATSS | SPNYLHWQ QKPGFSPRI L
130 140 150 160 170 180
| FGTSDLASG VPVRFSGRGS GTSYSLTI VS MEAEDVATYY CQQGSSTPLT FGTGTKLEI K
190 200 210 220 230 240
RSGGSTI TSY NVYYTKLSSS GTEVMLVESG GALVQPGGSR KLSCAASGFT FSSFGVHWR
250 260 270 280 290 300
QAPEKELEW AY! SRGSSTG YCADTLKGRC TI SRDNPKNT LFLEMISLRS EDTAMYYCAR
310 320
SGSSYGGWE DVWGAGTTVT VSSASG

Fig. 2.3 Sequence of TAT 8H4scFv protein with @rsignal secretion
signal secretion, in green TAT sequence, in blué 8&Fv sequence.

In pink is showed His tag,ad ramyQ

TAT8H4 scFv TAT8H4 scFv
with signal sequence properties processed by SP properties
number of amino acids 326 number of amino acids 295
molecular weight 35355.1 molecular weight 31790.6
pl 9.83 pl 9.58
€ 1.41 € 1.57

Table 2.1 Some properties of TAT 8H4scFv protéinthe left the physic-chemical properties of TAT
8H4scFv with signal secretion and in the right piryschemical properties of the mature TAT 8H4scFat@in

Because oB.subtilislow transformation efficiencies, in cloning it wased a shuttle vector pHT,

that replicates ifE.coli and B.subtilisTherefore all cloning steps are carried ouEiooli, and the

final recombinant plasmids pHT43-TAT-8H4 scFv ierhused to transform the appropriate
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B.subtiliscells. We have choose WB80@\subtilis strain, because of it is a seven-extracellular
protease and the wall-bound protease WprA defictbat could degrade the scFv that should be
produce in secreted form. In fact extracellulart@res unable to fold correctly are prone to

degradation by protease. But even correctly foldeterologous proteins can be degraded by

extracellular protease.

(o) g Fig.2.4 Proteases and peptidase3MB800ON protease-deficier.subtilis
strain. The localization of knowB.subtilisproteases and peptidases in the
& @
Cons) cellular compartments and the growth medium iscatgid.
G‘ D D In WB8OON strain structural genes encoding a tathlseven soluble
)
protease characterized [the genes AprE and NprEingodfor

L - ' alkaline(subtilisin) and neutral protease, the geoeding for extracellular
DO O D= C‘OO:— protease (epr), the metalloprotease (mpr), thellopeptidase F (brp), the
minor soluble protease vpr), and the cell-bound Avprotease] have been
@ deleted. In red are barred the inactivated protgasgrE; nprB; aprA; epr;
il mpr; bpf; vpr; wpr.)
(Adapted from Quax W.J. et al., 2004.)

BRR IR
To the aim, a protocol @.subtiliscompetent cells preparation and transformationsgabecause

of initially in our laboratory the knowledge abddcillus host-strain and expression system were

absent.

2.3.2. Preparation and transformation of competenBacillus subtilis cells

Different methods published allowing the introdaoatiof genes intdB.subtilis cells were been
tested, with poor results. After several triaB,subtilis competent cells preparation and
transformation protocol based on natural competevars prepared. Many strainsBkubtilisare
naturally capable of taking up DNA fragment undertain physiological conditions referred to as
“competence” (Chen and Dubnau, 2004). This is ysiplogical state in which a bacterial cell
stops dividing and expresses a set of genes fointkeenalization of environmental DNA,
eventually incorporating this DNA into its own @ene in a process known as transformation. A
hallmark of competence is its bimodal expressionlyCa minority of cells in a competent
population expresses the DNA transport genes, utg@ of the cells in a culture shortly before
the cessation of exponential growth. Individuallceherefore exist in two distinct states with
respect to competence gene expression. This plotwa® been applied tBacillus subtilis
WBB8O0ON and 1012 strain3.o identify the time point(s) yielding high levebmpetent cells, the
growth curve was recorded and when the cells weaehing the stationary phase, samples were
taken at 15-20 min intervals, and one aliquot feach time point was checked with a reference
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plasmid DNA as pHTO1 that confers resistance aoachphenicol. As it can see in an example for

WBB8OON, the aliquot with higher level competentis& the number five, fig.2.5.

o liquot tested  Belection DA transtormantN® colonies after
(ollection (C=cloramphenicol HT01=control pransformation
> Al Hme) M=neotmnicin lasmid
0 1 CHY pHT01 0
2 CHY pHT01 21
e 3 CHI pHT01 2
4 CH pHT01 83
H 5 CHI pHI0] 107
o =H H 3 CH - 0
a 1 2 3tlme (h)fl £ B 7 8 5 N = pl atﬁ

Fig.2.5.Bacillus subtilisgrowth curve. In table an example of results afitensformation of WB80ON (resistant to
neomycin) with control plasmid pHTO1, that confeesistance to chloramphenicol, to identify thaeipoint(s)
yielding higher level competent cells.

2.3.3. Medium optimisation for the expression of reombinant protein in
B.subtilis

At this point, it is looked for the optimal mediufor Bacillus subtilisrecombinant protein
expression.

As a first approach to optimize recombinant protei
production, total intracellular protein expressiaras tested
by two B.subtilisstrains (WB600 and WBB80ON), grown in
2XTY, 1XxMXR, LB, Nutrient or 1XMSR. The highest lise
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our cloning (pHTO1 and pHT43), to drive expressian

r";i optical densities and intracellular protein yieldsere

-AE obtained upon growth in LB and 1xMSR.

- = Then, in order to evaluate the abilities (strengthd

- ! inducible expression regulation ) of the plasmided in
2-se

. W

heterologous genes iB.subtilis have been constructed

Fig.2.6 SDS-PAGE analysis of total
intracellular protein production by WB600
and WB80O0ONBacillus subtiliscells grown

in 2xTY, 1xMXR, LB, Nutrient or 1XMSR,
after 5h from normalized against the cell
density inoculum.

The two vectors pHTO1 and pHT43 allow highkidl expression of recombinant proteins

expression vector pHTO1-GFP (Fig.2.7), carring Brggac
promoter trascriptionally fused to the (reporterngje

fluorescent biotracer green fluorescent proteinR{F

within the cytoplasm, where pHT43 directs tlegombinant proteins into the medium. They

differ only for the presence or no of the signareston sequence amyQ.
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GFF So it is easier follow the protein expression,

| because of green fluorescence was visualized

/’M " when GFP was excited at a wavelength of
f Tl GEP about 400 nm on a UV illuminator.
p
LM e The pHTO1-GFP was transformed before in

'-i.\

BL21Lys S cells, that has been seen green after
IPTG induction under UV excitation.

Fig. 2.7 pHTO1 GFP expression plasmid.
Then the pHTO1-GFP was transformed simultaneountty 1012 and WB800MB.subtilis strains
(Fig.2.8). GFP expression was evaluated in the (27,23 h after IPTG induction) in the more
productive media (MSR and LB) added of differenfbcaium sources (glucose and/or sucrose in

different percentage) by scanning the fluorescesmoéted by resulting cultures as described in

materials and methods (Fig. 2.9).

A0

e EOON MER+ 1960
=] E00N MESR +5

=== 0N MSR+0S%+05%C

amn ] —om— o S00N MERHOSHEHD.S%G
— B — 02 LEHIRG
—-—0—— 012 MER
———— 1012 MER#1%3
—L— 1012 MER#1%S

200 s 042 MSR 40 8% 540 856

=== 042 MERE1NSHING

200 4

100

Fluarescenza assoluta GFP (emissione 912nm)

IPTG + IPTG - IPTG + IPTG- Tempo di crescita (o)
Fig. 2.8 1012 and WBB80ONBacillus Fig. 2.9 GFP expression by pHT01-GFP 1012 and
subtilis fluorescent colonies expressigfp WBB8O0ON Bacillus subtilis strains was evaluated in
gene on solid agar or liquid medium were the time and in MSR and LB media added of different
visualized at a wavelength of 360 nm on a carbonium sources (glucose and/or sucrose in differ
UV illuminator. IPTG+ : induced colonies, percentage) by scanning the fluorescence emitted at
IPTG- : no induced colonies. 512 nm bv resultina cultures

In conclusion the expression changes on base eitigroonditions. In classical medium as LB
with glucose, the protein expression level obtaimedbout 15 time minus than in more rich
media. The major protein expression has been shWER+1% sucrose for 101R.subtilis or
MSR added of mixture 0,5% sucrose and 0,5% glufmrsk012 and 800MB.subtilis
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2.3.4. Production of TAT-8H4 scFv in WB80ONB. subtilis by secretion
2.3.4.1. TAT-8H4 scFv production in pHT43 TAT8H4 WHOONB. subtilis

In these optimised media, to individuate more pobida conditions, WB800ONB. subtilisgrowth
curve trials were done in high rmp shaked flasksliferent temperature 25°C or 37°C and

measuring Oy and pH medium (fig. 2.10).

growth curve growth curve
o 20 . 10 .
g w0 DR = = == g
5 37| ° —8—37°C
O T T T 1 O T T T T T 1
0O 8 24 30 48 53 0O 8 24 30 48 53
time h time h

Fig. 2.10 WBB80ONB. subtilisgrowth curve trials in high rmp shaked flasks #fiedent temperature 25°C or 37°C
and measuring Ofg and pH medium to evaluate the best growth cormtio

Since, the best growth condition Brsubtiliswere reached after 24-30 h at 25°C with pH values
about neutrality, we started producing, secretind purifying TAT 8H4scFv protein in these
condition. In fact, it is noted th&acillus species can secrete large amounts of industrainees
(mainly native secreted proteins) into the growtdmam, in particular during the post-exponential
growth phase (Fig.2.11) (S.Bron et al., 1998).

transition secretion sporulation
stage 0 I i v v v Fig. 2.11 Post-exponential gene expression in
\ B.subtilis A typical growth curve in minimal medium is
\ competence shown. As part of an elaborate network of digna
o transduction, B.subtilis can express several regulons in
antibiotics

a temporal way. Most of these are expressed duwing
motility after the transition from the exponential to thetishary
phase of growth. The various post-exponential @has
processes are indicated in relation to thewth
phase. (Adapted from S.Bron et al., 1998).

T-1 TO T1 T2 T3 T4 T5 T6 T7 T8Hr

WBB8O0ONB.subtiliswas transformed with pHT43 TAT8H4 scFv and pHT&3negative control.
The expression of TAT 8H4scFv secrete protein in3MBN was tested, by SDS-PAGE and
immunoblotting developed with anti-his antibody.eTimmunoblot analysis of culture medium
after IMAC purification showed no TAT-8H4 scFv setad at 24-30h . Nevertheless, the
immunoblot analysis of cell pellet showed a mand of expected molecular weight of about 35-
32 kDa ( theoretical molecular weight for preprasatce 35300 Da and for mature 31790 Da). So

scFv is expressed in WB80ON cells even if with eoyvhigh yields, because it is visible only in
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Western. By immunoblot analysis the intracellulandquced scFv is shown prevalently as
insoluble, even if about 35-40% is soluble (Fi§2). So in conclusion: 1) scFv is expressed in
cells even if no with very high yields, 2) no TAH8 scFv is detected in purified culture medium,

3) the intracellular produced scFv is shown asldeland insoluble.
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Fig. 2.13 Interaction between intracellular soluble
purified TAT-8H4 from B.subtilis and human PfP
confirms the correctness and identity TAT-8H4scFv
as showed by immunoblotting. 50 ng of PrRas
transferred to membrane and incubated with aboQt 10
ng of TAT-8H4scFv purified in native conditions, can
following with mouse anti-His and anti-mouse IgG.

Fig. 2.12 Immunoblot detection of TAT-8H4scFv in
the culture medium and in cell pellet homogenate of
pHT43 TAT 8H4 WBS8O0ONB.subtilis at the best growth
condition (24-30 h).

2.3.4.2. Antigen binding specificity of intracelluar soluble TAT-8H4scFv

To confirm the expression and correctness of TABRSHv produced by pHT43 TAT8H4 scFv
WBB8O0ON B.subtilis TAT 8H4 was purified from intracellular solublettion in native conditions
(with low yields, about 0,3-0,dg/ml).

The specificity of soluble purified 8H4 scFv to ogoize and interact with hPTRvas determined
by immunoblotting. As shown in Fig. 2.13, the sdéuborrectly folded TAT 8H4scFv was active
and able to recognize human prion protein, dematsty the functionality of the construction.

In order to obtain the extracellular TAT- 8H4scFroguction, several other experiments of
expression and medium purification from pHT43-8H4B&WON B.subtilis has been made,
changing carbonium sources (sucrose, glucose) anduras in media, changing culture
incubation temperature before and after induct®n &, 30 C ,25C), testing different secretion
times (2, 3, 4, 6, 7, 16, 24, 30, 48 h) and differ®D induction (Olgy 0.6, 0.7, 0.8), and also
changing purification conditions as elution (0.5Midazol pH6.5, 250mM NaCl, 2mM TrisHCI
pH8 or 0.5M imidazol 50 mM sodium acetato pH 5.9mra 8M, NaHPOy, TrisHCI pH4.5), or
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using a wild-type (eukaryotic) or a synthetic optied scFV gene sequence for prokariotes but in

any case it have been possible to visualize THARFv purified from culture medium.

2.3.4.3. TAT-8H4 scFv production in pHT01-P43 TAT8H WB8O0OONB. subtilis

Promoters are important regulatory elements, tloaitrol influencing temporal expression of
genes and their expression strength. At this parpdshas been tested the expression of 8H4scFv
sequence also under constitutive strong promot8rfn B subtilis P43 is a highly efficient
promoter that comprises two overlapping promotexognized by thé3.subtilis ;A and oB
containing RNA polymerase holoenzymes. pHTO01-P43sgFv and pHT01-P43 GFP plasmids
were constructed and transformed in WB80BISubtilis GFP expression under P43 promoter
allowed to verify promoter activity either ig.coli either inB.subtilis In the best conditions
previously identified, immunoblot analysis showdtttthe 8H4 scFv expression in WB80ON
B.subtilisunder P43 promoter control was not improved, withscFv detected in purified culture
medium and an intracellular scFv production, alnmoilly insoluble.

pHTO] -P43-804

pHT43-5114

perattinvg Sonliel

medin

negal ve contrnl

kDa

36 -

9 -
M- Fig. 2.14 Immunoblot detection of TAT-8H4scFv
in the culture medium and in cell pellet
homogenate of pHT43 TAT8H4 WBS8OON
B.subtilis in post-exponential growth phase (24-
30 h).

To further verify the secretion, we have tried toquce other two proteins in secrete form (GFP
and a-synuclein, a short and stable protein without lgiside bonds). Secretion vectors pHT43-

GFP and pHT42rsyn were constructed, and transformed inWB8@bubtilis but there was

not visible fluorescence or protein secreted imdlioma (data not shown).
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2.3.5. Production of TAT-8H4 scFv inB. megaterium by secretion
2.3.5.1. Construction of the expression-secretioregtor pT7-TAT8H4

One important feature of efficient protein prodoctis the use of strong, tightly controllable
promoters, at this purpose, scFv secretion wakiaeain B.megateriumengineered with T7
RNA polymerase expression system.

This expression system, just developed and widsedyg dorE.coli (Tabour and Richardson, 1985),
offers the advantages of stringent selectivity high transcriptional activity so that it is possibl
to lead to a saturation of the protein-synthesinmaghinery in host organism. Consequently 50%
or more of the total cellular protein caaonsist of the desired protein (Studier and Moffa
1986). The T7 RNAP expression system facillus megateriumbased on two parallel-
replicating plasmids: pT7-RNAP and pP T7 (Gameale2009) distribuited by MoBiTec and
combines the features of this systeniinoli with the regulation by the xylose operon.

Plasmid pP T7 contains all structural elememiscessary for a T7 RNAP-dependent
expression of target genes under the control gfrémoter.

Plasmid pT7-RNAP contains the gene encoding RNAymperase of the bacteriophage T7 (T7
RNAP) under the transcriptional control of xylosehicible promoter PxylA . This promoter is
regulated by repressor coded by XylR gene, thatksloxyl operon transcription in absence of
xylose. In the presence of xylose, repressor takkeand starts transcription of T7 RNAP that
recognizes its specific promoter beginning targetes transcription.

Using this promoter system localized on free repiing plasmids for the overexpression of
recombinant genes B.megateriunyielded an induction of up to 350-fold while adglixylose to
the growth medium (Gamer et al 2009Y. RNA polymerase is highly processive and recagnis
completely different promoters fromacillus cells. So it can completely be used selectively to

transcript target gene, without interfere with gnewth and synthesis of bacterial protein.

ELIDHI The expression-secretion vector pT7-TAT8H4 was
...| l constructed, cloning the TAT8H4scFv sequence in pT7
’_‘*"k[ plasmid, under T7 promoter control and in fusiorthwi

o \ secretion signal peptide AmyQ Bfsubtilisamylase Q gene,

as described in materials and methods. At N-terhoih&H4
""" _J scFv sequence there are an exa-His tag allowirsinplify
IMAC purification and a TAT sequence for cells

transduction (fig.2.15).

Fig. 2.15 pT7 TAT-8H4 expression plasmid.

Because of the low transformation efficiencyBxcillus strains, all plasmid constructions were
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done in E.coli TOP10 with the pT7shuttle vector, able to repécan both E.coli and
B.megaterium The plasmid constructions correctness was cdettdby recombinant plasmid

sequencing and by restriction reactions.

2.3.5.2. TAT-8H4 scFv expression in pT7 TAT8HZE.coli

The expression of recombinant protein producdd.ooli (DE3) LysS cells (provided of T7 RNA
polymerase expression system) transformed with PX¥8H4 , has been verified by SDS-PAGE
and immunoblotting (fig.2.16). A main band of exigetmolecular weight of about 32-35 kDa (
theoretical molecular weight preprosequence 353@) Dmature 31790 Da),is visible in
transformed and IPTG induced cells. It is complarabith TAT 8H4scFv without secretion
sequence produced by plasmid pRsetB just preseatiinaboratory, and both are produced in
very low amounts, being visible in western, thusieating that the protein although express at low

amount is correctly processed in mature form.
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Fig. 2.16 SDS-PAGE (A) and western blotting analy(8) of TAT-8H4scFv in cell pellet homogenate of
E.coli. BL21[DE]LysS cells were transformed with the icatied plasmids and protein expression was induced
with IPTG. Cell lysates corresponding to diof culture were loaded in Coomassie blue-staigeld A), while
corresponding to 1Qul of culture were loaded iwestern.

2.3.5.3. TAT-8H4 scFv expression in pT7 TAT8H®8. megaterium

pT7-8H4 plasmid was transformed in MS@.Inegateriuntompetent cell. This strain, deleted of

extracellulare protease NprM, provides a suitabbst for the production and secretion of
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heterologous proteins (Wittchen and Meinhardt, }99G the aim has been applied a poly-
ethylene-glycol-mediated protoplast transformatmnotocol (Barg et al., 2005) to remove the
solid cell wall of this bacterium and isolate th@tpplasts. Two of about 20 transforming clones,
were controlled by PCR to verify the presenceegbmbinant plasmid pT7-TAT8H4. These two
pT7-8H4B.megateriumransformed clones, were grown in sugar added Mi®Rium at 25°C and
by time course trials, with samples taken at déiferculture times (5, 24, 30 h), the TAT8H4scFv
expression in culture medium and cell pellet waralyged. The immunoblot analysis of culture
medium after ammonium sulphate precipitation (aWAC purification) showed no clearly TAT-
8H4 scFv secreted (Fig. 2.17). Nevertheless, thmunoblot analysis of soluble and insoluble
intracellular fractions show that 1) scFv is expegkin cells even if no very high yields, becatse i
is visible only in western 2) the intracellular guzed scFv is shown so far as insoluble.

To elucidate the rate-limiting step(s) in tBecretory production of 8H4 scfv with the T7
RNAP-dependent expression system, subcellular iprét&ctions were analysed. Immunological
detection show that 1) 8H4 scfv is revealed as$an insoluble fraction of protoplasts after 24-
30 h from induction 2) a small fraction is reveal@d soluble fraction of protoplasts and also in
periplasmic fraction. This last result should prakiat the scFv is secreted in periplasmic space

between plasma membrane and cell wall, after sigeiidase-mediated processing.
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Fig. 2.17 Immunoblot detection of TAT-8H4scFv imetculture medium, intracellular soluble and inb&du
protoplasmic fractions, and in periplasmic fractioh pT7 TAT8H4B.megateriumon the timg5, 24, 30 h).
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2.3.6. Discussion

Scfv are recombinant antibody fragments beconmiagular therapeutic alternatives to full
length monoclonal antibodies (Abs) since theysamaller, can be produced more economically,
retain the binding properties and antigen spetyfiof their parent Abs and are easily amendable
to genetic manipulation with possibility of enginieg for intracellular expression or secretion.
Several groups have investigated the use of aiunscFvs in prion-infected cell culture systems
or in vivo analyses (with mice) and have been ridgamsed as therapeutic approach in prion
diseases resulting in significant reduction toé peripheral P propagation (Gabizon et al.,
1988; Peretz et al., 2001; White et al., 2003)cdntrast to full length antibodies, these antigen
binding fragments can conveniently be produaecE.coli. Although this production system
is widely used, corresponding yields are duomme limited and in particular hampered by the
inefficient secretion, leaving more than 90% of pheduced scFv inside of the cell. Moreover, the
majority of protein is found denatured inrrfo of insoluble inclusion bodies.

Novel production systems could enhance thadyiof functional antibody fragments or allow
cheaper and easier production and purificatioiarious microorganism besidecoli have
been used for the production of recombinantibady fragments. Among these, Gram-
positive bacteria, lik®acillus subtilis(Wu et al., 1998 and 200B).brevis(Inoue et al., 1997,
Shiroza et al., 2003B.megateriun{Jordan et al., 2007) in particular, are advagbag due their
capacity to secrete scFvs directly into the medium.

In this study, 800NB.subtilis and MS941B.megateriumare evaluated for their capability to
produce and secrete anti-prion TAT-8H4scFv protemeukaryotic complex molecule with three
disulphide bonds indispensable for its stable sirecand activity.

8H4 ScFv protein was just produced previouslypum laboratory inE.coli, but with very low
yields. Several expression vectors were construcieding the wild-type or a synthett€. coli
optimized 8H4 scFv sequence, with TAT sequenceélirtransduction, in pHT plasmid, under
control of IPTG-inducible Pgrac or strong consgtite P43 promoters, and in fusion with signal
peptide AmyQ. The immunoblot analysis showed $io&l is expressed in 80@acillus subtilis
cells intracellulary even if with no very high yilsl and primary as insoluble, while no TAT-8H4
scFv is detected in IMAC purified culture mediurthalgh high level secretion bBacillus secA
pathway was widely demonstrated in these system WwHiT high-level secretion of exoproteins
(Schumann W. et al., 2006).

Because of the promoters influence the spatiatamgoral expression of genes, it has been tested
the expression-secretion of TAT 8H4scFv also urtler strong, tightly controllable, xylose-
inducible T7 promoter control in MS94B.megateriumno secreting alkaline protease. The

immunoblot analysis at different times of culturedium after IMAC purification and ammonium
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sulphate precipitation showed no clearly TAT-8H4\scsecreted, while a small fraction is
revealed in periplasmic fraction and primary isdluble intracellular fraction. This result should
show that the scFv is secreted in periplasmicespatween plasma membrane and cell wall, after
signal peptidase-mediated processing. Neither sekvacellular secretion was improved by
utilization of media with increased Mg-ion conceribn an lower Co and Ca concentration,
optimized to directly favour higher scFvs formatiand secretion irBacillus megateriumas
showed in study of David (David F. et al., 201bpat the role of metal ion on scFv secretion in
B.megaterium

Notwithstanding stronger promoters to further iase protein production, and highly secreting
Bacillus strains, deleted of extracellular proteases (thatd degrade secreted proteins) were been
chosen, no clearly TAT-8H4 scFv secreted was redesl our hand. Although examples of scFv
protein secreted into the growth medium are desdribith more than 40Qg/L of recombinant
anti -His6-tagged lisozyme  scFv B.megaterium(Jordan et al., 2007), and 12 mg/L of
antidigoxin scFv inB. subtilisWB600B( six-extracellular-proteases deficient) AR8600BHM
(costitutively producer of major intracellular molgar chaperoned.subtilisstrains, respectively
(Wu et al., 1998 and 2002).

Surely the vyield is strongly dependent on the imtligl sequence of the produced antibody
fragment (Jordan et al., 2007), but it is notedt,tidespite high capacity for secretion of
homologous proteins (industrial enzymes, suchprmeases and-amylases with yields of ~20
g/L) the secretion of various heterologous proteinddujlli, in particular proteins of eukaryotic
origin, is sometime inefficient, which limits theglication potential of these organisms.

The causes for these failures are a combinatiothefproperties of the secretion pathway, the
Bacillus cell envelope, quality control proteases and tbereted target proteins themselves
(Harwood and Cranenburgh, 2008).

Five potential bottleneckes have been found anocumiented in the secretion pathway of
B.subtilis First, heterologous proteins may form insolubigragates in the cytoplasm due to
limited activity of chaperones (Wu et al., 1998gc8nd, the Spase can be a limiting factor in
preprotein processing (van Dijl J., 1992). Thitdhas been shown that the folding catalyst PrsA,
which is attached to the extracytoplamic side eftitembrane by lipid modification, sets a limit to
the high-level secretion of certain secretory pro{&ontinen and Sarvas, 1993). Fourth, it has
been suggested that the cell wall forms a barderaf least one secreted heterologous protein,
human serum albumin (Saunders C., 1987). Fifthastbeen known for a long time ttgasubtilis
secretes large amounts of proteases into the meaviah can degradate secreted heterologous
protein ( Simonem M. and Palva |., 1993; Nagara/ai993). Recent studies suggest that not

only the secreted proteases but also cell-assdciateteases,(as Htr) are responsible for the
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degradation of secreted heterologous proteinsicpéatly in stress conditions (Stephenson K.and
Harwood C.R., 1998).

Thus TAT8H4scFv could be degraded by protease (titanding bacilli strains used were
deleted of most extracellular protease), or caicur interactions between secretory protein and
the wall likely affected by the physico-chemicabperties of both (the secretory proteins and the
wall, composed of a matrix of peptidoglycan (RogétsJ. ) and of covalently attached anionic
polymers teichoic or teichuronic acid (Ward J. B81), which confer a high degree of negative
charge and contribute to the specific surface-ahargperties of the cell (Archibald A. R., 1993).

It is shown that proteins that are naturally sexténto the culture medium .subtilis (strain
W23) are neutral in terms of charge , pl ealuin the range 6.5-7.0 (Coxon, R. D.,1990;
Kunst F., 1997); while proteins which function withthe wall , have pl values of ~10 (as
autolysin LytC or serine protease CWBP52 with pl8land 9.9 respectively (Lazarevic V., 1992;
Margot P.,1996) which ensure that these proteamain firmly attached to the wall by
electrostatic interactions This may represent apontant evolutionary adaptation to prevent
proteins which are destined to exert their functiothe extracellular environment from attaching
inappropriately to the cell wall. Moreover a gregbeoportion of an engineering AmyL variant
with modified net charge (pl about 10) binds to tkell following translocation across the
cytoplasmic membrane, as compared with a normakyl-secretedBacillus a-amylase, AmyL,
which is neutral in terms of net charge. The damahstrates that the wall, as a consequence of
electrostatic interactions, has the potential tarcethe passage of positively charged secretory
proteins to a greater extent than neutral or megjgtcharged proteins.

TAT 8H4scFv has a calculated pl of 9.83 due to lghkitive charge of TAT sequence, so the cell
wall of Bacilli strains could act as a "barridp 'the secretion, as it has been suggested for othe
certain heterologous proteins, but other invetitiga should be done about this.

Moreover, the fate of proteins emerging from theretry translocase at the trans side of the
cytoplasmic membrane, is largely determined by rtladility to fold rapidly in the micro-
environment created at the membrane-wall interfadegre there are membrane- and wall-
associated proteases that function to maintaiqtfadity of the secreted proteins, and possibly to
keep the translocase and cell wall free of misfdlde aggregated proteins.These proteases are
induced in response to stresses that are likelyead to protein misfolding.

Proteins emerging from the translocase areetbee subjected to opposing activities that,
ultimately, decide their fate. To some exte¢his fate is different for native and heterologous
proteins. Native proteins have evolved to coexighwhe quality control machine that is
designed to ensure that secretory proteins erelitock the translocase nor growth sites within

the cell wall. They fold very rapidly into theirtige structures that are resistant to thalitu
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control proteases and which are compatible with dbké wall. Their rapid folding is aided by
folding factors such as propeptides, PrsA, disaliwnd forming enzymes and/or metal cations.
These proteins are now free to interact with, avdrse, the cell wall. Reducing the folding
kinetics of normally well secreted proteins leadsih increase in their susceptibility to protedysi
and a reduction in their yield.

The fate of heterologous proteins is largely deteech by their intrinsic folding kinetics in the
environment at the membrane—wall interface, thditpmf host folding factors to assist their
folding and their compatibility with the cell wglbarvas M. et al., 2004).

However, the increased understanding of thaofa involved now holds out the prospect of
engineering production strains for the high-lewaduction of heterologous proteins.

Interesting could be using of WB8®)subitilis strain (Wu S.C. et al, 1998 and 2002), engineered
for enhanced coproduction of both intracellu{@roES/EL and DnaK/DnaJ/GrpE) and
extracytoplasmic (PrSA) molecular chaperones thetliate the proper folding, assembly, and
higher secretory production of scFvs (e.g.MH-1 S&tAa level of 10 to 15 mg/liter), (Wu S.C. et
al, 1998 and 2002).

In conclusion, because of the high potential secyatf Bacillus strains was not appeared in TAT

8H4 scFv production and secretion, a differentetgyawas experimented.
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Chapter Il

TAT-8H4 scFv production in E.coli

51



3.1. Introduction

3.1.1. Recombinant protein production inE.coli

The high secretory capacity &acillus strains is not appeared in secretion and puné@naof
TAT8H4 scFv (our data cap. Il), therefore otheatggies have been proved to increase the scFv
yields inE.coli .Gram-negative bacteriui.coli has been the “workhorse” for the production
of recombinant proteins for obvious advantagésredl, and the highest yields are in cytoplasm.
Previous experiments in our laboratory of 8H4 spFaduction in BL21E.coli cytoplasm, were
resulted in low yields of insoluble antibody. Tealuble expression of heterologous proteins in
E.coli remains a serious bottleneck in protein productidithough the percentages of soluble
heterologous proteins expressedHrtoli ranging from 13% to 23% (Schlieker C. et al., 2002
Chambers S.P., 2004), many of the most biocheryigatkresting families of proteins, including
kinases, phosphatases, membrane-associatedngrated many other enzymes or scFvs, are
extremely difficult to produce as soluble forms&Encoli.

There are several reasons why it is difficult tpress soluble mammalian proteins, but two are the
main factors that might contribute in this fielthetrate of translation and the rate of protein
folding, which are almost an order of magnitudedasn E. coli as compared with eukaryotic
systems (Widmann M., 2000). Although eukaryotic resgion hosts are sometimes able to
overcome these problems, they are not without their difficulties in terms of ease of use, time,
cost and experimental flexibility.

These problems in protein production have led goicant research into ways of enhancing the
production of soluble proteins using currendlyailable expression hosts. In the dadoli has
significant benefits of cost, ease of use and saleof which make it essential to find ways to
overcome the difficulty of generating soluble hetegous proteins i&.coli.

Improving the solubility of recombinant proteinskncoli commonly involves some changing of
the expression conditions. Factors such as redigrepgerature (Hammarstrom M.,2002), changes
in the E.coli expression strain (Miroux B., 1996), different maters or induction conditions
(Qing G., 2004), and co-expression of moleculapehanes and folding modulators (De Marco A.
et al., 2004) have all been examined and in soreeifsp cases lead to enhancements of soluble
protein production. However, the improvements canrtinimal and in many cases, none of these
factors will solve the problem and proteins wil bxpressed in insoluble inclusion bodies when
overproduced irE.coli (Chayen N.E.,2004). Overall, the production ratstrongly dependent on
the individual sequence of the antibody. Althougme efforts have been directed towards finding
alternate expression conditions that can assistaking proteins soluble, the majority of the work

in the field has focused on the discovery, ellggment and refinement of solubility fusion tags.
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As the name implies, these tags are proteins didespthat are fused to the protein of interest and
in the best case, help to properly fold their pardrieading to enhanced solubility in the protdin o
interest. This strategy of fusing a protein partsegffective in promoting the solubility of many
target proteins (Esposito and Chatterjee, 2006).

3.1.2. Enhanced proteins productivity and solubity by fusion partners
Cytoplasmic expression using fusion partners sushghutathione S-transferase (GST),
thioredoxin (Trx), and maltose-binding proteMBP) generally results in high productivity and
enhanced solubility (LaVallie E.R. and McCoy J.i995). It was previously reported that MBP-
fused scFvs are expressed at high levels in tr@plagm ofE.coli as soluble and active proteins
(Bach H. et al., 2001). Zheng et al. (2003) shotirad a fusion method with.coli protein NusA,
which had been identified to have a highest salybithen over-expressed in the cytoplasm of
E.coli cells, has potential as a valuable tool for ovadpction of soluble and functional scFvs
(Jurado P. et al., 2006). Both improved productiord correct folding of scFvs have been
observed when scFvs are expressed as Trx fusideimsadn the cytoplasm of the.coli FA113
cells. In the contest of a fusion protein, thessidns partner seem to function as molecular
chaperones that promote the solubility and stglolitscFv, that is fused to them.

It was further proposed that stability is prolyathle limiting factor for folding of an scFv in the
cytoplasm. Since the intradomain disulphides trdmute about 4-6 kcal/mol to the stability of
antibody domains, (Frisch et al., 1994; Frischlel@96; Woern A., 2001) antibodies fragments
expressed in a reducing environment as cytoplasen strongly destabilized, and a smaller
fraction of these fragments is likely to fold irttee correct native structure, possibly accaunti
for their tendency to aggregate.

Thus fusion partners with chaperone-like activigbslize scFvs for efficient functional expression
in the cell cytoplasm in a soluble, active form a@nte they do not release the protein that isfuse
to them, their stabilizing and solubilizing effegisrsist (Biocca S. et al,1995).

Moreover, recently C.Kyratsous et al.(2009) demmaestl that also bacterial chaperones as DnaK
or GroEL placed in frame of a target polypeptidagilitate production of large amounts of
soluble recombinant proteins, that are normdllghly insoluble when expressed in bacteria.
So the chaperone fusions are soluble and when the®s proteins are co-expressed with their

cognate co-chaperone, solubility is furtheréased.

3.1.3. Bacterial Chaperones

53



Chaperones are protein machines essential for dhmeat folding of proteins in the cell under
physiological and stress conditions. As Anfisen7@9Qdemonstrated in protein folding in vitro,
the formation of the native protein from the unfadstate is a spontaneous process determined by
the global free energy minimum and by amino acglsece of the protein.

But in vitro experiments using small single-demgroteins, even with ideal conditions as at low
concentrations, long incubation times, in mild @ibions of temperature, pH, ionic strength and
solvent composition, it is difficult to obtain Q% folding efficiency because of unfavourable
side-reactions such as misfolding and aggregation.

In living cells, the conditions for folding are ffmom ideal. First, for nascent chains and for
polypeptides during their translocation througbhnmbranes, folding is topologically restricted
because folding conditions apply to some, but ribtparts of the chain (Rothman, 1989).
Secondly, most cells operate at ambient or honeeotically set temperatures (e.g. 37°C) where
the hydrophobic effect is stronger and the timealalke for successful folding is short. Moreover
the cytoplasm of a living cell is so inchglgi crowded with macromolecules, e.g. the total
protein and RNA concentration in Escherichia colicell is~ 350 mg ml*(Zimmerman and
Trach, 1991), that protein aggregation is a serpyablem.

Nature has endowed cells with complex and elegaatein molecular machines, referred to as
heat shock proteins or chaperones, many oichwlare ATP dependent, that function to
assist protein folding and to reverse or inthibisfolding and aggregation.

E.coli cells have evolved an elaborate protection systamsisting of a set of molecular

chaperones, which preveaggregation and assist refolding of misfoldedteins (table 3.1).

chaperone structure ATP E. coli number of active | null mutant

Ffamily member species per cell phenotype function
HSP 100 G- . 3 . prodcin degradation together
+ Clph Mo phenotype with the ClpP Protease
ClpB SO0 Impaired disaggregation of profein aggregates
v P = thermotolerance together with the Dnak system
HSPOO dirmer
L :: _) * HipG 1050 e T unknown
HSFT0 eORHEET die novo prodein folding
Drakl T ot prevention of protein aggregation
+ | co-chaperone ‘i::ﬁ‘;a:re' at high temperatures
o = = mroawth (39°C) regulation of the heat shock response
DaaliGrpE o ol F the e hock
dizagpgregation of profein aggregates
mxgether with Clpl3
HIEPG&0D Ld-mer GroEL die novvo protein folding
+  |loo-chaperone 12300 lethal prevention of protein aggregation
GroES at high temperatures
sHSP H-24-mer
TopA prevention of profein aggregation
IbpB <500 No phenotype at high temperatures
Trigger- OMOITIET Trigger- ribosome-associated chaperonc
factor Factor L] MNo phenotype

de novo protein folding

Table 3.1 Major cytosolic chaperone familiesotoli: structure and function.

Adapted from Schlieker C., 2002 . .
H (Adap ) folded native protein. In

proteins partially unfolded or de novo synthesitieese surfaces are exposed and can interact
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with other hydrophobic constituents of the crowdetracellular environment (Baneyx and
Mujacic, 2004) accumulating as inclusion bodiesragates.

Bacterial chaperones, binding transiently to erposhydrophobic surfaces of a significant
fraction of de novo synthesized or misfoldemypeptides, stabilize their substrate and
facilitate conformational processing 1) by prevegtinon productive hydrophobic interactions
resulting in  aggregation of unfolded polypepsidand 2) by helping them acquire their correct
tertiary conformation assisting in the correct teifog of chaperone-bound denatured polypeptides
(Fink,1999; Hartl and Hayer-Hartl, 2002). The eale of the substrate is often coupled ato
ATP-directed conformational change in the chaperdimdlowing release, the substrate can
proceed to fold correctly, or rebind to the chape again until a native conformation is
reached. 3) Moreover an other activity of moleculaaperones is catalytic solubilization and
refolding of stable protein aggregates. 4) They mmaintain newly synthesized proteins in an
unfolded conformation suitable for translocationoas membranes and bind to nonnative proteins
during cellular stress.

Chaperones are catalysts in the sense that thesigrdly interact with their substrate proteing bu
are not present in final folded product, and atsthat they increase the yield of folded protein.
E.coli employs two major chaperone systems, the DnaK {B)spystem, composed of DnaK and
its co-chaperones DnaJ and GrpE, and the GroELE®)EProES system (fig.3.1) (Fink, 1999;
Hartl and Hayer-Hartl, 2002). Expression of thes&tens is positively regulated under elevated
temperatures or other forms of cellular stress #idct protein conformation (Hoffmann and
Rinas,2004).

A Eubacteria

Fig. 3.1 Model for the chaperone-assisted foldihgewly synthesized
polypeptides in the cytosol of Eubacteria. TF,gegfactor; N, native
protein. Nascent chains probably interact genenalth TF, and most

s l’f\GfE-@ATP small proteins (65 to 80% of total) fold rapidlyarpsynthesis without
chaperones 10-20 % further assistance. Longer chains (10 to 20% oflltointeract
GroEL ; subsequently with DnaK and DnaJ and fold upon angeweral cycles

A J)+ATP of ATP-dependent binding and release. About 10 586 lof chains

transit the chaperonin system—GroEL and GroES—dtifig. GroEL

GroES does not bind to nascent chains and is thus likelyreceive an

l appreciable fraction of its substrates after tlmigraction with DnakK.
(Adapted from Hartl and Hayer-Hartl, 2002).

~10-15 %
Since protein aggregation is frequently observeahugynthesis of heterologous protein&inoli,

molecular chaperones commonly have been appliddotechnology by their co-overproduction
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with the desired protein to increase the yielghiperly folded, recombinant proteins in bacterial
cell factories. In fact insufficient availabilityf anolecular chaperones is observed as a major
bottleneck for proper protein folding in recombihamteins production.

Over-expression of recombinant proteins in the dedvmilieu of theE.coli cytoplasm, where
transcription and translation are tightly coupledakes folding an extraordinary challenge.
Expression of complex and heterologous proteinguiatly results in kinetically trapped, slow-
folding, non-productive intermediates that are prémaggregate (Baneyx and Mujacic, 2004) and
are usually deposited as dense refractile gbesti called inclusion bodies or degraded by
bacterial proteolytic systems (Baneyx and Mujack)04). Proteins deposited into inclusions
bodies require complex solubilization and refoldangcedures to gain biological activity.

Finally, small chaperones in fusion with scFvs iosoluble proteins have stabilizing and
solubilizing effects persistent, since they do redeéase the protein that is fused to them. During
expression in E.coli, fusion chaperones emerges from the ribosam& may fold before
the fusion partner linked at its C terminhas been translated in full. It is at tisiage
where chaperone can presumably bind to isofu partner and shield it from interacting with
other cell constituents that would promoits aggregation mainly by interacting witheth
solvent-exposed hydrophobic residues. That woutdwaat for the increased production yield of
chaperone fusion protein and further protectsomfidenaturation, staying attached to its fusio
partner also after correct folding (Kyratsouslef809).

3.1.4. DnaK chaperone

DnaK, homolog of the eukaryotic Hsp70, is the majgtosolic chaperone ig.coli, and plays an
important role in the control of conformational Gtya In fact, DnaK is involved in different
activities such as prevention of aggregation, fajdand refolding of misfolded species and protein
disaggregation (Gragerov A. et al., 1992; LangeetTal, 1992; Mogk A. et al., 2003; Schlieker C.
2004; Thomas JG., 1996). For this reason, Dnalks ludten been used in co-production
approaches, either together with its co-chaperonaJDor both with DnaJ and their nucleotide
exchange factor GrpE to minimize aggregation anceritbance solubility of the recombinant
protein.

Structurally, DnaK consists of a ~44-kD NH 2 -temali ATPase domain and a ~27-kD COOH-
terminal peptide-binding domain (Bukau B., 1998)he peptide-binding domain is divided into
ap-sandwhich subdomain with a peptide-bindindt@ed ana-helical latchlike segment (Zhu
X., 1996). The target peptide interacts with daep hydrophobic pocket of tiffesandwich
domain. Target peptides are ~seven-eight residugg (NRLLLLTG) and have an interior

56



hydrophobic core (with leucine and isoleucine dees being preferred by DnaK) flanked by
basic residues (Gragerov et al., 1994). These funsites occur statistically every ~40 residues in
proteins and are recognized with affinities of 5 tdvbuM .

Rapid peptide binding occurs in the ATP-bound stdt®naK in which thea-helical latch over
the peptide-binding cleft is in an open conformatid-ig. 3.2A). Stable holding of peptide
involves closing of the latch, a conformatiornéhange that is achieved by hydrolysis of
bound ATP to adenosine-diphosphate (ADP). Thelimy of DnaK between these states is
regulated by co-chaperone DnaJ (41kD) and by ntideeexchange factor GrpE, a homodimer of
20-kD subunits (Bukau B., 1998). The NH 2 -terahi J domain of DnaJ binds to DnaK and
accelerates hydrolysis of ATP by DnakK, thus faaiitg peptide capture (ref). The COOH-
terminal domain of DnalJ (and of other Hsp40s) fiomst as a chaperone in recognizing
hydrophobic peptides and can thus recruit DnaK @scant chains (Harrison C.J.,1997). GrpE
induces the release of ADP from DnaK , thus promsidtee highto low-affinity transition
(Packschies et al., 1997), and upon rebinding ©P Ahe DnaK-peptide complex dissociates,
completing the reaction cycle (Fig. 3.2B).

- low affinity
et 4 \ fast exchange
..... E " ; ’.CP-A- %
. ™ gkt Pepnde
- Peptide: binding
s )) NRLLLTG
. g high affinity
‘y # m slow exchange

381 637
- Pepude E

release

Fig. 3.2 Structure and function of chaperones whith ability to bind nascent chains. Structures of the ATPase
domain and the peptide-binding domain of Hsp70 shmpresentatively fde.coli DnaK. Thea-helical latch of the
peptide binding domain is shown in yellow and a-bab-stick model of the extended peptide substiratgink.
ATP indicates the position of the nucleotide bindsite. The amino acid sequence of the peptidedsated in
single-letter code (D, Asp; E, Glu; G, Gly; L, Lay; Asn; R, Arg; T, Thr; and V, ValB. Simplified reaction cycle
of the DnaK system with DnaK colored as in A. JaDnE, GrpE; S, substrate peptide. GrpE is draweftect the
extended shape of the protein. Not all substratespeesented to DnaK by DnaJ. The intermediate DbakJ-
substrate-ATP is probably very transient, as thihé fastest step of the cycle. (Adapted fromIHard Hayer-Hartl,
2002)

Repeated cycledf substrate binding and release promote ftiding,assembly, translocation
and proteolysis of proteins ik.coli cells (Bukau and Horwich, 1998; Ellis and Hadtf99;
Agashe and Hartl, 2000).

Whereas some chains transit DnaK with half-livedest than 1 min, consistent with rapid

folding upon completion of synthesis, othemtesynthesized proteins are released from DnaK
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slowly, with half-lives of 10 min or more, faciliag the posttranslational folding of
multidomain proteins (14-90 kDa) through cyclebwfding and release.
Thus, DnaK recognizing and transiently as monomedibg to exposed hydrophobic regions
common to most nascent chains or misfolding intelies assistes protein folding co- and post-
translationally both as a delaying device to préyeamature folding before a complete folding
unit has been synthesized, and as an-aggtegation device to prevent interaction hwit
hydrophobic residues on adjacent nascent chainsedver, (as activation of the cellular stress
response,) DnaK mediates disaggregation and rafpldf protein aggregates by local
folding/unfolding and is also involved in the dedméion of aggregation-prone polypeptides by
targeting them to proteases such as Lon and Cligi3(8).
_ Fig. 3.3. The life cycle of a protein is guided by
"“f'."]?;—‘i;'j‘,‘"“ molecular chaperones. A polypeptide is synthesized
at the ribosome and folds to its native tertiary
structure. Folding intermediates, which are prane t
aggregation, can be protected by association with
molecular chaperones, which outcompete off-

...,f..|.1r.| protein/ pathways of the folding process. TF is associated

folding intermediate native with the large subunit of the ribosome and intexact
’ {:,\ : prrnlein with virtually all nascent chains as they emerge
from the ribosome. 5-18% and 10-15% of newly
Tn;r.ger factor DnaK
system Lon
Ciph ClpXP

i Nlnr puh pmdl

I

synthesized proteins interact with the Dnaif
\ GroEL systems, respectively, as calcula
from co-immunoprecipitation experiments with
[35S]methionine-labeled spheroblasts. Aggregated
species that escaped the cellular protection
Aggregation Prnh.nlnls GroEL system machinery can be rescued by the ClpB/DnaK bi-
(10-15%) chaperone system. Nonnative species which fail to
fold correctly can also be degraded, mainly by the
ClpXP and Lon protease.(Adapted from Schlieker
C., 2002)

Moreover, recently C.Kyratsous et al (2009) dematstl that bacterial chaperones as DnaK or
GroEL placed in frame of a target polypeptide featié production of large amounts of soluble

recombinant proteins that are normally highsoiuble when expressed in bacteria.

3.1.5.A-synuclein

A-Synuclein is a highly conserved protein predonglyaexpressed in the presynaptic terminals
of central nervous system in brain, particularly time neocortex, hippocampus, striatum,
thalamus and cerebellum (Nakajo, S., 1990). It Iso aexpressed in hematopoietic cells
(Hashimoto et al. 1997; Shin et al. 2000) and imeptissues, such as the heart, skeletal muscle,
pancreas, and placenta, but it is less abundantiththe brain. It is a synuclein family member
with B-Synuclein, y-Synuclein and synoretin, and they are not fouondtside vertebrates,

although they have some conserved structsmailarity with plant ‘late-embryo-abundant’
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proteins. A-synuclein is the major filamentous component mfacytoplasmic Lewy bodies
(Clayton & George, 1998), neuronal inclusion bodiesthe substantia nigra, that are a
pathological hallmark of Parkinson's disease (RDheurodegenerative disorder associated with
dopaminergic nerve cell loss, but Lewy bodiesase accumulated in brains with dementia and
multiple system atrophy and in some cases of Aimk€es disease (Spillantini M.G. et al., 1997
and 1998).

Although the normal physiological functions @fsynuclein has not yet been established, several
lines of evidence suggest a role in membemseciated processes at the presynaptic
terminal. A-synuclein has been implicated to play a criticde in synaptic events, such as
neuronal plasticity during development, learninggd alegeneration under pathological conditions
(George J. M. et al., 1995; Stefanis L.,2001).

Moreover,a-synuclein has gested to function as a chaperaoteip in vivo because it appears to
bind many cellular proteins. In particular;synuclein shares regions of homology with 14-3-3
proteins (Ostrerova, N.,1999), which are a famflylosiquitous cytoplasmic chaperones, and binds
to 14-3-3 proteins as well as to the ligands of313lincluding PKC, BAD, and ERK (Skoulakis
E.M.,1998). Recently, the chaperone activityiedynuclein in vitro has been demonstrated by two
research groups.

More importantly,a-synuclein is overexpressed under stress conditiand it is able to prevent
the thermally and chemically induced aggregatad substrate proteins.

A-Synuclein is extremely heat-resistant and glghapossesses poorly ordered structure under
physiological conditions in vitro, and although relynas natively unfolded protein under several
condition the conformational behaviour is most germsto is environment, perhaps explaining its
ability to interact with many other proteins ordimgs (Cole N.B., 2002). Presence of several
metals, lipids,a—synuclein is able to forms several oligomers amoushaggregates and also

organized amyloid fibrils (Davidson et al., 1998).
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Fig. 3.4 Structure ofa-synuclein. A. Subdivision in
three regions: amphipathic N-terminal, the central
hydrophobic NAC and the acidic C-terminal. BA- i&
synuclein, with very little secondary structure in =
aqgueous solution, associates with small acidic '
phospholipid vesicles acquires increased level of

secondary structure (Davidson et al., 1998). A
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Structurally, a-synuclein is an acidic protein of 140 amino acrdgh a molecular weight of
14460 Da and consists of three distinct regiong #mphipathic N-terminal, the central
hydrophobic NAC region and the C-terminal regibig(3A).

The N-terminal domain ofa-synuclein (residues 1-65) contain six repeatsroluausual 11-
amino-acid imperfect repeat that display variatioha KTKEGV consensus motif, and is
unordered in solution, but can schift toamelical conformation with amphipathichelixes that
are reminiscent of the lipid-binding domain of apoproteins (Nielsen M.S., 2001). Consistent
with these structural elements;synuclein binds strongly to negatively chargedspimlipids and
becomen-helical, suggesting that the protein may normaélynembrane associated (Fig. 3.B).
The central region af-synuclein (NAC residues 66-95), is the secondomepmponent of
brain amyloid plaques in Alzheimer's disease (Ud€lal993). These region contain three
imperfect repeats and comprises the highly amylyedec part of the molecule that is responsible
for a-synuclein ability to undergo a conformational apariorm random coil t-sheet structure
and to form A8-like protofibrils and fibrils.

The acidic C-terminal region (residues 96-140) atsynuclein has no recognized structural
elements but has a strong negative charge compmsedrily of acidic amino acids. It is
organized in random structure in most condition$ eontains an acid domain also rich in proline
residues (residues 125-140) that appears critmalihfe chaperone-like activity af-synuclein
(Park et al, 2002). Structural features and thdaramational change ofi-synuclein led us to the
hypothesis that a-synuclein may bind to hydrophobic regions of partihfolded proteins by
stresses and act as a molecular chaperone. A shdyed that the removal of the C-terminal acid

tail of a-synuclein abolished its chaperone activity. Ottega indicate that the C-terminal acid tail
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was indeed necessary but not sufficient for thepet@ane function ofx-synuclein (Park et al,
2002). The acidic tall itself does not have chaperactivity, and does not appear to interact with
the substrate protein. It is highly likely that thade of introduced acid tail is to increase prnotei
solubility by electrostatic repulsions. It is welemonstrated that the solubility of a protein is
approximately proportional to the square of the ateirge on the protein. It showed that the N-
terminal region ofa-synuclein plays a crucial role in the efficienclytbe chaperone function,
binding the substrate protein and forming a soldtagn molecular weight (HMW) complex. So
N-terminal-binding domain governs the efficiencydathe substrate specificity of chaperone
proteins forming HMW complex, whereas the C-terrhatad tail solubilizes the HMW during the
chaperone action (Park et al, 2002).

A-synuclein can act as a molecular chaperone imats/e state in vitro, and conformational
change by organic solvent or metal ions (zinc iongjces the aggregation e@fsynuclein, while
heat-incubated-synuclein enhances the chaperone like function.

These results suggest that structural conformdtiohange ofa-synuclein might explain the
aggregation property (aggregation kineticsoosynuclein) and loss of chaperonic-like activity of
a-synuclein, which might be related to the formatudriewy body fibrils in Parkinson's disease.
These data together with its physic-chemical charestics, as a small protein dimension, that
contributes at low molecular weights in fusion pinf high expression levels H.coli (30% of
total E.coli proteins), its facilitated purification due itsghi resistance to protease and to high

temperature, make-synuclein a good candidate as fusion partner.
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3.2. Materials and methods
3.2.1. Bacterial strains

The bacterial strains used in the present studgtaoe/n in Table 3.2.

Table 3.2 Bacterial strains used in this study

Strains

E. colihost

Genotype of :

ToplOF (FmcrA A(mrr-hdsSRMS-mcBC) @80lacZAM 15 AlacX74 recAlaraD139 A(ara-ley) 769%alu galk
rpsL(strR)endAl nupG).

invaF'  F endAl recAl hsdR17 (rk-, mk+)supE44thi-1 gyrA96 relAl ¢80lacZAM15A(lacZY A-argF)U169A-

BL21(DE3) (Fomprl hsdSs (rs” mg’) gal dcm(DE3)
BL21(DE3) Lys S (F omprl hsd (rz" mg) gal dcm(DE3) pLysS (CamR )

Topl0, invaF' : suitable for cloning, transformaitjgropagation, and maintenance.

BL21[DE3], BL21[DE3] Lys S : specifically designdéor expression of genes regulated by the T7 promote
The chaperone plasmid pG-KJE8 (for GroELS and DEa&dpression), was obtained from Takara (Shigaardap
(Nishihara K., 1998).

3.2.2.E.coli plasmids construction
All plasmids have been checked for correctnesslbégvage with some restriction enzymes in

agarose gels and by nucleotide sequencing.

3.2.2.1.a-Syn plasmids
pMut4 syn

The entere coding sequence of huneesynuclein was amplified with following primers 5’
TGGCTAGCATGGATGTATTCATGAAAGGACTTZ
5TCGGATCCACGCGGGTCAAGTGAGGCTTCAGGTTC3'

and cloned in plasmid pRSETB (Invitrogen) betw@#rel andHindlll restriction sites. By site
directed mutagenesis the two sitesoRI and BamHI were deleted using the following primers
5’ATACTCGAGGATATGCCTGTGGACCCTGACAA 3
5TATCCTCGAGTATTCCTTCCTGTGGGGCTCCTTC 3

A synthetic coding domain was linked at C-termiafl a-synuclein in order to create a site for

thrombin cleavage.

pSyn-TAT 8H4

The 8H4 scFeoding sequence was amplified using the oligondiclegrimers
5'CTGAATTCAGCCGCTAGCTGAGGAGACGGTG 3

5" CTGGATCCGCAAGCGGCGCGCATGCCGACAT 3
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The PCR product was cloned in plasmid pMut4 synweeh theBamHI and EcoRlI restriction
sites, to give pSyn-TAT 8H4In order to increase the production of scFv proteaimprokariotic
E.coli optimized 8H4scFv nucleotide sequence was iroslynthetized by Genescript. The
plasmid carring this sequence was pUC57 8H4. ThésBHFv optimized nucleotide sequence was
amplified from pUC57-8H4 using the oligonucleotideprimers  Dannewl-FW
5’AGGGATCCGGCTATGGTCGTAAAAAACGTC 3 and Dannew2-RV 5
GGGAATTCAGCCGCTAGCGCTAGAAACG 3The PCR product was cloned betwdzamHI
andEcoRlrestriction sites of plasmid pMut4 syn in ordegtee plasmid pSyn-TAT 8H4opt.

3.2.2.2. DnaKplasmids
pDnaK

The dnaK coding sequence was amplified using plasmid pKJE7 template and the
oligonucleotide primernk2- RV 5" CGTGGGACTAATTCAAATTCAGCGTCGACAAC 3

and Dnk3-FW 5'
AGTCTAGAATGGGTAAAATAATTGGTATCG 3' in a first amplification, and primers Dnk3-
FW 5' AGTCTAGAATGGGTAAAATAATTGGTATG 3' dnk3-FW and Dnk1-RV 5'

CTCGGATCCGCGTCCGACTAATTCAAATTCAG 3in a following second PCR. The final
PCR product cloned between the restriction sitksl andBamHI of plasmid pRSETB in order to
give pDnaK.The resulting chaperone protein hahirambin cleavage site at its C-termini that
should permit release of the protein of interegsimf the fusion.

pDnaK- TAT 8H4

The 8H4scFv optimized nucleotide sequence was atgawithBamHI and HindlIl restriction
sites and cloned in the same restriction sitesladgmpid pDnaK in order to give plasmid pDnaK-
TAT 8H4.

3.2.3. Growth conditions
E.coli strains were grown aerobically at 37°C or at tididated temperature in Luria Broth (LB)

supplemented, when necessary with ampicillin ().

3.2.4. Solubility assays
Overnight bacterial cultures were used to inoculieml of fresh media. When the cultures
reached an optical density (OD) of 0.5 at 600 nelotein expression was induced by adding

Isopropyl- B—thiogalactopyranoside (IPTG) to a final concentnatof 0.5 mM for 3 h and then
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bacteria were harvested and washed twice with gtadsgbuffered saline (PBS: 1mM KPIO,, 10
mM NaHPQ,, 137 mM NacCl, 2.7 mM KCI, pH7.4). The bacteriallpes were suspended in PBS
supplemented with 10 mM RB-mercaptoethanol and 0.2 mg/ml lysozyme. After istiyrat 4°C

for 30 min, Triton X-100 was added to a final camication of 1% and stirring was continued for
an additional 5 min. The lysates were sonicatacthdd for 20 s at 4°C and centrifuged at 12,000 g
for 30 min at 4°C. 2Qul of supernatants (soluble lysates) was add to S&8ple buffer (100
mM2-3—mercaptoethanol, 2% SDS, 0.1% bromophenol blue, 4§@&erol, 50 mM Tris HC1 pH
6.8,). The pellets (inclusion bodies) were suspdnidean equivalent volume of SDS sample
buffer.

3.2.5.a-syn anda-syn TAT8H4 scFv periplasmic purification

Osmotic shock was carried out basically as desdripe Shevchik et al. (1994). Briefly, after
growth and 3h of induction the cell pellet centgfted (20min 6000 rpm 4°C) from 1 | of culture
was resuspended in 100 ml ice-cold osmotic shodfeb(#0% sucrose, 2 mM NaEDTA, 30
mM Tris-HCI, pH 7.2) and incubated for 10 min abmo temperature. The pellet collected by
centrifugation at 12000 rpm for 20 min was resuspéenrapidly with 90 ml ice-cold water,
followed by adding 37l of saturated MgGlsolution, and kept on ice for 3 min. The supenmiata
collected after centrifugation at 12,000 rpm for2id contained periplasmic proteins. Periplasmic
supernatant added of 100 ml solution (300 mM N&GImM Tris HCI pH8) was incubated with
equilibrated NTA-Nf'resin, and purified protein eluted with 250mM inzdée, 300 mM NacCl, ,
20 mM Tris HCI pH7.5. The purified proteins amountsre measured with spectroscopy at 280

nm.

3.2.6. Expression and purification of a-synTAT8H4ad dnaKTAT8H4 fusion

proteins

E. coli strain BL21 (DE3) LysS was transformed with esgien plasmids pSyn-TAT8H4 or
pDnaK-TAT8H4opt. Bacterial cultures were incubated Luria Broth (LB) growth medium
supplemented with ampicillin (19@ mr*) at 37°C. When the cultures reached an OD of 0.7 a
600 nm the protein expression was induced by ad@&img to a final concentration of 0.5 mM for
3 h. The bacteria were harvested by centrifugaatdd000 rpm for 20 min at 4°C.

The Syn-TAT8H4 pellet was resuspended in 4M ur@anM Tris/HCI, 100 mM NakPO, pH 8
and sonicated (20 s burst/ 20 cooling x 3 cycl@$)e soluble and insoluble fraction were
separated by centrifugation at 12000 rpm for 30atift°C. The inclusion bodies in insoluble

fraction were further solubilized in 6M guanidir) mM [3-mercaptoethanol, 10 mM Tris/HCI,
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100 mM NaHPO, pH 8 and the insoluble pellets were removed byrdagation at 12000 rpm for
30min at 4°C. The solubilized inclusion bodies @uatant) were added to a equivalent volume
of 6M guanidine, 10 mM Tris/HCI, 100 mM NaPlO, pH 8 to decrease -mercaptoethanol
concentration at less of 10 mM. Purification of fiietein was carried out in NTA-Ricolumn

After loading, the column was first washed with ddlumn volumes of 6M guanidine 10 mM
Tris/HCI, 100 mM NaHPQO, pH 8 and then with 8M urea, 10 mM Tris/HCI, 10061 NaH,PO,
pH 8. The Syn-TAT8H4 fusion protein was eluted M &rea, 10 mM Tris/HCI, 100 mM
NaH,PO, pH 4.5.

The DnaK-TAT8H4opt pellet was resuspended in 6Mngiliae-HCI, 10 mM Tris/HCI, 100 mM
NaH,PO, pH 8 and sonicated (3x 20 sec). The soluble asdluble fraction were separated by
centrifugation at 12000 rpm for 30min at 4°C. Tlodubilized protein was batch incubated with
NTA- Ni?* resin, and loaded in column. After washing wiéhcblumn volumes of 6M guanidine,
10 mM Tris/HCI, 100 mM NakPO, pH 8 and then with 8M urea, 10 mM Tris/HCI, 104
NaH,PO, pH 8, the DnaK-TAT8H4 fusion protein was elutezsing 8M urea, 10 mM Tris/HCI,
100 mM NaHPO, pH 4.5. The column fractions were collected andlyed by SDS-PAGE.
The fusion protein titres concentration were meagwith spectroscopic analysis at 280 nm.

3.2.7. Refolding of scFv fusion proteins

Refolding was performed according to the methoccanmn chemical refolding described by
Oganesyan et al. 2004 with minor modificationseByi the denaturate purified proteins collected
in column fractions, were diluited in buffer A (8ea, 20 mM Tris, 10 mN3-mercaptoethanol
pH8) and incubated with equilibrated NTAZNiresin. After binding, resin was loaded into
column and washed with 5 column volumes of bufferakd then slowly with 10 column volumes
of 0.1% Triton X100, 20 mM Tris pH 7.5, 0.5M Nadlhe column was further washed with 10
column volumes of 5 mM3-cyclodextrin, 0.1.M NaCl, 20 mM Tris, pH7.5, anftea with 10
column volumes of 0.1 M NaCl, 20 mM Tris, pH 7.Refolded proteins were eluted in 500 mM
imidazole, 20 mM Tris, pH 7.5, 0.1M NacCl.

The column fractions were collected and analyze®b$-PAGE.

The fusion protein titres concentration were meagwith spectroscopic analysis at 280 nm.

The “refolding yield” was calculated by equationg®A2sop. Azsor represent absorbance of the
refolded solution, at 280 nm after refolding, adop represent the absorbance of the denaturated

solution at 280 before refolding.
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3.2.8. Buffer-exchange by gel filtration

Dnak 8H4 andx-syn 8H4 scFv fusion proteins purified in denattirapconditions from inclusion
bodies were further purified by gel filtration ugirma PD10 SephadexTM G-25M column
equilibrated with 274 mm NaCl, 20% glycerol, 0.1%rpnic acid, 0.02% Tween-80, 10 mM Tris-
HCI pH 9.

3.2.9.Immunocytochemistry and Westernblot

Syn TAT-8H4scFv and dnaK TAT-8H4scFv translocatiomside cells were evaluated in CHO
cells grown on glass coverslips with Ham’s F12 med containing 10% fetal calf serum,
penicillin (100U/ml) and streptomycin (100 pg/mf) 37 'C, in a humidified incubator under 5%
CO, These cells were treatesith 10ug/ml Syn TAT-8H4scFv or with 3@y/ml dnaK TAT-
8H4scFv for 2-3 h. After being rinsed twice withB® cells were fixed with 2%
paraformaldehyde in PBS for 30 min at 4°C, rinsedce¢ with PBS, and finally were
permeabilized with 0.1% Triton X-100 in PBS for dfn at 4°C. After being rinsed twice with
PBS, cells were incubated with antibody-mouse HigiH1029 1:3000, Sigma, diluted in PBS
with 1% BSA overnight at 4°C. After washing in PB&,rhodamine isothiocyanate (TRITC)-
conjugated secondary antibody (Dako, Milano) (1@0uted in PBS with BSA 1%), was added
for 1 h at 37°C followed by washing and incubatwith nuclear staining Hoechst (1:5000 diluted
in PBS) 10 min and washing in PBS. Finally, covpesivere mounted in glycerol for observation
of cells using the fluorescence microscope coupded digital camera (Leica Imaging Systems).
In order to evaluate the half-life of Syn TAT-8H&scand dnaK TATproteins, HelLa cells were
treated with 10g/ml of Syn TAT-8H4scFv or }@y/ml dnaK TAT-8H4scFv and at different times
cells were removed from the flask with trypsin,dgisn SDS-PAGE buffer.

3.2.10. SDS-PAGE and Western blot analysis

SDS-PAGE was carried out according to the methadaemmli, using 10-12% polyacrylamide
gels under reducing conditions. A constant curcgrit5 mA was applied. Proteins were reduced
by treatment with 5% B-mercaptoethanol SDS at 100°C for 5 min. Thes getre then
stained with 0.25% Coomassie brilliant blue R250 aestained with 5% acetic acid and 7%
methanol solution or transferred to a polyvinylidedPVDF membrane (Millipore). The
membranes were pretreated with 3% bovine serummathuthe transferred membrane was

incubated with a mouse anti-His tag monoclonalbanty (Sigma) as primary antibody and an
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alkaline phosphatase-conjugated anti-mouse Igbaly (Sigma) as secondary antibody; or a
HRP-coniugated goat anti-mouse IgG (Perkin-Helnweas used as secondary antibody, and
luminol with 4-p-jodophenol (Sigma-Aldrich) as taising substrate .

3.2.11. Translocation of prion protein inside the ells

HeLa cells were cultured in DMEM containing 10%afetalf serum, penicillin (100U/ml) and
streptomycin (100 pg/ml) on glass coverslips &C37 a humidified incubator under 5% €@t
approximately 80% confluence, cells were transfiutith the expression plasmids pPHGFP or

its analog pDoppel-GFP used as control using ligtafaine Plus reagent (Gibco-BRL), following
the manufacturer instructions. After 36 h, the ¢$fanoted Hela cells were treated withugml
Syn TAT-8H4scFv (diluted in Opti-MEM (GIBCO) for B or 24 h at 37°C After being rinsed
twice with PBS, cells were fixed (30 minG) with 2% paraformaldehyde in PBS rinsed again,
and finally were permeabilized (10 minC} using 0.1% Triton X-100 in PBS. After being ®xas
twice with PBS, cells were incubated with the degiantibody (mouse anti-his 1:3000, Sigma,
diluted in PBS with BSA 1%) overnight at 4°C. Aftgashing in PBS, a rhodamine isothiocyanate
(TRITC)-conjugated secondary antibody (Dako, Mila(tx5000 diluted in PBS with BSA 1%),
was added for 1 h at 37° followed by washing in PBfally, coverslips were mounted in
glycerol for observation of cells using the fluaresce microscope coupled to a digital camera
(Leica Imaging Systems).

3.2.12. Fluorescence Microscopy and Image Analysis

Fluorescence microscopy (excitation at 488 nm; simmsat 509 nm) was carried out using an
Olympus IMT-2 set-up, equipped with a 12-bit digi@CD videocamera (Micromax, Princeton
Instruments). Data was acquired and analyzed ubmdyletamorph software (Universal Imaging)

and elaborated with Photoshop 8.
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3.3. Results
3.3.1. Sequence of the 8H4 scFv gene

One of the most important factors that affects ékpression of eukaryotic genes in prokaryotic
systems is the codon usage for translational pretgustafsson et al., 2004).

Under this aspect, in the codon usageBEaroli reported in Table 3.4, we can see that some
codon are rare in use; for example AGA (Arg), AGg), or AUA (lle) CUA (Leu), CCC (Pro)
GGA (Gly) same of these are supply with six tRNWAcase of Rosetta Gantt. coli (Novagen)

strain, prokaryotic system.

Escherichia coli K12 [ghbct]: 14 CDS's (5122 codons)
fields: [triplet] [frequencyper thousand ([number])

UUU 19.7( 101) UCU 5.7( 29) UAU 16.886) UGU 5.9( 30)
UUC 15.0( 77) UCC 5.5( 28) UAC 14.615) UGC 8.0( 41)
UUA15.2( 78) UCA 7.8( 40) UAA 1.8(9) UGA 1.0( 5)
UUG 11.9( 61) UCG 8.0( 41) UAG 0.00) UGG 10.7( 55)

CUU11.9( 61) CCU 8.4( 43) CAU15.881) CGU 21.1( 108)
CUC10.5( 54) CCC 6.4( 33) CAC13.17) CGC 26.0( 133)
CUA 5.3( 27) CCA 6.6( 34) CAA12.162) CGA 4.3( 22)
CUG 46.9( 240) CCG 26.7( 137) CAG 27.7421 CGG 4.1( 21)

AUU 30.5( 156) ACU 8.0( 41) AAU21.9112) AGU 7.2( 37)
AUC 18.2( 93) ACC 22.8( 117) AAC 24.4(25) AGC 16.6( 85)
AUA 3.7( 19) ACA 6.4( 33) AAA33.2(170) AGA 1.4( 7)
AUG 24.8( 127) ACG 11.5( 59) AAG 12.162) AGG 1.6( 8)
GUU 16.8( 86) GCU 10.7( 55) GAU 37.904) GGU 21.3( 109)
GUC 11.7( 60) GCC31.6( 162) GAC 20.505) GGC 33.4( 171)
GUA11.5( 59) GCA21.1( 108) GAA43.724) GGA 9.2( 47)
GUG 26.4( 135) GCG 38.5( 197) GAG 18.44) GGG 8.6( 44)

Coding GC 52.35% 1st letter GC 60.82% 2nd letterdB®1% 3rd letter GC 55.62%

Table 34 Escherichia colcodon usage. (Adapted from NCBI).

To avoid problems in translational efficientyhas therefore been made a synthetic version of
TAT 8H4 scFv sequence in which the rare codons Ih@em changed with the most frequent for

E.coli. The sequences of natural and synthetic TAT 8H sce reported:

Syntheti c8HdscFv 1 ATGCGOGGTAGOCATCACCATCACCATCACGGCATGGCACGCGGCTATGGTCGTAAAAAA
W1 d-typesHdscFy 1 ATGOGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGAGGT TACGGTCGTAAAAAG

MRGSHMHMHMHHMHGMARGY G R K K

Synt het i c8H4scFv 60 CGTCGOCAGOGT CGCOGT GGT GOGOGT CTGGOGGCCT CTGGOGCGCATGCCGATATTCTG
W1 d-typesHiscFv 60 GTCGCCAGOGT CGOCGTGROGCTAGACT CGCAGCAAGCGGCGCGCATGCCGACATTTTG
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R RQRRRGARLAASGAMHADII L

Synt het i c8H4scFv120 ATCACCCAGAGCCCGACCACCATGGCAGCGT CTCCGGGT GAAAAAATTACCATTATCTGC
W1 d- type8HAscFv120 ATAACTCAGTCTCCAACCACCATGGCT GCATCTCCCGGGGAGAAGATCACTATCATTTGE

I T Q S P TTMAASUPGEIKI T1 I C

Synt het i c8H4scFv180 TCTGOCACGAGCTCTATCAGT COGAACTATCT GCACT GGTACCAGCAGAAACCGGGCTTT
W1 d-type8HAscFv180 ATGGOCACGTCAAGCATAAGTCCCAATTACTTGCATTGGTATCAGCAGAAGCCAGGATTC

S AT S SI SPNYLHWYQQKP G F

Synt het i c8H4scFv240 AGCCOGOGTATTCTGATCTTCGGTACCAGOGAT CTGGCATCT GGCGT GOCGGTTCGCTTT
W1 d- type8HAscFv240 TCOCCTAGAATCTTGATTTTTGGGACATCCGATCTGGCTTCTGGTGTCCCAGTTCGCTTC

Ss PRI L1 F GTSDULASGVPVRF

Synt het i c8H4scFv300 AGTGGCOGT GGTAGCGGCACCAGCTATTCTCT GACGAT TGT GAGCATGGAAGCAGAAGAT
W1 dt ype8HAscFv300 AGTGGOCGTGGGTCTGEGACCTCTTACT CTCTCACAATTGTTTCCATGGAGGCT GAAGAT

S GRGS GTSY SLTI VSMEATED

Synt het i c8H4scFv360GT TGOGACCTAT TACT GOCAGCAGGGT AGT AGCACCCCGCT GACGT TCGGTACCGGCACG
W1 dt ype8HAscFv360 GTTGCCACTTACTACTGCCAGCAGGGTAGTAGTACACCACT CACGTTCGGTACT GGGACC

vV AT YY CQQGS STWPLTFGTGT

Synt het i c8H4scFv420 AAACTGGAAAT TAAACGCAGT GGCGGTAGCACCATCACGT CTTACAATGTGTATTACACG
W1 dt ype8HascFv420  AAGCTGGAAATAAAACGT TCCGGAGGGT CGACCATAACTTCGTATAATGTATACTATACG

KL EI KRS GGSTI T SYNWVY YT

Synt het i c8H4scFv480 AAACTGTCTAGTAGOGGCACCGAAGT GATGCT GGT TGAAAGT GGCGGTGCGCTGGTTCAG
W1 dt ype8HascFv480  AAGTTATCCTCGAGOGGTACCGAAGT GAT GCT GGT GGAGT CTGGGGGAGCCTTAGTGCAG

KL S$SSSGTEVMLVES GG GAL VAQ

Synt het i c8H4scFv540 COGGGCGGTTCTCGTAAACT GAGT TGT GCCGCAAGOGGTTTTACCTTCTCTAGTTTTGGC
W1 dt ype8HAscFv540  CCTGGAGGGT COCGGAAACT CTCCT GT GCAGCCTCTGGATTCACT TTCAGTAGCTTTGGA

P GG SRKUL SCAASGFTF S S F G

W1 dt ype8HAscFv600 ATGCATTGGGT GOGCCAGGCGOCGGAAAAAGAACT GGAATGGGT TGCCTATATTAGTCGT
W1 dt ype8HAscFv600 ATGCACTGGGTTCGT CAGGCT CCAGAGAAGGAACT GGAGT GGGTCGCATATATTAGTCGT

M HWVROQAPEI K ELEWVAY 1|l SR

W1 dt ype8HAscFv660 GGTAGCTCTACCGGCTACT GOGCCGATACGCT GAAAGGT CGCTGTACCATCAGCCGTGAT
W1 dt ype8HAscFv660 GGTAGTAGTACCGGCTACT GTGCAGACACAT TGAAGGGCCGAT GCACCATCTCCAGAGAC

GSSTGYCADTLIKGRT CTI SRD
W1 dt ypesHiscFv720 AACCCGAAAAATACGCTGTTTCTGGAAATGACCTCTCTGOGCAGT GAAGATACGGCCATG
W1 dt ype8HAscFv720 AATCCCAAGAACACCCTGTTCCTGGAAATGACCAGT CTAAGGT CTGAAGACACGGCCATG

NPKNTLTFLTEMTS SLRSETDTAM

W 1 dtype8HdscFv780 TATTACTGIGCACGTAGCGGCAGIAGCTATGECGGT TGGTACTTCGATGT G
W 1 dt ype8H4scFv780 TACTACTGT GCAAGAT CGGGTAGT AGCTACGCCGEEGTGGTATTTCGATGTC

Y YCARSGSSYGGWYFDV
W1 dt ype8HAscFv840 TGGGGT GOGGECACCACGGT GACCGT TTCTAGOGCTAGOGGC
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W | dt ype8HdscFv840 TGGGECGCAGGGACCACGGT CACCGT CTCCTCAGCTAGCGEC

WGAGTTV TV S S A S G
3.3.2. Construction of fusion vector pDnaK and pSMmut4 and expression in

E.coli

Preliminary experiments, in our laboratory, of 8slZFv protein expression under the control of
strong promoter T7 ie.coli BL21[DE3] Lys S, showed low expression with prateresent only

in insoluble fraction. Therefore we have tried &i¢ advantage from the use of fusion protein
technology to increase the efficiency of transhatimgether with the chaperones activities
contained ina-synuclein and DnaK. Therefore we have made twwession vectors where the
scFv 8H4 was fused in frame @esynuclein (pSYNmut4) or DnaK (pDnaK). At this pose, in
order to over express the proteimssyn or the dnak genes were cloned into pRSETB under
control of inducible T7 promoter.

SDS-PAGE analyses revealed that a protein of abdwDa corresponding to DnaK (theoretical
molecular weight of 68996.8 Da) was strongly expeesin soluble cell fraction after 3h
incubation with IPTG, so as an abundant band withapparent molecular mass of 17 kDa
corresponding ta-synuclein (theoretical molecular weight of 14468) vas detected in soluble
cell fraction after IMAC purification (Fig.3.5)A-syn and DnaK were expressed from identical

plasmid vectors to minimize any effects from expr@s in different backgrounds

Q
DnakK g "
3
E S = N
T
.
67- W 67-| f
\ e 3
46- |
- | &
46 | 36| k
36- [N 2 J f =
- 24 1.
29- - . .
a 20- Fig. 3.5 BL21[DE]LysS cells were transformed withet
24- . indicated plasmids and protein expression was iedweith
4 IPTG. Cell proteins after SDS-lysis buffer were lgpad by
20- - 14- s SDS-PAGE and stained with Comassie Brilliant Blue.
- ¢ =°"

3.3.3. Construction of fusion vectorasyn-TAT-8H4 scFv and dnaK TAT8H4

scFv and expression irke.coli
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After that the fusion partners showed an abundalobte expression, the TAT 8H4scFv sequence

was cloned in frame at C-terminalafsynuclein or DnaK respectively (fig. 3.6 ).

2 PREET-8yn TAT §Hé ]
PRSET Deall TAT-8H4 ]

L% o A % o

Fig.3.6 pDnaK TAT8H4 (A) and pSyn TAT8H4 (B) vertoresulting by cloning of TAT8H4 sequence in feam

at C-terminal of DnaK in pDnakK, and of a-syn in p$iut4, respectively. His tag was cloned to fadiétéhe
purification.

ya nd

B

The sequences below correspond to recombinantfgsaeins, respectively:

A. DnaK TAT8H4
10 20 30 40 50 60
MGKI | G DLG TTNSCVAI ND GTTPRVLENA EGDRTTPSI T AYTQDGETLV GQPAKRQAVT

70 80 90 100 110 120
NPQNTLFAI K RLI GRRFQDE EVQRDVSI MP FKI | AADNGD AWEVKGQKM APPQ SAEVL

130 140 150 160 170 180
KKMKKTAEDY LGEPVTEAVI TVPAYFNDAQ RQATKDAGRI AGLEVKRI | N EPTAAALAYG

190 200 210 220 230 240
LDKGTGNRTI AVYDLGGGTF DI Sl | El DEV DGEKTFEVLA TNGDTHLGGE DFDSRLI NYL

250 260 270 280 290 300
VEEFKKDQG DLRNDPLAMD RLKEAAEKAK | ELSSAQQTD VNLPYI TADA TGPKHWNI KV

310 320 330 340 350 360
TRAKLESLVE DLVNRS| EPL KVALQDAGLS VSDI DDVI LV GGQTRVPMVQ KKVAEFFGKE

370 380 390 400 410 420
PRKDVNPDEA VAI GAAVQGG VLTGDVKDVL LLDVTPLSLG | ETMGGVMIT LI AKNTTI PT

430 440 450 460 470 480
KHSQVFSTAE DNQSAVTI HV LQGERKRAAD NKSLGQFNLD G NPAPRGVP QI EVTFDI DA
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490 500 510 520 530 540
DG LHVSAKD KNSGKEQKI T | KASSGLNED El QKMVRDAE ANAEADRKFE ELVQTRNQGD

550 560 570 580 590 600
HLLHSTRKQV EEAGDKLPAD DKTAI ESALT ALETALKGED KAAI EAKME LAQVSQKLNE

610 620 630 640 650 660
| AQQQHAQQQ TAGADASANN AKDDDVVDAE FELVPRGSHM RGSHHHHHHG MARGYGRKKR

670 680 690 700 710 720
RORRRGARLA ASGAHADI LT TQSPTTMAAS PGEKI Tl | CS ATSSI SPNYL HWYQQKPGFS

730 740 750 760 770 780
PRI LI FGTSD LASGVPVRFS GRGSGTSYSL Tl VSMEAEDV ATYYCQQGSS TPLTFGTGTK

790 800 810 820 830 840
LEI KRSGGST | TSYNVYYTK LSSSGTEVM. VESGGALVQP GGSRKLSCAA SGFTFSSFGM

850 860 870 880 890 900
HWRQAPEKE LEWAYI SRG SSTGYCADTL KGRCTI SRON PKNTLFLEMT SLRSEDTAMY

910 920 930
YCARSGSSYG GWFDW\GAG TTVTVSSASG

Fig. 3.7 Sequence of fusion protein DnaK TAT8H#&\s In pink is showed His tag, in redsyn sequence, in
green TAT sequence, in black 8H4 scFv sequence.

DnaKTAT8H4 scFv properties
number of amino acids 390
molecular weight 100526.2
pl 5.66
€ 0.65

Table 3.5 Some properties of fusion protein DiigI 8H4 scFv
B. Syn TAT8H4
10 20 30 40 50 60

VRGSHHHHHH GVASMDVFMK GLSKAKEGW AAAEKTKQGV AEAAGKTKEG VLYVGSKTKE

70 80 90 100 110 120
GWHGVATVA EKTKEQVTNV GGAWTGVTA VAQKTVEGAG S| AAATGFVK KDQLGKNEEG

130 140 150 160 170 180
APQEGI LEDM PVDPDNEAYE MPSEEGYQDY EPEASLVPRG SGYGRKKRRQ RRRGARLAAS

190 200 210 220 230 240
GAHADI LI TQ SPTTMAASPG EKI TI | CSAT SSI SPNYLHW YQQKPGFSPR | LI FGTSDLA
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250 260 270 280 290 300
SGVPVRFSGR GSGTSYSLTI VSMEAEDVAT YYCQQGSSTP LTFGTGTKLE | KRSGGSTI T

310 320 330 340 350 360
SYNVYYTKLS SSGTEVM.VE SGGALVQPGG SRKLSCAASG FTFSSFGVHW VRQAPEKELE

370 380 390 400 410 420
WAYI SRGSS TGYCADTLKG RCTI SRONPK NTLFLEMISL RSEDTAMYYC ARSGSSYGGW

430
YFDW\GAGTT VTVSSASG

Fig. 3.8 Sequence of fusion proteirsyn TAT8H4 scFv. In pink is showed His tag, in redyn sequence, in
green TAT sequence, in black 8H4 scFv sequence.

A-synTAT8H4 scFv properties
number of amino acids 438
molecular weight (Da) 46480.1
pl 8.54
e(M*cem? 1.20

Table 3.6 Some properties (fusion proteira-syn TAT8H4 scF

SDS-page analyses revealed a large band of expexittular weight about 46 kDa farsyn

TAT8H4 (theoretical 46480 Da) and about 100 kDaloaK TAT8H4 ( theoretical 100526 Da)

(Fig. 3.9). Since we have not found differencesiisyn TAT8H4 expression using.coli cells
transformed with TAT8H4 wild-type eukaryotic sequer{pSyn TAT8H4) or TAT8H4 optimized
sequence (pSyn 8H4opt), has been used TAT8H4 @adnisequence in all following

experiments. In any case fusions of 8H4 scFa-&ynuclein and DnaK result in expression and

accumulation of significant levels of antibody respof low levels of TAT8H4 scFv (data not

shown).
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kDa
67-
46-
36- Fig. 3.9 BL21[DE]LysS cells were transformed wittetindicated
plasmids and protein expression was induced withGIPCell
proteins after SDS-lysis buffer were analyzed bySSPAGE and
20 ; stained with Comassie Brilliant Blue.

Although the unfusion partner shows high solubimy several butter, the tusion counterpart
shows to be largely insoluble.

To increase the solubility of fusion proteins diéfet conditions have been tested. Because of, in
general, cultivating recombinaht coli cells at low temperatures increases solubility stadbility

by preventing aggregation of recombinant proteBi&1(DE) LysS cells expressing DnaK ar

syn TAT8H4 scFv fusion proteins, were grown anduget at 25° or 37 °C in LB medium.

Dnak TAT-8H4 Syn TAT-8H4
30° 37° 300 37°
P S P ST
P SP ST -
kDa ,‘
' w !' Al kDa 4
, ‘ bt
67- | 67-
.. — - ‘ <+
-
< e 36- -
36 W i -G p=d
5 o -
29-
29-

Fig. 3.10 TAT 8H4-scFv partition in the insolulflaction when expressed as chaperone or chapédwmritsion.
BI21(DE) LysS cells were transformed with the ireded plasmids and protein expression was inducdd @b mM

IPTG at 25°C or 37°C. Cells lysates were prepanmadl groteins were fractionated, analyzed by SDS-P /@&
stained with Coomassie Brilliant Blue. Soluble fras (S), Insoluble fraction (1), Total cell extta@) .

74



Different solubilisation buffers are been testedolubility and purification assays, as 1)PBS, or
2) PBS supplemented with 10 mpdmercaptoethanol, 0.2 mg/ml lysozyme, 1% Tritord0G,

or 3), 274 mM NacCl, 20% glycerol, , 0,1% pluronicdda 0.02% Tween-80, 10mM Tris pH 8.
Nevertheless the fusion proteins solubility was sighificantly improved, as it can see in an
example (Fig. 3.10). To confirm, maxi purificatioh the fusion scFvs in native conditions were
resulted in not significant amounts of proteinsifgen, suggesting the formation of inclusion
bodies inside the bacterial cytoplasm.

3.3.4. asyn TAT8H4 and dnaK TAT8H4 scFvs co-expression togiger DnaKJE

and GroELS chaperones irE.coli

Since the behaviours of the fusion proteins in@idae formation of inclusion bodies inside the
bacterial cytoplasm we have tried to co-expresskiJBaand GroELS chaperones togetbesyn
TAT8H4 scFv or DnaK TAT8H4 scFv. At this purposeBIi21(DE) LysS cells were transformed
with chaperone plasmid pG-KJES8 (obtained from Tak&higa, Japan), for over-expression of the
two principal cytosoliE.coli chaperones systems, GroELS and DnaKJE.

Nevertheless, as it can see in a Western blot ebeaffig. 3.11), cytosolic chaperones over

expression did not increase significantly the fassocFvs amounts in soluble fraction.

s 8 = Ny
£ 2 =& @ E
sz gz i
g % o 2, g
@ 5 €7 ES
I S 1 8§ I S
i .
i |
Fig. 3.11 TAT 8H4-scFv partition in the insoluble-
- w - " soluble fractions when expressed as chaperone or
54 - chaperon-like fusion. BI21(DE) cells, BI21(DE) LysS
cells, or BI21(DE) pG-KJE8 cells, overexpressing
e poi chaperones GroELS and DnaKJE, were transformed
! ! - with the indicated plasmid and protein expressi@as w
- \ had induced with 0.5 mM IPTG at 25°C. Cells lysates aver

prepared and proteins were fractionated, and aedly
by Western blot with anti-his antibodies. Soluble
fraction (S), Insoluble fraction (1) .
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3.3.5. Periplasm purification of a-syn 8H4 scFv

It is know that in the more oxidizing environmerfttioe periplasm, correct folding and disulphide
bonds are supported. Thus it was thought to takarddge of abundant periplasmic expression of
recombinanti-synuclein inE.coli. A-synuclein translocation appears to be mediatethe SRP-
dependent pathway (signal recognition particle-ddpat pathway) and the C-terminal (99-to-140
portion) cooperating with the central 61-t0-95 &ett plays a signal-like role for the its
translocation into the periplasm (Guoping Renl.e2807).

By taking advantage of this, and hypothesizing thatyn in fusion with 8H4-scFv can mediate
the translocation, expression of actimesyn TAT8H4scFv intoE.coli periplasmic space and
purification were assessed.

After osmotic lysis and IMAC purification, an abward band with an apparent molecular mass of
17 kDa corresponding ta-syn was detected (fig. 3.12), confirming that thg@resseda-syn
was transported into the periplasm, with yield® asabout 20mg/Lhumana-syn after IMAC
purification. Nevertheless the expressionoe$yn 8H4scFv fusion protein was not detected in
periplasmic fraction before and after IMAC purifica (fig.3.13), either inE. coli BL21(DES3)

Lys S either in pG-KJEB.coli BI21(DE) cells, overexpressing chaperones GroEibRBnaKJE.
Probably 8H4 scFv fusion partner inhibits the tlacation ofa-syn into the periplasm.

;‘% E.coli BL21 Lys S E.coli chaperone
% 8 ”
B g g g 2 2
- EE B = § B B
e i 5 &858 B AE &
= E - <+ o T = =
N E o E E E o« 80 E:Q E
e
(
|
4
‘_
-
- B
-
Fig 3.12 E. coli BL21(DE3) Lys S were Fig.3.13 E. coli BL21(DE3) Lys S and pG-KJE8
transformed with pSYNmut4 and protein BI21(DE) cells, overexpressing chaperones GroELS
expression was induced with 0.5 mM IPTG at and DnaKJE, were transformed with pSyn8H4opt
25°C. After osmotic lysis and IMAC purification and protein expression was induced with 0.5 mM
samples were subjected to SDS-poly-acrylamide IPTG at 25°C. After osmotic lysis and IMAC
gel electrophoresis and following staining with purification samples were subjected to Westeon bl
Coomassie Brilliant Blue. with ant-his antibody
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3.3.6. Expression and purification in denaturing caditions of the fusion
8H4scFvs

Since production yields of soluble fusion-scFvs ao¢ significant, while large quantities were
observed in the insoluble fractions, revealingghhitendency of TAT8H4 to form inclusion
bodies insideE.coli cytoplasm upon expression, it was appeared moretipmh (as well as
economical) purify Dnak TAT8H4 anal-syn TAT8H4 in denaturing conditions and subsedyent
regenerate to their active form using in ovitefolding procedures.

For expressionE.coli BL21(DE3) LysS cells were transformed with pSyATBH4opt and
pDnaK TAT8H4 were grown in LB at 37°C and harves8kd post-induction. To improve the
yield, DnaK TAT8H4scFv was purified in denaturagticondition solubilizing into guanidinium
(fig.3.15). A-syn TAT8H4 was purified from inclusiobodies, that were collected by cells
distruption in 4M urea followed by centrifugatiddurification of the non-native DnaK 8H4 scFv
anda-syn TAT8H4 scFv solubilized in guanidinium undeducing condition, was carried out in

using Ni-chelating His Trap columns (NTA-Rj in the presence of 8 M urea pH 4.5 (fig.3.14).

A. B.

DnaK TAT-8H4 purified
kDa _
Fig. 3.14 A. SDS-PAGE of

DnaK TAT8H4 after IMAC
purification. 10 pl of protein
were load in each line.

B. The fusion protein titres
concentration were measured
with spectroscopic analysis at
280 nm. The purified proteins
amounts were measured with
spectroscopy at 280 nm.
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Fig. 3.15 A. SDS-PAGE ai-Syn TAT8H4 after IMAC purification. B. The fusigurotein titres concentration
were measured with spectroscopic analysis at 280 Tima purified proteins amounts were measured with
spectroscopy at 280 nm. C. SDS-PAGEoefyn TAT8H4 after on-column refolding. 1@ of protein were
load in each line in A and C.

The yields, on base of three purification processes 5.84 + 0.89 mg/L foa-syn TAT8H4
(calculatect = 1,2 M* cm) and 3.88 +1.28 mg/L for dnaK TAT8H4 (calceldt = 0.65 M*

cm?).

3.3.7. Refolding of fusion-scFvs proteins

To recover the bioactivity of antibody fragmentitus proteins, the purified scFvs were refolded
with on-column refolding procedure. Two differembfocols and buffers system are been tested.
In the first one, the purified fusion proteins wergain incubated with Kfi-affinity resin in 8M
urea pH8 with 7mM3-mercaptoethanol (to reduce the disulphide bonadd)tlaen washed in three
successive steps with decreasing guanidinium cdorateam from 2M to OM (i.e. from 2 to 1 M,
then from 1 to 0,5 M and finally from 0,5 to 0 Mgdping the concentrations of the oxidized
glutathione and arginine constant (200mM arginBi#&guM GSSG). Analisys of samples, eluted
in 200mM NaCl, 50 mM Tris/HCI pH6, 200mM arginineQOmM imidazol by Agy and SDS-
PAGE, showed no refolding efficiency either for BndH4scFv eithen-syn 8H4 scFv.

The second protocol tested, based on-column chéneiicdding method described by Oganesyan
(Oganesyan et al., 2004) showegyn 8H4 refolded with ~ 10% -12% vyield, but no Bn@H4.
This refolding method for insoluble His-tagged pins expressed ii.coli, has been called
“artificial chaperone-assisted refolding” because Ibeen claimed to mimic the GroEL-GroES
chaperonin action in vivo.

In the original protocol, scFv purification andakfing is in only one steps of batch-absorption to
Ni-NTA resin: solubilized inclusion bodies were Imouto Ni-NTA resin, exposed to a detergent-
containing solution to prevent misfolding and aggtéon, followed by stripping of the detergent
with cyclodextrin to promote correct folding, fihalthe purified proteins were eluted with
imidazole. To achieve higher yield of refolded pint we have modified the original protocol,
adjusting scFv purification and refolding processe$wo steps of batch-absorption to Ni-NTA
resin, rather then one step as demonstrate als®IiP2, another protein with six disulphide
bridges (Negro et al., 1995As described in more detail in material an methatsdubilized
inclusion bodies were bound to Ni-NTA resin, washed the purified protein eluted. In the next
step, the denatured purified scFv was again boodd-NTA and first was exposed to a detergent-
containing solution to prevent misfolding and aggtéon, followed by stripping of the detergent

with cyclodextrin to promote correct folding. Redfedl antibody was finally eluted with imidazole.
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Following the original protocol with a single step Ni-NTA affinity column, heavy precipitates
of scFv were likely produced into column becawefelded fusion scFv proteins were not showed
in eluted samples byz8 and SDS-PAGE analysis.

Thus, a modified on-column chemical refolding methdased on protocol described by
Oganesyan (Oganesyan et al., 2004), permitted tarotd-syn 8H4scFv fusion protein refolded
with ~ 10% -12% yield. A-syn 8H4scFv refolded reeced was about 0,6 mg/L (fig.3.15C).

3.3.8. Antigen binding specificity of refoldeda-syn TAT8H4 scFv
The specifity of the refolded--syn 8H4 scFv to recognize and interact with hurRaff was

determinated by immunoblotting. As shown in figl@.the soluble correctly folded scFv was

active and able to recognize human prion protein.

MW

hPrP

Fig. 3.16 Interaction between purified refolded T® and human PfPas
H showed by immunoblotting. 50 ng of Privas transferred to membrane and
incubated with refolded-syn 8H4scFv, and following with antibodies mousé-a
His and anti-mouse.

3.3.9. Buffer-exchange by gel filtration
Dnak TAT8H4 anda-syn TAT8H4 scFvs fusion proteins purified in demanhting conditions

from inclusion bodies were further purified by défration column Use of desalting column
allows to separate proteins from denaturant utesi¢ at high concentrations (8M titres) for cells
treatments, replacing with above buffer that manstdhe protein in solution without aggregation
and is not toxic in cell treatments. Moreover wadeprotein-size column fractionates protein
species, permitting purification from small proteiegradation products and salts. Column matrix

may also help proteins disperse, reducing agg@yati
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3.3.10. 8H4 scFv fusion proteins trasduction insidEHO cells

Dnak TAT8H4 anda-syn TAT8H4 scFvs fusion proteins so obtained, weyed to transduction
of CHO cells, in order to verify their entry insidells, localization and their time-life. The TAT-
fusion proteins were added in culture medium atugl®l corresponding to final concentration
of ~215 nMa-syn or ~100nM DnaK. After 2-3 hours, cells grown glass cover-slips were
fixed, permeabilized and incubated with anti-Hismary antibody, that bound exa-His tag of
proteins, followed by TRITC-conjugated secondartilkendly for observation of cells using the
fluorescence microscope (red staining). To viseatiells nuclei, Hoechst staining was performed
(blue staining). As shown in fig. 3.17, Dnak TAT8ldAda-syn TAT8H4 scFv fusion proteins

localize inside the cell, in the nucleus and cydspi.

Immunocytochemical analysis

Control Syn TAT-8H4  DnaK TAT-8H4

Fig. 3.17 Fluorescence

microscope images show the

syn TAT8H4 and DnaK
HOECHST TAT8H4 diffusion into CHO
cells and their localization.
CHO cells incubated with ~10
pg/ml of a-syn TAT8H4 or
DnaK TAT-8H4 for 2-3 hours.
Hoechst staining of nuclei (line
A) and anti-mouse II,TRICT
of scFv marked (line B) are
superimposed (line C).

TRICT

MERGE

In CHO cells untreated negative control , therdaogchst staining detection of cellular nuclei (blu
staining, images A) but not TRICT staining detettié very weak signal revealed, is likely due
to aspecific bound of antibody TRICT coniugatedcéd.

In CHO cells treated, it is evident th@tSyn TAT-8H4 and DnaK-8H4 diffuse inside the cedd
staining revealed by TRICT-signalling, images B)aytoplasma and nucleus, as showed by
nuclear colocalization as revealed by superimp@s@des in pink staining (images C).

Thus, DnaK andi—syn fusion scFv, diffuse inside CHO cells due TASfj$ence.

3.3.11. Time course and Western blot analysis

Every protein has a structural stability inside tledl, fundamental to its physiological role. Time-

life test of a protein inside cells gives informatabout treatment system. At the aim, CHO cells
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were incubated with ~1Qg/ml of a-syn (~215 nM) or DnaK (~100nM) fusionTAT-8H4. The
cells harvested at different time 3, 20, 28, 5arBoAfter SDS-PAGE and Western blot of cellular
lysates, the proteins were visualized, using pnnaanti-His antibody and secondary anti-mouse-
HRP conjugated with luminol detection.

As showed in fig. 3.18x-syn TAT-8H4 is evident inside CHO cells at leastilu28 hours from
administration, while DnaK TAT-8H4 is degraded mubre in time, because of it is not visible
in western just after 3 hours. It gets inside telsc as seen in previous experiments with CHO

cells treatments, but likely it is early degraded.

DnaK TAT-8H4 Syn Tat-8H4
E E
S o o £ = =
SRRAER SRRER

Fig. 3.18 CHO cells were
incubated with 1Qug/ml of a-syn

(~215 nM) or DnaK (~100nM) of

o-syn or DnaK fusionTAT8HA4.

After SDS-PAGE and Western
blot, the proteins were visualized,
using anti-His and anti-mouse-
HRP antibodies. A-syn TAT8H4
remains inside CHO cells, at least
until 28 hours, much more than

!

b
Ql

Every protein have a variable time-life, dependofgprotein nature. For example, TAT-DJ1
protein no showed significant degradation aftehd@rs (Batelli et al., 2008) and in vivo TAF
synuclein was also present after 30 dies from stitassic injection in brain (Recchia et al.,2008).
Protein time-life can be also influenced by mordess fast metabolism of cell. CHO cells are
replicating about every 20 hours, while nervousdeve more long time.

These results are important to programme celluéatments, because of proteins with short time-

life will have to be added more frequently.

3.3.12. A-syn TAT8H4 scFv trasduction inside PrP ransfected HelLa cells
At the light of short time-life of DnaK-8H4scFv ide CHO, further functionality experiments in
HelLa cells were conducted withh-syn TAT8H4 scFv. To test for tha-syn TAT8H4 scFv
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capacity to deplete the superficial membrane pnmotein, HelLa cells were transiently
transfected with plasmid able to express GFP-Doppdlplasmid expressing GFP-PrP (Negro et
al., 2001).

Doppel (Dpl) is identified as prion (PrP)-like peon due to the structural and biochemical
similarities, both glycosylphosphatidylinositol(GRinchored cell membrane proteins, with the
same cellular localization pathway and topologicaiation in membrane rafts. But Dpl is not
recognized by 8H4scFv because of different amind aequence, so it represents an optimal
control of 8H4 scfv antibody functionality and speity. When Dpl and PrP are in fusion with
GFP reporter gene, they show, by fluorescence iraHells, their cellular localization in plasma
membrane and partially in Golgi apparatus, oneites of pathway of prion protein synthesis
(Fig.3.19 panel A).

If these Hela cells, after 36 hours post-transbectiwere treated with 10g a-syn8H4 scFv
(~215 nM) for 3h and fixed after 3 (Fig. 3.19 panel B), van see scFv antibodies in any case
inside HelLa cells, localizing prevalently in perohear region (photos B, E). Thus indicating
overall that antibody fragments penetrate intacalls with high efficiency, these data confirming
the results with CHO cells. But while GFP-Doppesiin protein remains localized into plasma
membrane and does not co-localize with 8H4 antib@dhotos D, F), in the case of GFP-PrP
transfected HelLa cells, we can see (photos A, @ BrP became with difficulty at plasma
membrane surface (poorly membrane fluorescence)yialy strongly to co-localize with antibody
fragment in perinuclear region. These data prowetfanality and specificity ofi-syn8H4scFv in
cells, moreover in vitro by immunoblotting.

Nevertheless, administration of same amounts (@0nl) of refolded or buffer-exchange gel-
filtrated a-syn TAT8H4, demonstrated (data no shown) thatbadif fragments penetrate both
into all cells with high efficiency, but thai-syn TAT8H4 (particularly buffer-exchange gel-

filtrated a-syn TAT8H4) is more efficient to deplete the stijgeal membrane prion protein.
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pRrPSGRP

pDoppel-GFP

Dpl-GEP

Panel A

PrP-GFP

Panel B

Fig 3.19 Localization of GFP-PrP or its analog @péppel before and after treatment withsyn TAT8H4
antibodies. HelLa were transfected with pPrPC-GFis@nalog pDoppel-GFP used as control (panelndl) then
treated witha-syn TAT8H4 antibodies (panel B).

While a-synTAT8H4 scFv antibody was internalized and laeal in perinuclear region (photos B, E), Doppel
protein is anchored to plasma membrane via a Gé&ianand its distribution remains invariable affexT-
8H4scFv antibody treatment (photos D,F). Priortgirois also bounds to plasma membrane via a GEieanbut

its distribution changes after TAT-8H4scFv treatim@hotos A,C).

3.4. Discussion

Previous experiments in our laboratory of antoprTAT 8H4scFv protein production in BL21
E.coli cytoplasm, were resulted in low yields of indé antibody.In order to enhance the
yields of functional antibody fragments and allakeaper and easier production and
purification, we have tried to produce anti-prioATF8H4scFv protein (eukaryotic complex
molecule with three disulphide bonds indispensédniéts stable structure and activity) in secreted
form by gram-positive 800B.subtilisand MS941B.megateriunbacteria.

Nevertheless, in spite of numerous trials, we heh@wvn that scFv is expressedBacillus cells
intracellulary (even if with no very high yieldsnéprimary as insoluble), but no TAT-8H4 scFv is
clearly detected in ammonium sulphate precipitatio IMAC purified culture medium, although
high level of secretion byBacillus secA pathway was widely demonstrated in other case
(Schumann W. et al., 2006).

So other strategies were tried. In attempt to @wee the difficulty of generating soluble

heterologous scFv protein Eicoli, one of more promising approach, on which the nitgjof the

83



work in the field is focusing, is development amdfinement of solubility fusion tags. As the
name implies, these tags are proteins or peptigdsate fused to the protein of interest and, @ th
best case, help to properly fold their partnersliteg to enhanced solubility in the protein of
interest. This strategy of fusing a protein partsegffective in promoting the solubility of many
target proteins (Esposito and Chatterjee, 2006).

Cytoplasmic expression using fusion partners sushglutathione S-transferase (GST),
thioredoxin (Trx), and maltose-binding proteMBP) generally results in high productivity and
enhanced solubility (LaVallie E.R. and McCoy J.NI995). In the contest of a fusion protein,
these fusion partners seem to function as molealiaperones that promote the solubility and
stability of scFvs in active form in the cytoplasamd since they do not release the protein that is
fused to them, their stabilizing and solubilizinffeets persist. Recently C.Kyratsous et al.
demonstrated that also bacterial chaperones as ma&roEL placed in frame of a target
polypeptide, facilitate production of large amount$ soluble recombinant proteins, that are
normally highly insoluble when expressed irctbaa.

Therefore we have tried to take advantage fromutiee of fusion protein technology to increase
the yields and solubility of TAT8H4scFv. At the awe have chosen as fusion tags, bacterial
chaperone DnaK and like-chaperamesynuclein protein, that for its activity togethanysic-
chemical characteristics, as a small protein dinoengthat contributes at low molecular weights
in fusion protein), high expression levels Bicoli (30% of totalE.coli proteins), its facilitated
purification (due its high resistance to proteasé ato high temperature), could be a good
candidate as fusion partner.

Although fusions of TAT 8H4scFv ta-synuclein and DnaK result in expression and
accumulation of significant levels of antibody respof low levels of TAT 8H4scFv, these fusion
proteins show to be largely insoluble in differbatfer and temperature, differently from unfusion
partnersa-synuclein and DnakK.

To increase the soluble and active fusion scFMggji®ther trials were done because of there is no
universal approach that can be applied to all cbse# depends by protein sequence in a trial and
error process. Since the behaviours of the fusiamems indicate the formation of inclusion
bodies inside the bacterial cytoplasm we have tigecb-express DnaKJE and GroELS bacterial
chaperones together-syn or DnaK fusion-8H4scFvs. Nevertheless, cyiosohaperones over
expression did not increase significantly the fassocFvs amounts in soluble fraction, differently
from satisfying yields obtained by Kyratsous (200&) DnaK-PrP fusion protein. In attempt to
explain the divergence of results obtained (alsditémature) upon over expression of DnaK in

fusions and co-expression of its co-chaperonesag recently focused attention on dual role of
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the DnaK chaperone, which acts both as a foldinglutator and as proteolytic enhancer
(Martinez-Alonso et al., 2010).

So, being know that in the more oxidizing envirommef the periplasm correct folding and
disulphide bonds are supported, we have tried ke tadvantage of abundant periplasmic
expression of recombinaatsynuclein inE.coli (Guoping Ren et al., 2007), hypothesizing that
syn in fusion with 8H4-scFv can mediate the tracelion. Nevertheless the expressioroegyn
8H4scFv fusion protein was not detected in periplasfraction before and after IMAC
purification. Probably 8H4 scFv fusion partner It the translocation ofi-syn into the
periplasm.

Since, nevertheless various trials, the yieldsotflde fusion-scFvs are not significant, while karg
quantities were observed in the insoluble fradi@revealing high tendency of TAT8HA4 to
form inclusion bodies insid&.coli cytoplasm upon expression), we have tried to putifak
TAT8H4 anda-syn TAT8H4scFvs in denaturing conditions by IMAGking advantage by His-
tag and subsequently regenerate ones to theweafdrm using in vitro refolding procedures.
Between the different protocols tested, an our fredtiitwo-steps refolding procedure, based on-
column chemical refolding method described by Oggae (Oganesyan et al., 2004) showed
syn 8H4 refolded with ~ 10% -12% vyield, but no Dn&kl4; while the original one-step
Oganesyan protocol, was resulted inefficientlyldoth the fusion-scFvs. Although the yields are
lower than expectations (yields of 30-100% of pineteins refolded in seven of 10 tested protein
by Oganesyan method) the efficacy of modified kifay procedure is been confirmed by
immunoblotting, showing the soluble correcly foldedyn 8H4 scFv active and able to recognize
specific human prion protein.

Thus, in our case the soluble production rate,ithatrongly dependent on the individual sequence
of the antibody, it would seem depend by correstilghhide bonds formation.

At this point, we have assay the ability of obtdifleAT 8H4 fusion proteins to transduce inside
CHO cells. Because of low or no yields of solul#éoided proteins, Dnak TAT8H4 arwdsyn
TAT8H4 scFvs fusion proteins, purified in denatuimag conditions from inclusion bodies, were
further purified, without great losses (with higkelds), by gel filtration against a buffer that
maintains the proteins in solution without aggresratind is not toxic in cell treatments.
Treatments of CHO cells with Dnak TAT8H4 amesyn TAT8H4 scFv show that the recombinant
proteins localize inside the cell, in the nucleas aytoplasm and that-syn TAT8H4 has time-
life major (at least 28h) than Dnak TAT8H4. Thiolpably due to major dimension and minor
concentration of DnaK fusion protein (more than kD@ respect ofi-syn fusion protein about 46

kDa), although several TAT transduction domainabke to cross the plasma membranes (Dowdy
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et al., 2001). Every protein have a variable tiifeg-depending of protein nature. For example,
TAT-DJ1 protein no showed significant degradatidiera48 hours (Batelli et al., 2008) and in
vivo TAT a- synuclein was also present after 30 dies fronersthtassic injection in brain
(Recchia et al.,2008). Protein time-life can be afgluenced by more or less fast metabolism of
cell. CHO cells are replicating about every 20 ispwhile nervous cells have more long time.
These results are important to programme celluéatinents, because of proteins with short half
time- will have to be added more frequently.

So, at the light of short time-life of DnaK-8H4sckside CHO, further functionality experiments
were conducted witki-syn TAT8H4 scFv in HelLa cells. HelLa cells werensiantly transfected
with plasmids able to express GFP-Doppel (contrainyl GFP-PrP (Negro et al., 2001) that
localize both in cell membrane, glycosylphosphdtibgitol(GPI)-anchored. Administration of
same amounts (1Qug/ml) of refolded or buffer-exchange gel-filtrated-syn TAT8H4,
demonstrate that antibody fragments penetrate afitaells with high efficiency, (these data
confirming the results with CHO) and thatsyn TAT8H4 (particularly buffer-exchange gel-
filtrated a-syn TAT8H4) is specific to deplete the superfici@mbrane prion protein, because of
while GFP-Doppel fusion protein remains localizedoi plasma membrane and does not co-
localize with 8H4 antibody, GFP-PrP arrives witHfidulty at plasma membrane surface, showing
strongly to co-localize with antibody fragment iarmuclear region.

We have observed a major efficiency of buffer-exgieagel-filtrateda-syn TAT8H4 respect of
refolded one, nevertheless the first is denaturdulewthe second is correctly refolded, as
demonstrated by immunoblotting. This probably beeadenaturated proteins have a higher
potential for biological effects than their coumpiarts prepared under soluble conditions (Nagahara
et al., 1998). It was hypothesized that, due tauced structural constraints, higher-enerfy),
denatured proteins may transduce more efficiemily cells than lower-energy, correctly folded
ones. Once inside the cell, transduced, denatuddips, can be correctly refolded by chaperones
(Gottesman et al.,1997) and make their activity icell . Indeed, an analysis of p27Kipl protein
revealed that when this protein was urea denatlirdéite biological phenotypes were enhanced
dramatically over protein prepared under solubladaoons (Nagahara et al., 1998). Thus
preparing TAT-fusion proteins in this waycould bvantageous in most situations and result in
dramatic yield and efficient activity increases (Rty et al., 2001). On the other hand, denatured
proteins are more subject to degradation in circle.

In conclusiona—synuclein was resulted better than DnaK in fusiaih WAT8H4 scFv, either for
small dimension that contributes at low moleculaights in fusion protein, than for higher yields,

ability to refold and specific activity to depleterP, so it could be effective in spongiform
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transmissible diseases treatment. Moreover, theolisell-permeable antibodies or “transbody”,
due to TAT domain that penetrates efficiently intells translocating across the plasma
membrane and also the blood-brain barrier (Dowdgl.e2001), would avoid the overwhelming
safety and ethical concerns surrounding the dapptication of recombinant DNA technology in
human clinical therapy, which is required for itoay expression within the cell by use of viral-
based vectors. In fact, although the TAT transductiomain was originally identified from HIV,
no infectious materials are contained within thosnéin; moreover it has very low toxicity in cell
culture, because being highly hydrophilic, TAT peetcauses little perturbation to the plasma
membrane (even during 1-hr incubations at a conzigon of 100uM).

Moreover transbodies introduced into the cell wlopbssess only a limited active half-life,
without resulting in any permanent genetic alteratiThis would allay any safety concerns with
regards to their application in human clinical tysy.
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Chapter IV

Metabolic engeeniring of hyaluronic acid

in Bacillus subtilis, Bacillus megaterium and Escherichia coli

89



4.1.1. Hyaluronic acid

Hyaluronic acid (HA), first described in 1934 (e and Palmer,1934) is a linear, unbranched
polysaccharide, glycosaminoglycan consisting ofepeating disaccharide units (fig. 4.1) of
alternatedp-(1—4)-glucuronic acid (GlcA) anfl-(1-3)-N-acetylglucosamine (GICNAc) moieties
(Weissman and Myer, 1954) and its molecular wei®ttV) is high generally ranging from
10kDa to 10000 kDa in vertebrates and bacteriaAbgelis 1999).

In marked contrast with other gycosaminoglycans, isl&ynthesized, not in the Golgi apparatus,
but on the cytoplasmic surface of the plasma mena&(Rrehm, 1984) and it is not sulphated or
modified any other way troughout its length.

co,; CH,OH HO : NHCOCH,
0 OHL) 3
o HO ‘\O
N o DY i 4
HO OH o " o
= NHCOCH, €O, —pn CHOH

Fig. 4.1 Primary structure of hyaluronan. Hyalaoris a regular, unbranched bipolymer consisting oépeating
disaccharide unit of 2-acetamido-2-ded3¢p-glucopyranose (N-acetylglucosamine) (N) and-D
glucopyranosyluronic acid (glucuronic acid) (G).eTglycosidic linkages between N and G, and G araté\via the
(1 — 4) and (31— 3) ring positions respectively. (Adapted from Adand Ghosh, 2001).

Existing in nature as a hydrated gel, HA is ubigust in the extracellular matrix (of connective
tissues) in vertebrates, and it is particularlyradant in cartilage, synovial fluid, dermis, and the
vitreous humor of the eye, where it serves spe@dlifunctions. This macromolecule influences
cell behavior and has significant structural, ribgatal, physiological, and biological functions in
the body (Knudson et al., 1993, Laurent et al., 199#le, 1991), and also plays a critical role
during fertilization and embryogenesis.

In many group A and C streptococci, HA forms a c#pshat helps these microbes evade the host
immune system (Wessels et al., 1991).

HA molecular weight is important for the physiochieah as well as biological properties of HA,
thus its roles correlate with the length of the et#ain. High molecular weight is important for HA
to exert its unique rheological properties (Fowsstal., 1993), for mucoadherence (Saettone et
al., 1991; Saso et al., 1999), and anti-inflammateifects (Suzuki et al., 1993) whereas low
molecular weight is a potent signaling moleculeu®xk et al., 1999).

Its distinctive viscoelastic properties, coupledhwits lack of immunogenicity or toxicity, have

led to a wide range of applications in tb@smetic and pharmaceutical industries, inclgdin
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skin moisturizers, osteoarthritis treatment, oplmi@ surgery, adhesion prevention after
abdominal surgery, and wound healing (Goa and Behfl994; Wohlrab and Reinhard, 2000).

In addition, many potential applications of HA dveing developed, expecially in the area of
cancer treatment, drug delivery and tissue engimg¢Zeng et al. 1998; Toole et al. 2002; Galassi
et al. 2000). At present the worldwide market fé.H

4.1.2. Commercial hyaluronic acid sources

At present the worldwide market for HA is estinthsg over one billion dollars per annual, and is
satisfied primarily by extraction from rooster ntlos and certain attenuated strains of group C
Streptococcusvhich synthesize this compound naturally as parthefr outer capsule (Balasz,
1979; Hascall and Laurent, 1997). However, theseless-than-ideal sources. All rooster comb-
based HA products carry warnings directed tos¢hwho are allergic to avian products, and
at least one has been reported to cause inflamynaactions upon injection (Puttick et al., 1995).
Moreover purification requires expensive purifioatiprocesses because of HA is complexed with
proteoglycans. Instead streptococci can be diffioulexpensive to ferment, are challenging to
genetically manipulate, and have the potentialrtmipce exotoxins, moreover extraction requires
organic solvents.

Thus, it would be advantageous to develop an atmemen source of HA that avoids these serious
pitfalls, since HA is primarily used in the biomedl field with many applications requiring
injection into the human body. Moreover, to exténe applications of HA and make better HA-
containing biomedical products, it is necessarghitain specially designated MW or uniform-size
definited HA.

Recently, recombinant synthesis in microorganigmgugh metabolic engineering emerged as an
attractive alternative that could relieve safetywagrns associated with the use of pathogenic
microorganism and avian products. Both Gramtpesand Gram-negative bacteria were used
as host, includin@acillus subtilis(Widner et al. 2005, Chien and Lee 2001a¢tococcos lactis
(Chien and Lee 2007b; Prasad et al., 2009; Sheal, @009) Agrobacteriumsp. (Mao and Chen
2007), andescherichia coli(Yu and Stephanopoulos 2008; Mao et al. 2009, nChe al. 2009).
For a successful metabolic engineering effort, adexjexpression of heterologous enzymes is
a prerequisite.

4.1.3. HA biosynthesis in metabolically engineerindgacillus strains
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The goal of this second part of the work, in catlaion with Fidia S.p.a., is a new HA
production method in metabolically engineering bpglicativesystemBacillus strains, particularly
Bacillus subtilisand Bacillus megaterium.

Bacillus species have long been established as thalusorkhorses for the production of
products ranging from hydrolytic enzymes, such proteases and alpha-amylases, to specialty
chemicals, such as amino acids and vitamins (SokglIM. et al., 2004; Harwood et al., 1992,
Wong et al.,1995; Vary P., 1994). These orgasisare capable of secreting copious amounts
of product, indicative of their highly developedsynthetic capacity, and are very economical to
grow in industrial fermentorsBacillus subtilisis free of exotoxins and endotoxins and,
consequently, many products produced in ttgamism have been awarded a GRAS (generally
recognized as safe) designation. In addit®nsubtilisdoes not produce, nor does the genome
sequence encode, a hyaluronidase which coygchde HA. Finally,B. subtilisis one of the
most-well-characterized gram-positive microorgams, its genome has been sequenced, and
there are wide arrays of tools available for gengtanipulation. Moreover, in contrast to other
bacilli strainsB.megateriunhas the advantage, that none of the alkaline aseteare present. This
fact enables an excellent cloning and expressionfoogign protein without degradation.
FurthermoreB.megateriunis able to stable maintain several extra-chromos®@N& elements in
parallel-replicating. Thus, these nonpathgenic dratoffer several advantages as a possible
expression hosts for HA production.
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4.2. Material and methods

4.2.1. Bacterial strains

The bacterial strains used in the present studgtame/n in Table 4.1.

Table 4.1 Bacterial strains used in this study

Strains:
E. colihost
e ToplOF (FmcrA A(mrr-hdsSRMS-mcrBC) @80lacZAM 15 AlacX74 recAlaraD139 A(ara-led) 769falu galk
rpsL(strR)endA1 nupG). Novagen
e invoF' F endAl recAl hsdR17 (rk-, mk+)supE44 thi-1 gyrA96 relAl ¢80lacZAM15A(lacZYA-argF)U169 -

Novagen
< BL21(DE3) (Fompr hsdsg (rg” mg) gal dcm(DE3)  Invitrogen
e BL21(DE3) Lys S (Fompl hsdSs (rg" mg) gal dcm(DE3) pLysS (CamR ) Invitrogen
« JM110 Stratagene

ToplOF, invaF' : used as recipient for cloningnsfarmation, propagation, and maintenance.
BL21[DE3], BL21[DE3] Lys S : specifically designedrfexpression of genes regulated by the T7 promoter.

Bacillushost
¢ Bacillus subtilis 1012 leuA8 metB5 trpC2 hsdRM1 Schumann (Germany)
¢ Bacillus subtilis WB80ON nprE aprE epr bpr mpr :: ble nprB :: bsr .vpr wprA hyg cm :: neo; NeoR
Schumann

¢ Bacillus megateriunMS941  MoBiTec

4.2.2. Growth condition

E.coli strains were grown aerobically in Luria Broth (L&) 37°C supplemented, when necessary
with specific antibiotic.Bacillus subtilisstrains were grown aerobically in LB, MXR, 2xTY,
Nutrient (Difco) or MSR (Table 4.2) at 25°C or iodted temperature supplemented, when
indicated, with sugars (glucose and/or sucrose). $&dection of plasmid, the medium was
supplemented with chloramphenicol (@ mr') and/or neomycin (4%y mrY). Bacillus
megateriumnrstrain was grown aerobically in MSR supplementét wugars (glucose and sucrose)
at 25°C or indicated temperature. For selectioplaémids, the medium was supplemented with

chloramphenicol (4,59 mr") and tetracyclin (140g mr).

Table 4.2 Culture media composition.

LB MXR 2XTY MSR
1%Bacto tryptone 2.4% Bacto yeast extract| 1.6%Bacto tryptone 2.5% Bacto yeast extract
0,5% Bacto yeast extract| 1.2% casein hydrolysate | 1% Bacto yeast extract| 1.5%Bacto tryptone
0,5% NacCl 0.4%glycerol 1% NacCl 0.3% KHPOy
0.17 M KH,PO, 20 mM  potassium 1% glucose
0.72 M K.HPQO, phosphate buffer pH 7.0trace elements: 1ml/L 1000x
stock solution (2M MgGl
0,7M CaC} 50mM MnCl,
5mM FeC 1 mM ZnC})
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4.2.3. DNA manipulation and transformation procedues
Procedures for DNA purification, restriction, ligat, polymerase chain reaction (PCR), agarose
gel electrophoresis, preparation and transformatibmompetente.coli cells were done using

standard techniques (Sambrook et al. 1989).

4.2.4. Construction of plasmids

All plasmids have been checked for correctnesslésgvage with some restriction enzymes in

agarose gels and by nucleotide sequencing.

4.2.4.1. Construction of expression cassette-operbasA-tuaD

UDP-glucose dehydrogenase genidéD) cloning from Bacillus subtilisin pPRSETB tuaD

The UDP-glucose dehydrogenase genall), 1402 bases pairs bp of length, (Genebank access
number AF015609), is one of 8 genes of teichuranid operon tuaABCDEFGH.uaD gene was
amplified by PCR using theBacillus subtilis 168 strain chromosome DNA (obtained by
extraction according to the Qiagen procedure) awmplste, and the following primers
5’ATGAAAAAATAGCTGTCATTGGAACAG 3" and 5 TTATAAATTGTCGTTCCCAAGTCT

3. The amplified PCR product was of expected rmala weight and was further amplified with
the primers 5'GCTGGATCCATGAAAAAATAGCTGTCATTGG3’ and
5'CTCGCTAGCTTATAAATTGACGCTTCCCAAG 3'. This secondmplified PCR product was
cut byBamHIandNhel,and cloned in the same restriction sites of plaggRi@ETB (Invitrogen).

In order to introduce the Shine-Dalgarno sequenée af the gene fotuaD, the entire gene was
amplified with the following primers 5’CGACATATGAAAAATAGCTGTCATTGGS3' and
5CTCGCTAGCTTATAAATTGACGCTTCCCAAG3'.The amplified rhgment was digested
with restriction enzymeéNdel and Nhel and cloned in the plasmid pRSETB between the same
restriction sites. In this way the plasmid pRSET@wcontains the gene encoding foaD under

the control of T7 promoter and an efficient ribogesite binding (Shine-Dalgarno).

pRSETtuaD Xbal-- Ndel---------------- TuaD----------=------ Nhel —-BamHI-- Bgll —Xhol

In order to maximize the expressiontafD in Bacillus subtilisthe initial start codon GTG for
tuaD (able to encode for Valine), has been replaceti wibre frequent and efficient ATG that
encodes for Methionine using the primer for MUt
5TACATATGAAAAAAATAGCTGTCATTGGAACAGGS..
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Hyaluronan synthase geneh@asA) cloning from Streoptocooccus zooepidemicus in pGEM4Z
hasA

The gene sequence, 1254 bp of lendthsh coding the hyaluronic acid sintetase, was angdlifi
by PCR using the chromosomal DNA S8freptococcus zooepidemicus egobtained by
extraction kit Quiagen) as template , and the Vaithg primers
5’ ATGAGAACATTAAAAAACCTCATAAC 3 and
5TAATAATTTTTTACGTGTTCCCCAG 3. The amplified PCRproduct was of expected
molecular  weight  and was  further  amplified using e th primers 5
GGAGGATCCATGAGAACATTAAAAAACCTCAT 3 and )
CAGTCTAGATTATAATAATTTTTACGTGTCC 3' . The final PCR producszHasAwas

digested witlBamHI andXbaland cloned between the same sites in vector pPGEM4Z.

pGEM4hasA Hindlll-BamHI ---------------- HasA--------------- Xbal-Sall

Construction of cassette operomasA-tuaD

To realize the cassette operdmsA-tuaD with the two genes in tandem under the control of
inducible Pgrac promoter iB.subtilisexpression vector pHTO01 (MoBiTec), pGEMAsA-tuaD
has been created.

At the aim, the pRSETHaD has been digestedbal and Xhol and the resultinguaD gene
sequence has been cloned in the digested pGadAdector betweeixXbal andSall sites(Xho

| andSall are compatible restriction sites), resulting inspted pGEMAasA-tuaD

pRSETRBuaD Xbal-- Nde}-------------- TuaD----------=------ Nhel —-BamHI-- Bgll —

Xhol

pGEM4hasA Hindlll-BamHI --------------- HasA--------------- Xbal-Sall

pGEM4hasA-tuaD Hindlll-BamHH-------- HasA--------- Xbal--Nde}-------- TuaD----------
Nhel —BamHI-- Bgll —Xhol/Sall

4.2.4.2. Construction of pHTOhasA-tuaA E.coli/Bacillus subtilis plasmid shuttle
To construct th&acillus subtilisexpression vector pHT@OAsA-tuaA pGEMhasA-tuaDhas been
digestedBamHIandNhel, and the outing fragmehtsA-tuabDhas been cloned in pHTO1 digested
BamHIandXbal (Xbal andNhelare compatible restriction sites) originating pB#asmid.
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Here the complete nucleotide and amino acid se@senicplasmid pBS5:

0 TTAAGITATTGGTATGACTGGT TTTAAGCGCAAAAAAAGT TGCTTTTTCGTACCTATTAA

60 TGTATCGTTTTAGAAAACCGACT GTAAAAAGTACAGT CGGCATTATCTCATATTATAAAA
120 GCCAGICATTAGGCCTATCTGACAATTCCTGAATAGAGT TCATAAACAATCCTGCATGAT
180 AACCATCACAAACAGAATGATGTACCTGTAAAGATAGCGGTAAATATATTGAATTACCTT
240 TATTAATGAATTTTCCTGCTGTAATAATGGGTAGAAGGTAATTACTATTATTATTGATAT
300 TTAAGITAAACCCAGTAAATGAAGT CCATGGAATAATAGAAAGAGAAAAAGCATTTTCAG
360 GTATAGGTGITTTGGGAAACAATTTCCCCGAACCATTATATTTCTCTACATCAGAAAGGT
420 ATAAATCATAAAACTCTTTGAAGTCATTCTTTACAGGAGT CCAAATACCAGAGAATGTTT
480 TAGATACACCATCAAAAATTGTATAAAGT GECTCTAACTTATCCCAATAACCTAACTCTC
540 CGICGCTATTGTAACCAGITCTAAAAGCTGTATTTGAGTI TTATCACCCTTGTCACTAAGA
600 AAATAAATGCAGGGTAAAATTTATATCCTTCTTGITTTATGITTCGGTATAAAACACTAA
660 TATCAATTTCTGTGGITATACTAAAAGICGTTTGITGGT TCAAATAATGATTAAATATCT
720 CTTTTCTCTTCCAATTGICTAAATCAATTTTATTAAAGT TCATTTGATATGCCTCCTAAA
780 TTTTTATCTAAAGTGAATTTAGGAGGECTTACTTGICTGCTTTCTTCATTAGAATCAATCC
840 TTTTTTAAAAGTCAATATTACTGTAACATAAATATATATTTTAAAAATATCCCACTTTAT
900 CCAATTTTCGITTGITGAACTAATGGGTGCTTTAGI TGAAGAATAAAGACCACATTAAAA
960 AATGIGGTCTTTTGIGITTTTTTAAAGGATTTGAGCGTAGCGAAAAATCCTTTTCTTTCT
1020 TATCTTGATAATAAGGGTAACTATTGCCGATCGT CCATTCCGACAGCATCGCCAGTCACT
1080 ATGGECGTGCTGCTAGCGCCATTCGCCAT TCAGGCT GCGCAACT GT TGEGAAGGEGECGATCG
1140 GTGCGGEECCTCTTCGCTAT TACGCCAGCT GGCGAAAGGGGEGATGTGCTGCAAGGECGATTA

EcoRl
1200 AGITGGGTAACGCCAGGGT TTTCCCAGT CACGACGT TGTAAAACGACGGCCAGIGAATTC
1260 GAGCTCAGGCCTTAACTCACATTAATTGOGT TGCGCTCACTGCCCGCTTTCCAGT CGCGA
1320 AACCTGTCGT GCCAGCT GCATTAAT GAAT CGECCAACGCGCGEEGAGAGCCGGT TTGCGT
1380 ATTGGGECGCCAGGEGTGGITTTTCTTTTCACCAGT GAGACGGEGECAACAGCTGATTGCCCTT
1440 CACCGCCTGGECCCTGAGAGAGT TGCAGCAAGCGGT CCACGCTGGT TTGCCCCAGCAGECG
1500 AAAATCCTGITTGATGGT GGT TGACGGCGEGATATAACATGAGCTGICTTCGGTATCGTC
1560 GTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACT CGGTAAT GGCGCGCAT
1620 TGCGCCCAGCGCCATCTGATCGT TGECAACCAGCAT CGCAGT GGGAACGATGCCCTCATT
1680 CAGCATTTGCATGGTTTGI TGAAAACCGGACATGGECACT CCAGTCGCCTTCCCGTTCCGC
1740 TATCGGCTGAATTTGATTGCGAGT GAGATAT TTATGCCAGCCAGCCAGACGCAGACGCGC
1800 CGAGACAGAACTTAATGGGECCCGCTAACAGCGCGAT TTGCTGGT GACCCAATGCGACCAG
1860 ATGCTCCACGCCCAGT CGCGTACCGT CTTCATGGGAGAAAATAATACTGT TGATGGGTGT
1920 CTGGTCAGAGACATCAAGAAAT AACGCCGGAACAT TAGT GCAGGCAGCT TCCACAGCAAT
1980 GGCATCCTGGTCATCCAGCGGATAGI TAATGATCAGCCCACTGACGCGT TGCGCGAGAAG
2040 ATTGIGCACCGCCGCTTTACAGGCT TCGACGCCGCTTCGT TCTACCATCGACACCACCAC
2100 GCTGGCACCCAGT TGATCGGCGCGAGAT TTAAT CGCCGCGACAAT TTGCGACGECGCGTG
2160 CAGGGCCAGACT GGAGGT GGCAACGCCAATCAGCAACGACTGITTGCCCGCCAGITGTTG
2220 TGCCACGCGGT TGEGAATGTAATTCAGCTCCGCCATCGCCGCTTCCACTTTTTCCCGCGT
2280 TTTCGCAGAAACGT GGCTGGECCTGGT TCACCACGCGGGAAACGGT CTGATAAGAGACACC
2340 GGCATACTCTGCGACATCGTATAACGT TACTGGT TTCATCAAAATCGTCTCCCTCCGTTT
2400 GAATATTTGATTGATCGTAACCAGATGAAGCACTCTTTCCACTATCCCTACAGIGITATG
2460 GCTTGAACAATCACGAAACAATAATTGGTACGTACGATCT TTCAGCCGACTCAAACATCA
2520 AATCTTACAAATGTAGTCTTTGAAAGTATTACATATGTAAGATTTAAATGCAACCGTTTT
2580 TTCGGAAGGAAATGATGACCTCGT TTCCACCGGAATTAGCT TGGTACCAGCTATTGTAAC
2640 ATAATCGGTACGGEGEGT GAAAAAGCT AACGGAAAAGGGAGCGGAAAAGAATGATGTAAGC
2700 GTGAAAAATTTTTTATCTTATCACTTGAAATTGGAAGCGAGATTCTTTATTATAAGAATT

BanHl
2760 GTGGAATTGT GAGCGGATAACAAT TCCCAAT TAANBIEEBEAAGGAT CCATGAGAACATTA
1 M R T L

2820 AAAAACCTCATAACTGITGTGGCCTTTAGTATTTTTTGGGTACTGTI TGATTTACGTCAAT
1 K NLI TVVAFSI FWVLTLI Y VN

Hindl 11
2880 GTTTATCTCTTTGGTGCTAAAGGAAGCTTGTCAATTTATGGCTTTTTGCTGATAGCTTAC
1 VYLFGAKGSLSI YGFLLI AY

2940 CTATTAGICAAAATGTCCTTATCCTTTTTTTACAAGCCATTTAAGGGAAGGEGECT GGGCAA
1 L LVKMSLSFFYKPFI KU GRAGND Q

3000 TATAAGGITGCAGCCATTATTCCCTCTTATAACGAAGATGCTGAGTCATTGCTAGAGACC
1 YKV AAI I PSYNEDAESTLULTET

3060 TTAAAAAGTGT TCAGCAGCAAACCTATCCCCTAGCAGAAATTTATGT TGTTGACGATGGA
1 L KSVQQQTYUPLAEI Y VVDTDG

3120 AGTGCTGATGAGACAGGTATTAAGCGCATTGAAGACTATGT GCGTGACACTGGTGACCTA
1 S ADETSGI KRI EDYVRDTGTUDL

3180 TCAAGCAATGICATTGITCACCGGT CAGAAAAAAAT CAAGGAAAGCGT CATGCACAGGECC
1 S S NVI VHRSEIKNOQGIKIRHARQA

3240 TGGCECCTTTGAAAGATCAGACCCTGATGICTTTTTGACCGT TGACTCAGATACTTATATC
1 WA FERSDADVZ FLTVDSUDTYI
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3300
3360
3420

1
3480
3540
3600
3660

1
3720
3780
3840
3900
3960
4020
4080
4140
4200
4260
4320
4380

4440

4500
1

4560
1
4620
1

4680
1

4740
1

4800
1

TACCCTGATGCTTTAGAGGAGT TGT TAAAAACCT TTAATGACCCAACTGITTTTGCTGCG
Y PDAL EELLKTZFNDWZPTVF AA

ACGGGTCACCTTAATGT CAGAAATAGACAAACCAATCTCTTAACACCCTTGACAGATATT
T GHL NVRNROQTNLIULTRLTD.I

CGCTATGATAATGCTTTTGGECGT TGAACGAGCT GCCCAATCCGT TACAGGTAATATTCTC
RY DNAFGVERAAQSVTGNI L

GTTTGCTCAGGCCCGCT TAGCGT TTACAGACGCGAGGT GGT TGT TCCTAACATAGATAGA
v S GGPL SVYRREVVVPNI DR

TACATCAACCAGACCTTCCTGGGTATTCCTGTAAGTATCGGTGATGACAGGTGCTTGACC
Yy I NQTF L GI PV SI|I GDDRZC CLT

AACTATGCCAACTGATTTAGGAAAGACTGTTTATCAATCCACTGCTAAATGTATTACAGAT
NY ATDULGIKTVY QSTAKT CI TD

GTTCCTGACAAGATGTCTACT TACT TGAAGCAGCAAAACCGCTGGAACAAGTCCTTCTTT
VP DKMSTYLKQQNRMWNIKSF F

AGAGAGT CCATTATTTCTGI TAAGAAAATCATGAACAATCCTTTTGTAGCCCTATGGACC
RESI I SVKKI MNNPFVALWT

ATACTTGAGGTGICTATGITTATGATCCTTGITTATTCTGTGGTGGATTTCTTTGTAGGEC
Il L EV SMFMML VY SVVDFZF VG

AATGTCAGAGAATTTGATTGGCTCAGGGT TTTGECCTTTCTGGTGATTATCTTCATTGT T
NV REFDWLIRVLAFLVI I F 1V

GCTCTTTGTCGTAATATTCACTATATGCTTAAGCACCCGCTGTCCTTCTTGI TATCTCCG
AL CRNI HYMLIKMHPLSFLIL SP

TTTTATGGGGTACTGCATTTGT TTGTCCTACAGCCCTTGAAATTGTATTCTCTTTTTACT
FYGVvVLHLFVL QPLIKLY SLFT

Xbal
ATTAGAAATGCTGACTGGGGAACACGT AAAAAATTATTATAATCTAGAAATAATTTTGI T
I R NA DWGTRK KL L

TAACTTTAAGABBEEEATATACATATGAAAAAAATAGCTGT CATTGGAACAGGT TATGTA
MK KI AVI GTGYV

GGACTCGTATCAGGCACT TGCTTTGCGGAGAT CGGCAATAAAGT TGT TTGCTGTGATATC
GLVSGTT CFAEI GNKWVVCTCTD.II

GATGAATCAAAAAT CAGAAGCCT GAAAAAT GGGGT AATCCCAATCTATGAACCAGGCECTT
DESKI RSLKNGVI P11 Y EPGIL

GCAGACTTAGT TGAAAAAAAT GT GCTGGATCAGCGCCTGACCT TTACGAACGATATCCCG
A DLV EIKNVLIDOQRLTZFTNDI P

TCTGCCATTCGGGCCTCAGATATTATTTATATTGCAGT CGGAACGCCTATGTCCAAAACA
S Al RASDI I YI AV GTWPMSKT

GGTGAAGCT GATTTAACGTACGT CAAAGCGGCGGCGAAAACAAT CGGTGAGCATCTTAAC
GEADLTYVKAAAKTI GEMHTILN

GGCTACAAAGT GATCGTAAATAAAAGCACAGT CCCGGT TGGAACAGGGAAACT GGTGCAA
GY KVI]I VNKSTVZPVGTGI KL VQ
TCTATCGI TCAAAAAGCCT CAAAGGGGAGATACTCATTTGATGI TGTATCTAACCCTGAA
S1 VQKASKGRYSFDVV S NP E

TTCCTTCGGGAAGGGT CAGCGAT TCATGACACGAT GAATAT GGAGCGT GCCGTGATTGGT
FLREGSAI HDTMMNMEIRAVI G

TCAACAAGT CATAAAGCCGCT GCCATCATTGAGGAACT TCATCAGCCATTCCATGCTCCT
S T SHKAAAI | EELHOQPFHAP

GICATTAAAACAAACCTAGAAAGT GCAGAAATGATTAAATACGCCGCGAATGCATTTCTG
v I K TNLESAEMI KYAANATFL

GCGACAAAGATTTCCTTTATCAACGATATCGCAAACAT TTGT GAGCGAGT CGECGCAGAC
AT K1 SFI1 NDI ANI CEWRVGAD

GTTTCAAAAGT TGCTGATGGT GT TGGT CTTGACAGCCGT ATCGGCAGAAAGT TCCTTAAA
VS KVADG GV GLDSRI GRKFL K
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4860

4920

4980

5040

5100

5160

5220

5280

5340

5400

5460

5520
5580
5640
5700
5760
5820

5880
5940
6000

6060
6120
6180
6240
6300
6360
6420
6480
6540
6600
6660
6720
6780
6840
6900
6960
7020
7080
7140
7200
7260
7320
7380
7440
7500
7560
7620
7680
7740
7800
7860

7920
7980

GCTGGTATTGGATTCGGECGGT TCATGT TTTCCAAAGGATACAACCGCGCTGCTTCAAATC
AAGI GF GGSCFPKDTTA AL L QI

GCAAAAT CGGCAGGCTATCCATTCAAGCT CATCGAAGCT GT CATTGAAACGAACGAAAAG
AAK SAGYPFIKWLI EAVI ETNEK

CAGCGTGITCATATTGTAGATAAACT TTTGACT GT TATGGGAAGCGT CAAAGGGAGAACC
QRVHI VDKLLTUVMGSYV KU GRT

ATTTCAGT CCTGGGATTAGCCT TCAAACCGAATACGAACGAT GTGAGAT CCGCTCCAGCG
I S v.L GLAFIKPNTNDVRSAPA

CTTGATATTATCCCAATGCTGCAGCAGCT GGGCGCCCATGTAAAAGCATACGATCCGATT
L DI I P ML QQL GAHVIKAYDFP

GCTATTCCTGAAGCT TCAGCGAT CCTTGECGAACAGGT CGAGTATTACACAGATGI GTAT
Al P EASAI L GEQVEYYTDWVY

GCTGCGATGGAAGACACT GATGCATGCCTGATTTTAACGGAT TGGECCGGAAGT GAAAGAA
AAAMETDTDATCLI L TDWPEV KE

ATGGAGCTTGTAAAAGT GAAAACCCT CT TAAAACAGCCAGT CATCATTGACGGCAGAAAT
MELV KV KTULLIKQPVI I DGR RN

TTATTTTCACTTGAAGAGAT GCAGGCAGCCGGATACATTTATCACTCTATCGECCGTCCC
L F SLEEMQAAGYI YHZSI GRP

GCTGI TCGGEGEGAACGGAACCCTCTGACAAGTATTTTCCGGGECTTGCCGCTTGAAGAAT TG
AV RGTEW®PSDI KYFPGLPLETEIL

Nne/ Xbal Smal
GCTAAAGACTTGBGAAGCGT CAATTTATAAGCTAGAGT CGACGT CCCCGBGGCAGOO0GC
AKDLGSVNL

CTAATGAGCGGGCTTTTTTCACGT CACGCGT CCATGGAGATCTTTGT CTGCAACTGAAAA
GTTTATACCTTACCTGGAACAAAT GGT TGAAACATACGAGGCTAATATCGECTTATTAGG
AATAGT CCCTGTACTAATAAAAT CAGGT GGATCAGT TGATCAGTATATTTTGGACGAAGC
TCGGAAAGAATTTGGAGATGACTTGCT TAATTCCACAAT TAAATTAAGGGAAAGAATAAA
GCGATTTGATGI TCAAGGAATCACGGAAGAAGATACTCATGATAAAGAAGCTCTAAAACT
ATTCAATAACCTTACAATGGAAT TGAT CGAAAGGGT GGAAGGT TAATGGTACGAAAATTA

Hondi 11
GGGGATCTACCT AGAAAGCCACAAGGCGATAGGT CAAGCT TAAAGAACCCT TACATGGAT
CTTACAGATTCTGAAAGT AAAGAAACAACAGAGGT TAAACAAACAGAACCAAAAAGAAAA
AAAGCATTGTTGAAAACAATGAAAGT TGATGT TTCAATCCATAATAAGATTAAATCGCTG

CACGAAATTCTGGCAGCATCCGAAGGGAATTCATATTACTTAGAGGATACTATTGAGAGA
GCTATTGATAAGATGGT TGAGACATTACCTGAGAGCCAAAAAACT TTTTATGAATATGAA
TTAAAAAAAAGAACCAACAAAGGCT GAGACAGACT CCAAACGAGT CTGT TTTTTTAAAAA
AAATATTAGGAGCATTGAATATATATTAGAGAAT TAAGAAAGACAT GGGAATAAAAATAT
TTTAAATCCAGTAAAAATATGATAAGATTATTTCAGAATATGAAGAACTCTGITTGITTT
TGATGAAAAAACAAACAAAAAAAAT CCACCTAACGGAATCTCAATTTAACTAACAGCGEC
CAAACTGAGAAGT TAAAT TTGAGAAGGGGAAAAGGCGGATTTATACT TGTATTTAACTAT
CTCCATTTTAACATTTTATTAAACCCCATACAAGTGAAAATCCTCTTTTACACTGTTCCT
TTAGGT GATCGCGGAGGGACATTATGAGT GAAGT AAACCT AAAAGGAAATACAGATGAAT
TAGTGTATTATCGACAGCAAACCACT GGAAATAAAAT CGCCAGGAAGAGAAT CAAAAAAG
GGAAAGAAGAAGT TTATTATGT TGCTGAAACGGAAGAGAAGATAT GGACAGAAGAGCAAA
TAAAAAACTTTTCTTTAGACAAATTTGGTACGCATATACCT TACATAGAAGGTCATTATA
CAATCTTAAATAATTACTTCTTTGATTTTTGGGGCTATTTTTTAGGT GCTGAAGGAATTG
CGCTCTATGCTCACCTAACTCGT TATGCATACGGCAGCAAAGACTTTTGCTTTCCTAGTIC
TACAAACAAT CGCTAAAAAAAT GGACAAGACT CCTGT TACAGT TAGAGGCTACT TGAAAC
TCCTTGAAAGGTACGGT TTTATTTGGAAGGT AAACGT CCGTAATAAAACCAAGGATAACA
CAGAGGAATCCCCGATTTTTAAGATTAGACGTAAGGT TCCTTTGCTTTCAGAAGAACTTT
TAAATGGAAACCCTAATATTGAAATTCCAGAT GACGAGGAAGCACAT GTAAAGAAGECTT
TAAAAAAGGAAAAAGAGGEGT CTTCCAAAGGT TTTGAAAAAAGAGCACGATGAATTTGI TA
AAAAAAT GAT GGAT GAGT CAGAAACAAT TAATAT TCCAGAGGCCT TACAATATGACACAA
TGTATGAAGATATACT CAGT AAAGGAGAAAT TCGAAAAGAAAT CAAAAAACAAATACCTA
ATCCTACAACATCTTTTGAGAGTATATCAATGACAACT GAAGAGGAAAAAGT CGACAGTA
CTTTAAAAAGCGAAATGCAAAATCGTGTCTCTAAGCCTTCTTTTGATACCTGGT TTAAAA
ACACTAAGATCAAAATTGAAAATAAAAATTGT TTATTACT TGTACCGAGT GAATTTGCAT
TTGAATGGATTAAGAAAAGATATTTAGAAACAAT TAAAACAGT CCTTGAAGAAGCTGGAT
ATGTTTTCGAAAAAAT CGAACTAAGAAAAGT GCAATAAACT GCTGAAGTATTTCAGCAGT
TTTTTTTATTTAGAAATAGT GAAAAAAATATAAT CAGGGAGGTATCAATATTTAATGAGT
ACTGATTTAAATTTATTTAGACT GGAATTAATAATTAACACGTAGACTAATTAAAATTTA
ATGAGCGATAAAGAGGATACAAAAATATTAATTTCAATCCCTATTAAATTTTAACAAGSG
GGGGATTAAAATTTAATTAGAGGT TTATCCACAAGAAAAGACCCTAATAAAATTTTTACT
AGGGTTATAACACTGATTAATTTCTTAATGGGCGAGGGAT TAAAATTTAATGACAAAGAA

Hondi 11
AACAATCTTTTAAGAAAAGCT TTTAAAAGATAATAATAAAAAGAGCT TTGOGATTAAGCA
AAACTCTTTACTTTTTCATTGACATTATCAAATTCATCGATTTCAAATTGT TGTTGTATC
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8040 ATAAAGITAATTCTGITTTGCACAACCTTTTCAGGAATATAAAACACATCTGAGECTTGT
8100 TTTATAAACTCAGGEGT CGCTAAAGT CAATGTAACGTAGCATATGATATGGTATAGCTTCC
8160 ACCCAAGITAGCCTTTCTGCTTCTTCTGAATGITTTTCATATACTTCCATGGGTATCTCT
8220 AAATGATTTTCCTCATGTAGCAAGGTATGAGCAAAAAGT TTATGGAATTGATAGITCCTC
8280 TCTTTTTCTTCAACTTTTTTATCTAAAACAAACACTTTAACATCTGAGTCAATGTAAGCA
8340 TAAGATGITTTTCCAGICATAATTTCAATCCCAAATCTTTTAGACAGAAATTCTGGACGT
8400 AAATCTTTTGGTGAAAGAATTTTTTTATGTAGCAATATATCCGATACAGCACCTTCTAAA
8460 AGCGITGGTGAATAGGGCATTTTACCTATCTCCTCTCATTTTGTGGAATAAAAATAGTCA
8520 TATTCGICCATCTACCTATCCTATTATCGAACAGT TGAACTTTTTAATCAAGGATCAGTC
8580 CITTTTTTTCATTATTCTTAAACTGTGCTCTTAACTTTAACAACTCGATTTGITTTTCCAG
8640 ATCTCGAGGGTAACTAGCCT CGCCGAT CCCGCAAGAGGCCCGGECAGT CAGGTGECACTTT
8700 TCGGCGAAATGT GCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTA
8760 TCCGCTCATGAGACAATAACCCTGATAAATGCCT TCAATAATATTGAAAAAGGAAGAGTAT
8820 GAGTATTCAACATTTCCGIGICGCCCTTATTCCCTTTTTTGCGGECATTTTGCCTTCCTGT
8880 TTTTGCTCACCCAGAAACGCT GGTGAAAGT AAAAGAT GCTGAAGAT CAGT TGGGT GCACG
8940 AGTGGGTTACATCGAACT GGATCTCAACAGCGGTAAGAT CCTTGAGAGT TTTCGCCCCGA
9000 AGAACGTTTTCCAATGATGAGCACTTTTAAAGT TCTGCTATGIGGECGCGGTATTATCCCG
9060 TATTGACGCCGGEGCAAGAGCAACT CGGTCGCCGCATACACTATTCTCAGAATGACTTGGT
9120 TGAGTACTCACCAGTICACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATG
9180 CAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACT TACTTCTGACAACGATCGG
9240 AGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGEGEGATCATGTAACTCGCCTTGA
9300 TCGITGGGAACCGGAGCT GAATGAAGCCATACCAAACGACGAGCGT GACACCACGATGCC
9360 TGTAGCAATGGCAACAACGT TGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTC
9420 CCGGCAACAATTAATAGACT GGATGGAGGECGGATAAAGT TGCAGGACCACTTCTGCGCTC
9480 GGCCCTTCCGECTGGECTGGT TTATTGCTGATAAAT CTGGAGCCGGT GAGCGTGEGTCTCG
9540 CGGTATCATTGCAGCACT GGGGECCAGATGGTAAGCCCTCCCGTATCGTAGT TATCTACAC
9600 GACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTC
9660 ACTGATTAAGCATTGGTAACTGTCAGACCAAGT TTACTCATATATACTTTAGATTGATTT
9720 AAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGAC
9780 CAAAATCCCTTAACGTGAGT TTTCGT TCCACT GAGCGT CAGACCCCGTAGAAAAGATCAA
9840 AGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACC
9900 ACCGCTACCAGCGGTGGTTTGITTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGT
9960 AACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGT GTAGCCGTAGI TAGG
10020 CCACCACTTCAAGAACT CTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACC
10080 AGIGGCTGCTGCCAGT GGCGATAAGT CGTGTCTTACCGGEGT TGGACTCAAGACGATAGT T
10140 ACCGGATAAGECGCAGCGGT CGEECT GAACGEEEEGET TCGT GCACACAGCCCAGCTTGEA
10200 GCGAACGACCTACACCGAACTGAGATACCT ACAGCGT GAGCTAT GAGAAAGCGCCACGCT
10260 TCCCGAAGGGAGAAAGGCGGACAGGT AT CCGGT AAGCGGECAGEGT CGGAACAGGAGAGCG
10320 CACGAGGGAGCT TCCAGEGEGEGAAACGCCTGGTATCTTTATAGT CCTGTCGGGT TTCGCCA
10380 CCTCTGACTTGAGCGTCGATTTTTGIGATGCT CGT CAGGGEGEEECGGAGCCTATGGAAAAA
10440 CGCCAGCAACGCGECCTTTTTACGGTTCCTGECCTTTTGCTGECCTTTTGCTCACATGIT
10500 CTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGA
10560 TACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGT CAGT GAGCGAGGAAGCGGAAGA
10620 GCGCCCAATACG

Fig. 4.2 Complete nucleotide and amino acid seceen€ plasmid pBS5.

In this nucleotide sequence, thasAgene is present between 2808 and 4062bp and kbfeyét

is present an Shine Dalgarno sequence. GGAGGA esegy aftehasAgene, is able to transcript
the tuaD gene between 4105bp and 5490bp. The initial codoM@iaD has been mutated from
Valine to Methionine. The plasmid, checked by liestn analyses witlEcoRlandHindlIIl results

in bands with the expected following molecular vigg 3957bp, 1650bp, 1650bp, 1243bp and
610bp.

4.2.4.3. pT7E.coli/B.megaterium plasmids shuttle construction

Construction of Bacillus megaterium pT7 hasA-tuaA

To realize pT7hasA-tuaA the cassette-operdmasA-tuaApreviously createdcoding for HA
synthetase and UDP-glucose -dehydrogenase, wasfiacthply PCR using pGEM#asA-tuaDas
template , and the following primers 5’GCTTGTACATGAACATTAAAAAACCTCA 3
and 5’AGGGATCCTTATAAATTGACGCTTCCCAAG 3'. The ampied PCR product was of
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expected molecular weight and was digested #®#tGlandBamHIand cloned between the same
sites in vector pT7, under the control of T7 proencand of a very efficient Shine-Dalgarno
sequencgresulting in plasmid pThasA-tuaA

pT7hasA-tuaA Bsret------ HasA--------- Xbal--Nde}-------- TuaD---------- BamHI-- Sphi

Here the complete nucleotide and amino acid se@senicplasmid pThasA-tuaA

0 CTTTTTAGGTTCTAAATCGTGTTTTTCTTGGAATTGTGCTGTTTTATCCTTTACCTTGIC
60 TACAAACCCCTTAAAAACGT TTTTAAAGGCTTTTAAGCCGTCTGTACGT TCCTTAAGGCG

120 AAATTAATACGACTCACTATAGGGAGACCACAACGGT TTCCCGAATATTAATTAACCAAG
Bsp1407I
180 GAGGTGAAATGTACAATGAGAACATTAAAAAACCTCATAACTGTTGTGGCCTTTAGTATT
1 MR TLI KNTLTITVVAFSI
Hiondl I 1
240 TTTTGGGTACTGTTGATTTACGTCAATGTTTATCTCTTTGGTGCTAAAGGAAGCTTGTCA

1 F WV LLI Y VNVYULlLTFGAIKTGSTL S

300 ATTTATGECTTTTTGCTGATAGCTTACCTATTAGTCAAAATGTCCTTATCCTTTTTTTAC

11 YGFULULI AYLlLLVIKMMSTLSTFTFY

360 AAGCCATTTAAGGGAAGGGECTGCGECAATATAAGGT TGCAGCCATTATTCCCTCTTATAAC

1 KPFKGRAGOQQYIKVAAI I P S YN

420 GAAGATGCTGAGICATTGCTAGAGACCTTAAAAAGT GT TCAGCAGCAAACCTATCCCCTA
1 EDAESTLILTETLZI K SV QQQTYZPL

480 GCCAGAAATTTATGITGITGACGATGGAAGT GCTGATGAGACAGGTATTAAGCGCATTGAA
1 AEIl YVVDDGSADTETGI KRI E

540 GACTATGIGCGTGACACTGGT GACCTATCAAGCAATGT CATTGI TCACCGGT CAGAAAAA

1 DY VRDTGDULSSNVI VHRTSTEK

600 AATCAAGGAAAGOGT CATGCACAGGOCT GGGCCTTTGAAAGAT CAGACGCTGATGTCTTT
1 NQGKRHAQQAMWATFTET RSTDATDVF

660 TTGACCGITGACTCAGATACTTATATCTACCCTGATGCTTTAGAGGAGI TGTTAAAAACC

1L T VDS SDTVYI!l YPDALTETETILTLTIKT

720 TTTAATGACCCAACTGITTTTGCTGCGACGGGT CACCT TAATGT CAGAAATAGACAAACC
1 F NDPTVFAATG GHLNVRNROOQT

780 AATCTCTTAACACGCTTGACAGATATTCGCTATGATAATGCT TTTGGCGT TGAACGAGCT
1 NL L T RL TDI RYDNAFGVERA

840 GCCCAATCCGITACAGGTAATATTCTCGT TTGCTCAGGCCCGCT TAGCGT TTACAGACGC

1 AQSVTGNI LVCSGPLSVYRHR R

900 GAGGTIGGITGITCCTAACATAGATAGATACATCAACCAGACCTTCCTGGGTATTCCTGTA

1 EVVVPNI DRYI!l NQTUFLGI PV

960 AGTATCGGTGATGACAGGT GCTTGACCAACTATGCAACTGATTTAGGAAAGACTGTTTAT

1 S1 GDDRZ CLTNYA ATUDLGIKTVY

1020 CAATCCACTCCTAAATGTATTACAGATGTTCCTGACAAGATGTCTACTTACT TGAAGCAG
1 Q S TAKTC CI TDVPDIKMMSTYLKOQ

1080 CAAAACCGCTGGAACAAGTCCTTCTTTAGAGAGICCATTATTTCTGITAAGAAAATCATG
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1

1140
1

1200
1

1260
1

1320
1

1380
1

1440
3

1500
3

1560
3

1620
3

1680
3

1740
3

1800
3

1860
3

1920
3

1980
3

2040
3

2100
3

2160
3

2220
3

2280
3

2340

Q NR WNIK S FFREJSI I §V KIKI M

AACAATCCTTTTGTAGCCCTATGGACCATACTTGAGGTGTCTATGI TTATGATGCTTGI T
NNPFVALWTI LEVSMFMML V

TATTCTGTGGTGGATTTCTTTGTAGGCAATGT CAGAGAATTTGATTGECTCAGGGITTTG

Y SVVDFTFVGNVRETEFEFDWLRVL

GCCTTTCTGGTGATTATCTTCATTGT TGCTCTTTGTCGTAATATTCACTATATGCTTAAG

AFLVI I FI VAL CRNIHYML K

CACCCGCTGTCCTTCTTGT TATCTCCGI TTTATGGGGTACTGCTTTGT TTGTCCTACAGC

HPLSFLULSPFYGVLULTCL S Y S

CCTTGAAATTGTATTCTCTTTTTACTATTAGAAAT GCTGACT GGGGAACACGTAAAAAAT
P
Xbal Ndel
TATTATAATCTAGAAATAATTTTGT TTAACT TTAAGAAGGAGATATACATATGAAAAAAA
M K K |

TAGCTGT CATTGGAACAGGT TATGTAGGACT CGTATCAGGCACT TGCTTTGCGGAGATCG

AV I GT GYV GL V S GTTZ CUFATEII G
EcoRV d al

GCAATAAAGTTGTTTGCTGT GATATCGAT GAATCAAAAAT CAGAAGCCTGAAAAAT GGGG

NKV Vv CcCcCDI DESIKI RSTLTZEKNGV

TAATCCCAAT CTATGAACCAGGGCT TGCAGACT TAGT TGAAAAAAAT GTGCTGGATCAGC

Il P 1 Y E P GL A DLV EIKNWVLDOQR
EcoRV

GCCTGACCTTTACGAACGATATCCCGT CTGCCATTCGGECCTCAGATATTATTTATATTG

L TFTNDI PSAI RASDI I Y I A

CAGT CGGAACGCCTATGT CCAAAACAGGT GAAGCT GATTTAACGT ACGT CAAAGCGGECGG

VG TPMSKTGEA ADTLTYVKAAA

CGAAAACAAT CGGT GAGCATCTTAACGGCTACAAAGT GATCGT AAATAAAAGCACAGT CC

K TI GEHLNGYKVI VNIKTZSTUWVEP

CGGT TGGAACAGGGAAACT GGT GCAATCTAT CGT TCAAAAAGCCT CAAAGGGGAGATACT

V G T G KL V Q SI V QK AS K GUR Y S
EcoRl

CATTTGATGI TGTATCTAACCCTGAATTCCT TCGGCGAAGGGT CAGCGATTCATGACACEA

FDVVSNPETFLIRESGSAI HDTWM

TGAATATGGAGCGT GCCGT GAT TGGT TCAACAAGT CATAAAGCCGCTGCCATCATTGAGG
NMERAVI GSTSHZKAAAI I EE

AACTTCATCAGCCATTCCATGCTCCTGT CAT TAAAACAAACCTAGAAAGT GCAGAAATGA

L H QP F H A PVI KTNLTETSATEM.I
EcoRV

TTAAATACGCCGCGAATGCATTTCTGCCGACAAAGATTTCCTTTATCAACGATATCGCAA

K YAANATFTLATZ KT I SF I NDI AN

ACATTTGT GAGCGAGT CGGCGCAGACGT TTCAAAAGT TGCTGATGGTGT TGGTCTTGACA

| CE RV GADV S KV ADGVGL DS

GCCGTATCGGCAGAAAGT TCCTTAAAGCTGGTATTGGAT TCGECGGT TCATGT TTTCCAA

RI GRKFLIKAGI GF GGS ST CFPK

AGGATACAACCGCGCT GCT TCAAAT CGCAAAAT CGGCAGGCTATCCATTCAAGCTCATCG
D TTALTULG QI AKSAGYUZPTFIKTLII E

AAGCT GTCATTGAAACGAACGAAAAGCAGOGT GTTCATATTGTAGATAAACTTTTGACTG
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3

2400

2460

2520

2580

2640

2700

2760

2820

2880

2940

3000

3060

3120

3180

3240

3300

3360

3420

3480

3540

3600

3660

3720

3780

3840

A Vv 1l ETNEIKOQRVHI VDIKWLILTYV
TTATGGGAAGCGT CAAAGGGAGAACCATTTCAGT CCTGGGATTAGCCTTCAAACCGAATA
M GSVKGRTI §SVL GL A F KWPNT

Pst |
CGAACGAT GT GAGAT CCGCTCCAGCGCTTGATAT TATCCCAAT GCTGCAGCAGCTGEECG

NDVR RS SAPALT DI I PMLOQOQLGA
Hi ndl | |
CCCATGTAAAAGCATACGATCCGATTGCTATTCCTGAAGCT TCAGCGATCCTTGGCGAAC

HV KAYUDZPI Al PEASAI L GEDQQ

Sphl
AGGTCGAGTATTACACAGATGT GTATGCTGCGATGGAAGACACTGATGCATGCCTGATTT

V EYYTDVYAAMETDTUDAT CTL I L

TAACGGATTGECCCGAAGT GAAAGAAAT GGACCT TGTAAAAGT GAAAACCCTCTTAAAAC

T DWPEVI KEMETLV KV KTTULTLKDOQ

AGCCAGT CATCATTGACGGCAGAAAT TTATTTTCACT T GAAGAGAT GCAGGCAGCCGGAT
PVl I DGRNLTFS SLTETEMMQAAGY

ACATTTATCACTCTATCGGCCGT CCCGCT GI TCGEGGAACCGAACCCTCTGACAAGTATT
Il Y HSI GRPAVRGTEWPS DK Y F

BanH|
TTCCGGGECT TGCCCCTTGAAGAAT TGGCTAAAGACT TGGGAAGCGT CAATTTATAAGGAT

P GL PL EELAIKIUDTLTGSVNL

Sphl
CCGGCCGCAT GCCGGCTAAT CGCGACCGGT TAACTAGCAT AACCCCT TGGGGCCTCTAAA

CGGGTCTTGAGGGGT TTTTTGCTAAAGGAGGAACTATAT COGGT CCAAGAAT TGGAGCCA
ATCAATTCTTGCGGAGAACT GT GAAT GCGCAAACCAACCCT TGGCAGAACATATCCATCG
CGTCOGCCAT CTCCAGCAGCCGCACGCGRCGCAT CTCGEE0CGOGT TGCTGRCGT TTTTC
CATAGGCT CCGOCCCCCT GACGAGCAT CACAAAAAT CGACGCT CAAGT CAGAGGT GGCGA
AACCCGACAGGACTATAAAGATACCAGGOGT TTCCOCCT GGAAGCT CCCTCGTGOGCTCT
CCTGTTCCGACCCT GOCGCT TACCGGATACCTGTCCGOCT TTCTCCCTTCGGGAAGCGTG
GOGCTTTCTCATAGCTCACGCTGTAGGTAT CTCAGT TCGGT GTAGGT CGTTCGCTCCAAG
CTGGGCT GTGT GCACGAACCCOCCGT TCAGCCCGACCGCT GOGOCT TATCOGGTAACTAT
CGTCTTGAGT CCAACCCGGT AAGACACGACT TATCGCCACT GGCAGCAGCCACTGGTAAC
AGGAT TAGCAGAGCGAGGTAT GTAGGCGGT GCTACAGAGT TCTTGAAGT GGTGGCCTAAC
TACGGCTACACTAGAAGGACAGTAT TTGGTATCTGOGCTCTGCTGAAGCCAGT TACCTTC
GGAAAAAGAGT TGGTAGCT CT TGAT CCGRCAAACAAACCACCGCTGGTAGOGGTGGTTTT
TTTGTTTGCAAGCAGCAGAT TACGCGCAGAAAAAAAGGAT CTCAAGAAGATCCTTTGATC
TTTTCTACGGGGTCTGACGCT CAGT GGAACGAAAACT CACGT TAAGGGATTTTGGTCATG
AGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGT TTTAAATCA

ATCTAAAGTATATATGAGTAAACT TGGT CTGACAGT TACCAAT GCTTAAT CAGT GAGGCA
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3900
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4020
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5700

CCTATCTCAGCGATCTGTCTATTTCGT TCATCCATAGT TGOCTGACT CCOCGTCGTGTAG
AT AACTACGAT ACGGGAGGGCT TACCAT CTGGOCCCAGT GCTGCAAT GATACCGOGAGAC
CCACGCT CACCGGCT CCAGAT TTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGE
AGAAGT GGTCCTGCAACT TTATCCGCCT CCATCCAGT CTAT TAAT TGT TGCOGGGAAGCT
M%@AMHNJHEUMGENWMFWQ?OMGHHEHIOWH£§£M£OWC

Hpy 99l
GTGGTGT CACGCTCGT CGT TTGGTATGGCTTCATTCAGCT CCGGT TCCCAACGATCAAGG

CGAGT TACAT GATCCCCCAT GTTGT GCAAAAAAGCGGT TAGCT CCTTCGGT CCTCCGATC
GTTGTCAGAAGTAAGT TGGCCGCAGT GTTATCACT CATGGT TATGGCAGCACTGCATAAT
TCTCTTACTGICAT(I:CATC(_:GTAAGAT(I:ITTTC‘SF((:;?'IGAQTGGTGAGTAQTCAACCAAG
TCATTCTGAGAATAGT GT ATGCGGCGACCGAGT TGCT CTTGOCCGRCGT CAACACGGGAT
AATACCGCGCCACAT AGCAGAACT TTAAAAGT GCTCAT CAT TGGAAAACGT TCTTCGGGG
CGAAAACT CT CAAGGAT CTTACCGCT GTTGAGATCCAGT TCGAT GTAACCCACTCGTGCA
COCAACT GATCTTCAGCATCT TTTACT TTCACCAGCGT TTCT GGGT GAGCAAAAACAGGA
AGGCAAAAT GOCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTC
TTCCTTTTTCAATATTATTGAAGCATTTATCAGGGT TATTGTCTCATGAGCGGATACATA
TTTGAATGTATTTAGAAAAAT AAACAAATAGGGGT TCCGOGCACATTTCCCCGAAAAGT G
CCACCTGACGT CTAAGAAACCAT TATTATCATGACAT TAACCTATAAAAATAGGCGTATC
A(f%&ﬁIIITITCGTCTTCAAE&Z?#CCTG[TATAAAAAAAGGATCAATTITGAACTCTC
TCOCAAAGT TGATCCCTTAACGAT TTAGAAATCCCTTTGAGAATGT TTATATACATTCAA
GGTAACCAGCCAACT AATGACAAT GATTCCT GAAAAAAGT AATAACAAATTACTATACAG
AT AAGT TGACT GATCAACT TCCAT AGGTAACAACCT TTGATCAAGTAAGGGTATGGATAA
TAAACCACCTACAAT TGCAATACCT GTTCCCTCT GATAAAAAGCT GGTAAAGT TAAGCAA
ACTCATTCCAGCACCAGCT TCCTGCTGT TTCAAGCTACT TGAAACAATTGTTGATATAAC
TGTTTTGGTGAACGAAAGCCCACCTAAAACAAAT ACGATTATAATTGTCATGAACCATGA
TGTTGTTTCTAAAAGAAAGGAAGCAGT TAAAAAGCT AACAGAAAGAAAT GTAACT CCGAT
GTTTAACACGTATAAAGGACCT CTTCTATCAACAAGT ATCCCACCAAT GTAGCCGAAAAT
AATGACACTCATTGTTCCAG@GAAAATAATIACACTTCCGQTTTCGGCAGI?E?#AGCTG
GTGAACATCTTTCATCATAT AAGGAACCAT AGAGACAAACCCT GCTACT GTTCCAAATAT
AATTCCOCCACAAAGAACT CCAAT CATAAAAGGT ATATTTTTCCCTAATCCGGGATCAAC
AAAAGGAT CTGTTACT TTCCT GATATGT TTTACAAAT ATCAGGAATGACAGCACGCTAAC

GATAAGAAAAGAAAT GCTATATGATGT TGTAAACAACATAAAAAATACAAT GCCTACAGA
EcoRV
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6180
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6420

6480

6540
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6840
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7020
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7200
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7320

7380

7440

7500

7560

7620

CATTAGTATAATTCCTTTGATATCAAAATGACCTTTTATCCTTACTTCTTTCTTTAATAA
TTTCATAAGAAACGGAACAGT GATAATTGT TATCATAGGAAT GAGTAGAAGATAGGACCA
ATGAATAT AATGGGCTAT CATTCCACCAAT CGCT GGACCGACTCCTTCTCCCATGGCTAC
TATgGill'CCAATAAGACCAAATGCTTTACCQCTATTTTCCITTGGAATATAGCGCGCAAC
TACAACCAT TACGAGT GCT GGAAAT GCAGCT GCACCAGCCCCT T GAATAAAACGAGCCAT
AATAAGTAAGGAAAAGAAAGAAT GGCCAACAAACCCAAT TACCGACCCGAAACAATTTAT
TATAATTCCAAATAGGAGTAACCTTTTGATGCCT AATTGATCAGATAGCTTTCCATATAC
AGCTGTTCCAAT GGAAAAGGT TAACATAAAGGCT GTGT TCACCCAGT TTGTACT CGCAGG
TGGTTTATTAAAATCATTTGCAAT ATCAGGT AAT GAGACGT TCAAAACCATTTCATTTAA
TACGCTAAAAAAAGATAAAAT GCAAAGCCAAATTAAAATTTGGT TGTGTCGTAAATTCGA
TTGTGAATAGGATGTATTCACATTTCACCCT CCAATAATGAGGGCAGACGTAGT TTATAG
GGTTAATGATACGCT TCCCTCTTTTAATTGAACCCT GTTACATTCATTACACT TCATAAT
TAATTCCTCCTAAACT TGATTAAAACAT TTTACCACATATAAACTAAGTTTTAAATTCAG
TATTTCATCACTTATACAACAATAT GGCCOGT TTGTTGAACTACTCTTTAATAAAATAAT
TTTTCCGTTCCCAATTCCACAT TGCAATAATAGAAAAT CCATCTTCATCGGCTTTTTCGT
CATCATCTGTATGAATCAAATCGCCTTCTTCTGTGTCATCAAGGTTTAATTTTTTATGTA
TTTCTTTTAACAAACCACCAT AGGAGAT TAACCT TTTACGGT GTAAACCT TCCTCCAAAT
CAGACAAACGT TTCAAATTCTTTTCTTCATCATCGGT CATAAAAT COGTATCCTTTACAG
GATATTTTGCAGTTTCGTCAATTGOCGATTGTATATCOGATTTATATTTATTTTTCGGTC
GAATCATTTGAACTTTTACATTTGGATCATAGT CTAATTTCATTGCCTTTTTCCAAAATT
GAATCCATTGTTTTTGATTCACGTAGT TTTCTGTATTCTTAAAATAAGT TGGTTCCACAC

ATACCAATACATGCCATGTGCTGATTATAAGAATTATCTTTATTATTTATTGTCACTTCCG

TTGCACGCATAAAACCAACAAGATTTTTATTAATTTTTTTATATTGCATCATTCGGCGAA
ATCCTTGAGCCATATCTGACAAACTCTTATTTAATTCTTCGOCATCATAAACATTTTTAA
CTGTTAATGT GAGAAACAACCAACGAACT GTTGGCT TTTGT TTAATAACT TCAGCAACAA
CCTTTTGTGACTGAATGCCATGT TTCATTGCTCTCCTCCAGT TGCACAT TGGACAAAGCC
TGGATTTACAAAACCACACT CGATACAACTTTCTTTCGOCTGTTTCACGATTTTGTTTAT
ACTCTAATATTTCAGCACAATCTTTTACTCT TTCAGCCTTTTTAAATTCAAGAATATGCA
GAAGTTCAAAGTAATCAACATTAGCGATTTTCTTTTCTCTCCATGGTCTCACTTTTCCAC
TTTTTGTCTTGTCCACTAAAACCCT TGATTTTTCATCTGAATAAATGCTACTATTAGGAC

ACATAATATTAAAAGAAACCCCCATCTATTTAGI TATTTGI TTGGTCACTTATAACTTTA

ACAGATGGGGTTTTTCTGTGCAACCAAT TTTAAGGGT TTTCAATACTTTAAAACACATAC
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7680 ATACCAACACTTCAACGCACCTTTCAGCAACTAAAATAAAAATGACGTTATTTCTATATG
7740 TATCAAGATAAGAAAGAACAAGTTCAAAACCAT CAAAAAAAGACACCTTTTCAGGTGCTT
7800 TTTTTATTTTATAAACTCATTCCCTGATCTCGACTTCGTTCTTTTTTTACCTCTCGGTTA

7860 TGAGITAGITCAAATTCGIT

Fig. 4.3 Complete nucleotide and amino acid seqeen€ plasmid pTifasA-tuaD
der

the control of strong promoter pT7. The sequenceh&sAfrom Streptococcus equs present
between 196bp and 1383. The sequenceéul@D from Bacillus subtilisis present between 1430
and 2873bp.

UDP-Glucose pyrophosphorylase gengt@B) cloning from Bacillus subtilis in pGEM4hasA-

gtaB

GtaB gene was amplified by PCR using tBacillus subtilis 168 strain chromosome DNA as
template, and the following primers
5ATGTCTAGAATAATAAGGAAGGTGCCTTTTAAATGAA 3 and

5'CTCTCGAGCTAGCTTAGATTTCTTCTTTGTTTAGTAAAG 3'. Theamplified PCR product
was of expected molecular weight (925bp) and wadygXbal andXhol restriction enzymesand

cloned betweeiXbal andSall of plasmid pGEMasA resulting in pGEMAasA-gtaB

pGEM4hasA-gtaB Hindlll-BamHi-------- HasA---------- Xbal-----GtaB-----Nhel--Xhol/Sall-Pstl

Glucose pyrophosphorylase genegdi) cloning from Bacillus subtilisin pPRSETBgpi

Pgi gene was amplified by PCR using tiBacillus subtilis 168 strain chromosome DNA as
template, and the following primers
5TACATATGACGCATGTACGCTTGACTACTCCAAAAG 3 and
5’ATGCTAGCTCATTTATAATCTTCCAGACGTTTTTCAAG 3. The aplified PCR product
was cut byNdel andNhel restriction enzymes and cloned in the same résmisites of plasmid

pPRSETB, resulting pPRSET#®)I. So thepgi gene is under the control of T7 promoter.

pRSETR)pi Xbal-- Nde}-------------- gpi ----------------- Nhel —BamHI- Bgll —Xhol- Pstl

Construction of B. megaterium pT7 hasA-tuaD-gtaB-pgi or pT7hyal
PRSETRypi was cleavage witiXbal and Pstl and the resulting fragment (1340 bp) has been
cloned in the plasmid pGEMésA-gtaBoetweerNhelandPstl resulting pGEM#AasA-gtaB-pgi
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pGEM4hasA-gtaB-pgi Hindlll-BamHI  ---------- HasA---------- Xbal-----GtaB-----Nhe/Xbal--

pGEM4hasA-gtaB-pgwas cleavage withXbal and Xhol and the resulting fragment containing
gtaB andpgi sequences has been cloned in pRSHAB betweerNhel andXhol restriction sites
resulting plasmid pRSETBaD -gtaB-pgi

pRSETBuaD-gtaB-pgi Xbal-- Nded---------------- TuaD----------------- Nhel/ Xbal----GtaB-
----Nhe/Xbal-- Ndet--------------- gpi ------=-=-=-=---- Nhel —-BamHI-- Bgll —Xhol

To construct theBacillus megateriunmexpression vector, pRSETERD-gtaB-pgiwas cleavage
with Xbal andBamHI and the outing fragment containing tuafiaB andpgi sequences has been

cloned in pThasA-tuaDbetween the same restriction sites, resulting pa3A-tuaD-gtaB-pgi

or pT7hyal.

pT7 hasA-tuaD-gtaB-pgi  BsrGl-------- HasA--------- Xbal-- Nde}---------------- TuaD-----------
------ Nhel/ Xbal----GtaB-----Nhe/Xbal-- Nde}---------------gpi ----------------- Nhel —BamHlI--
Sphl

Here the complete nucleotide and amino acid se@senicplasmid pThasA-tuaA-gtaB-pgi:

0 CTTTTTAGGTTCTAAATCGTGTTTTTCTTGGAATTGTGCTGTTTTATCCTTTACCTTGIC
60 TACAAACCCCTTAAAAACGT TTTTAAAGGCTTTTAAGCCGTCTGTACGT TCCTTAAGGCG

120 AAATTAATACGACT CACTATAGGCGAGACCACAACGGT TTCCCGAATATTAATTAACCAAG
Bsp1407I
180 GAGGTGAAATGTACAATGAGAACATTAAAAAACCTCATAACTGTTGTGCCCTTTAGTATT
1 M RTLKNWL I TV V A F S I
H ndl I |
240 TTTTGGGTACTGTITGATTTACGTCAATGTTTATCTCTTTGGTGCTAAAGGAAGCTTGTCA

1 FWVLlLLI YVNVYULlLTEGATIKTGS STL S

300 ATTTATGGCTTTTTGCTGATAGCTTACCTATTAGTCAAAATGTCCTTATCCTTTTTTTAC

11 Y GFLULI AYLLVIKMMSTLSTETFY

360 AAGCCATTTAAGGGAAGGGCT GGGCAATATAAGGT TGCAGCCATTATTCCCTCTTATAAC
1 KPFKGRAGQYZKVAAI 1l P S YN

420 GAAGATGCTGAGI CATTGCTAGAGACCTTAAAAAGT GT TCAGCAGCAAACCTATCCCCTA
1 EDAESLULETLIKS SV QQQTY PL

480 GCAGAAATTTATGITGI TGACGATGGAAGT GCTGATGAGACAGGTATTAAGCGCATTGAA

1 AEI YVVDDGSADTETTGI KRI E

540 GACTATGIGCGIGACACTGGT GACCTATCAAGCAATGT CATTGI TCACCGGT CAGAAAAA

1 DY VRDTGDULSSNVI VHRSE K

600 AATCAAGGAAAGOGT CATGCACAGGOCT GGGCCTTTGAAAGAT CAGACGCTGATGTCTTT
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1 NQ GKRHAQAWAFIERSDADV F

660 TTGACCGITGACTCAGATACTTATATCTACCCTGATGCTTTAGAGGAGI TGTTAAAAACC
1 L TVDSDTYI YPDALTETETLTLTKT

720 TTTAATGACCCAACTGITTTTGCTGCGACGGGT CACCT TAATGT CAGAAATAGACAAACC
1 F NDPTVFAAT GHTLNVRNROQT

780 AATCTCTTAACACCCTTGACAGATATTCGCTATGATAATGCT TTTGGCGT TGAACGAGCT

1 NL L TRULTUDI RYDNATFGVTETRA

840 GCCCAATCCGITACAGGTAATATTCTCGI TTGCTCAGGCCCGCTTAGCGT TTACAGACGC

1 AQSVTGNI LVCSGPLSVYRHR

900 GAGGTGGITGITCCTAACATAGATAGATACATCAACCAGACCTTCCTGGGTATTCCTGTA
1 EVVVPNI DRY !l NQTF FLGI PV

960 AGTATCGGTGATGACAGGT GCTTGACCAACTATGCAACTGATTTAGGAAAGACTGTTTAT
1 S1 GDDRT CLTNYA ATDTLGIKTUVY

1020 CAATCCACTCCTAAATGTATTACAGATGT TCCTGACAAGATGTCTACTTACTTGAAGCAG

1 Q S TAKOC CI TDVPDIKMMSTYLKOQ

1080 CAAAACCGCTGGAACAAGTCCTTCTTTAGAGAGICCATTATTTCTGITAAGAAAATCATG

1 Q NRWNJIKSFFRET SI I SV KIKI M

1140 AACAATCCTTTTGTAGCCCTATGGACCATACTTGAGGTGTCTATGITTATGATCCTTGIT

1 NNPF VAL WTI L EVSMFMML V

1200 TATTCTGITGGTGGATTTCTTTGIAGCCAATGI CAGAGAATTTGATTGGCTCAGCGTITTTG
1Y SVVDFTFVGNVRETFUDWLRVL

1260 GCCTTTCTGGTGATTATCTTCATTGITGCTCTTTGICGTAATATTCACTATATCCTTAAG
1 AFLVI 1 FI1 VALC CRNI HYWML K

1320 CACCCGCTGICCTTCTTGITATCTCCGITTTATGGGGTACTGCTTTGTTTGICCTACAGC

1 HPL SFLULSPFYGVLILTCL SYS

1380 CCTTGAAATTGTATTCTCTTTTTACTATTAGAAATGCTGACT GCCGAACACGT AAAAAAT
1 P
Xbal Ndel
1440 TATTATAATCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGAAAAAAA
3 M K K |

1500 TAGCTGICATTGGAACAGGT TATGTAGGACTCGTATCAGGCACTTGCTTTGCGGAGATCG

3 AVI GT GY V GLV SGTT CTFATEI G
EcoRV d al

1560 GCAATAAAGTTGTITTGCTGIGATATCGATGAATCAAAAAT CAGAAGCCT GAAAAATGGGG

3 NKVVCCDI DESZIKI RSLIKNGV

1620 TAATCCCAATCTATGAACCAGGGCTTGCCAGACTTAGT TGAAAAAAATGTGCTGGATCAGC

3 1 P 1 Y EPGL ADULV EIKNVYVLDO QR
EcoRV

1680 GCCTGACCTTTACGAACGATATCCCGTCTGCCATTCGGGCCTCAGATATTATTTATATTG

3 L TFTNDTI PSAI RASDI I Y I A

1740 CAGTCGGAACGCCTATGICCAAAACAGGT GAACCTGATTTAACGTACGT CAAAGCGECCG

3 VGT PMS KT GEA ADTULTY VKA AAA

1800 CGAAAACAATCGGTGAGCATCT TAACGGCTACAAAGT GATCGTAAATAAAAGCACAGTCC
3 KT Il GEHLNGYIKUVI VNKSTUWVTP

1860 CGGTTGGAACAGGGAAACTGGT GCAATCTAT CGT TCAAAAAGCCT CAAAGGGGAGATACT
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2

V G T G KL V Q SI V QK A S K G IR Y S
EcoRl

CATTTGATGT TGTATCTAACCCT GAAT TCCT TCGGGAAGGGT CAGCGATTCATGACACGA

FDVVSNZPTETFLI REGSAI HDTWM

TGAATATGGAGCGT GCCGT GATTGGT TCAACAAGT CATAAAGCCCGCTGCCATCATTGAGG

N MERAVI GSTSHIKAAATI I EE

AACTTCATCAGCCATTCCATGCT CCTGI CAT TAAAACAAACCT AGAAAGT GCAGAAATGA

L HQPFHAPVI KTNLTETSATEM.I
EcoRV
TTAAATACGCCGCGAAT GCAT TTCTGGCGACAAAGATTTCCTTTATCAACGATATCGCAA

K YA ANAFTLATZ KT I SF I NDI AN

ACATTTGT GAGCGAGT CGGCGCAGACGT TTCAAAAGT TGCTGATGGTGT TGGTCTTGACA

| CE RV GADV S KV ADGVGL DS

GCCGTATCGGCAGAAAGT TCCTTAAAGCTGGTATTGGATTCGGCGGT TCATGT TTTCCAA
RI1 GRKFLIKAGI GF GGSTCTFPK

AGGATACAACCGCGCTGCTTCAAATCGCAAAAT CGECAGCCTATCCATTCAAGCTCATCG

DTTALTULG GOI AKSAGYUZPTFZKTLII E

AAGCTGT CATTGAAACGAACGAAAAGCAGCGTGT TCATATTGTAGATAAACTTTTGACTG

A VI ETNEIK QQRVHI VDKTLTLTUV

TTATGGGAAGCGT CAAAGCGAGAACCAT TTCAGT CCTGGGATTAGCCT TCAAACCGAATA

M GSV KGRTI SVLGLATFIKUPNT
Pst |
CGAACGATGT GAGAT CCGCTCCAGCGCT TGATATTATCCCAAT GCTGCAGCAGCT GGGLG

NDVRSAPALUDI I PMLQQL GA
Hi ndl ||

CCCATGTAAAAGCATACGATCCGATTGCTAT TCCTGAAGCT TCAGCGATCCTTGGCGAAC

HV KAYDTPI AI PEASAI L GEQ

Sphl
AGGTCGAGTATTACACAGATGT GT ATGCTGCGAT GGAAGACACTGATGCATGCCTGATTT
VEYYTDVYAAMETDTUDATCTLI L

TAACGCGATTGGCCGGAAGT GAAAGAAAT GGAGCT TGTAAAAGT GAAAACCCT CTTAAAAC

T DWPEVI KEMETLV KV KTTULTLKDOQ

AGCCAGT CATCATTGACGGCAGAAATTTATT TTCACT TGAAGAGAT GCAGGCAGCCGGAT

PVl Il DGRNLTFSLETEMOQAAGY

ACATTTATCACTCTATCGGECCGT CCCCCTGI TCGEEGAACGGAACCCTCTGACAAGTATT

Il YHSI GRPAVRGTTEUPSTDIKYF

TTCCGGGECTTGCCGCTTGAAGAAT TGGCTAAAGACT TGGGAAGCGT CAATTTATAAGCTA

P GL PLETETLAKDTLTGS SVNTL

GAATAATAAGGAAGGT GCCTT TTAAAT GAAAAAAGT ACGT AAAGCCATAAT TCCAGCAGC

M K KV RKAI I P AA

AGGCTTAGGAACACGT TTTCT TCCGGCTACGAAAGCAAT GCCGAAAGAAAT GCTTCCTAT

G LGTIRTFLUPATI KAMPTIEKTEML P I

CGITGATAAACCTACCATTCAATACATAATTGAAGAAGCTGT TGAAGCCGGTATTGAAGA

VDKPTI QY Il | EEAVEAGI ED

TATTATTATCGTAACAGGAAAAAGCAAGCGT CCGATTGAGGATCATTTTGATTACTCTCC

Il I I VT GK S KRAI EDHTE EFDY SP
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2

TGAGCTTGAAAGAAACCTAGAAGAAAAAGGAAAAACT GAGCTGCT TGAAAAAGT GAAAAA

E L ERNLTETEZ KT GIKTETLTLTETKV KK

GGCTTCTAACCT GGCTGACAT TCACTATAT CCGCCAAAAAGAACCT AAAGGT CTCGGACA

A°S NLADI HY Il RQKTEVPIKGL GH

TGCTGICTGGT GCGCACGCAACT TTATCGGCGATGAGCCGT TTGCGGTACTGCTTGGTGA
AV WCARNTFI GDEUPTFAVLTLGD

CGATATTGI TCAGGCTGAAACT CCAGCGT TGCGCCAATTAATGGATGAATATGAAAAAAC

DI VQAETUWPGLI ROQLMDTEYETKT

ACTTTCTTCTATTATCGGT GT TCAGCAGGT GCCCGAAGAAGAAACACACCCGCTACGGCAT

L SSI I GV QQVZPETETETHT RY G

TATTGACCCGCT GACAAGT GAAGGCCGCCGT TATCAGGT GAAAAACT TCGT TGAAAAACC

| DPLTSEG GRRYOQVIKNTFVETK?P

GCCTAAAGGCACAGCACCTTCTAATCTTGCCATCT TAGGCCGT TACGTATTCACGCCTGA

PKGTAPSNLAI LGRYVFTUPE
Bgl | |
GATCTTCATGTATTTAGAAGAGCAGCAGGT TGGCGOCGGCGGAGAAAT TCAGCT CACAGA

Il FMY L EEOQQVGAGGTETILI QLTD

CGCCATTCAAAAGCT GAATGAAATTCAAAGAGTGT TTGCTTACGATTTTGAAGGCAACCG

Al QKL NEI QRV FAYDTFTEGTKR

TTATGATGI TGGT GAAAAGCT CGGCTTTATCACAACAACT CTTGAAT TTGCGAT GCAGGA

Y DV GEI KL GFI TTTLETFAMQOQD

TAAAGAGCT TCGCGATCAGCT CGT TCCATTTATGGAAGGT TTACTAAACAAAGAAGAAAT

K ELRDO QLVPFMETGLTULNTEKTE EI

Ndel
CTAAGCTAGAAATAATTTTGI TTAACT TTAAGAAGGAGATATACATATGACGCATGTACG
M T H V R

CTTGACTACTCCAAAAGCGT TGACTTTCTTTCCAACGGAACATGAACTTACATACCTGCG
L T T P KALTZFZFUPTEMHEILTY L R

GGACTTTGTAAAAACAGCACACCATAATAT CCAT GAGAAAACAGGCGCGGEGECACGCGATTT
D F VKTAMHUHNIHET KT GAGSTDF
EcoRl
TCTAGGCTGGGT GGACCT CCCTGAACATTATGATAAAGAAGAATTCGCGCGCATCCAAAA

L GWV DULUPTEMHYDIKTETETFARI QK

AAGCGCGGAAAAAAT CCAATCTGACTCTGATGTCTTGCTTGT TGTCGGCATCGECGGTTC

S AEKI QSDSDVLLVVYGI GG S

TTATCT TGGAGCGCGGEGCAGCGAT TGAAGCGCTGAATCACGCGT TTTATAACACTTTGCC

YLGARAAI EALNHAFYNTTLUP

AAAAGCCAAACGCGGCAATCCCGCAAGTCATTTTTAACTTCTCTATTAATGTGATTTCTAA
K A KRGNWPOQVI FNZFSI NVI S K
Hi ndl | |
ATCAGGTACGACAACT GAACCTGCAATCGCTTTCCGTATTTTCCGCAAGCTTCTTGAAGA

S GTTTEPAI AFRI FRKILILEE

GAAATACGGT AAAGAAGAAGCGAAAGCGCGGAT TTATGCAACAACT GATAAAGAGCGCGG

K'Y GKEEAIKARI Y ATTUDIKTERG

CCCATTAAAAACCCTTTCTAACGAAGAAGGCT TTGAATCATTCGTAATTCCTGACGATGT

AL KTUL SNETEGTFTESTFUVI PDDV
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CGGCCECCGT TATTCAGI TTTAACAGCTGTAGGT CTCTTGCCGAT TGCT GT CAGCGECGT

GGRY SVLTAVGLULUZPI AV S GV

CAACATTGACGACAT GAT GAAAGGCGCCCT GGATGCGAGCAAAGATTTTGCAACATCTGA

NIl DDMMIKTGALTUDAS ST KT DT EA AT S E
ACTGGAAGATAACCCAGCATACCAATATGCGGT TGT TCGCAATGTCCTTTATAATAAGGG
L EDNPAYQYAVVRNVLYNSKG

CAAAACAAT TGAAAT GCTCAT CAACTACGAACCGGECGCTTCAATACT TTGCGGAATGGT G
K T 1 EML I NYEPAL QYF A E WW

GAAGCAGCTGT TCGGAGAAAGCGAAGGEGAAAGAT GAGAAGGGCATTTATCCTTCTTCAGC

K QL F GESETGIKTUDTEZKTGI Y PSS A

GAACTATTCAACAGACCTTCATTCTTTAGGCCAGTAT GTACAAGAAGGCCGCAGAGATTT

NY STDLUHSLGOQYVOQEGRIRTDIL

ATTCGAAACGGT CCTGAACGT AGAGAAGCCT AAACAT GAACT GACAAT TGAGGAAGCGGA

FETVULNVETZKZPI KU HTETLTI EEATD

TAACGATCTTGACGGCT TGAACTATTTAGCCGGTAAAACT GTTGATTTCGT TAACAAAAA
N DL DOGLNYULAGIKTVDUF VN KK

AGCATTCCAAGGT ACAATGCT TGCCCATACAGACGGAAATGT TCCGAACTTAATCGT TAA

A FQGTMLAHTIDGNVZPNTLI VN

CATTCCTGAGCTGAATGCATATACTTTTGGATACCTTGTATATTTCT TCGAAAAAGCCT G

I P ELNAYTT FGYULVYTFTFTETZKASTC

CCCGATGAGCGGT TACCT CCT TGGECGT CAAT CCGT TTGACCAGCCT GGT GTAGAAGCGTA

A MS GYLLGVNZPTFDA OZPGVEAY

TAAAGT CAATATGT TTGCGT TACTCGGCAAACCT GGCTT TGAAGAGAAAAAAGCAGAGCT

K V NMFALULGIKUPGTFTETEIZKIKATE/L

Nhel

TGAAAAACGT CTGGAAGATTAT AAAT GAGCTAGCAT GACT GGT GGACAGCAAATGGGTCG

E K R L E D Y K

BanH Kpnl Sphl Agel
GGATCTGTACGACGAT GACGAT AAGGAT CCGGT ACCGECCGCAT GCCGECTAATCGCGAC

CGGTTAACTAGCATAACCCCT TGGGGCCTCTAAACGGGT CTTGAGGGGT TTTTTGCTAAA
GGAGGAACTATATCOGGT CCAAGAAT TGGAGCCAAT CAAT TCTTGCGGAGAACT GTGAAT
GOGCAAACCAACCCT TGGCAGAACAT ATCCAT CGOGT CCGOCAT CTCCAGCAGCCGCACG
CGGCGCATCT CGEGECCGOGT TGCTGRCGT TTTTCCATAGGCT COGCOCCCCT GACGAGCA
TCACAAAAAT CGACGCT CAAGT CAGAGGT GGOGAAACCCGACAGGACTATAAAGATACCA
GGOGT TTCOCCCTGGAAGCT COCTOGT GOGCTCTCCT GT TCCGACCCT GOCGCTTACCGG
ATACCTGTCOGCCTTTCT COCT TCGGGAAGCGT GGOGCT TTCTCATAGCTCACGCTGTAG
GTATCTCAGT TCGGT GT AGGT CGT TCGCT CCAAGCT GGGCT GT GTGCACGAACCCCCCGT

TCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGT CTTGAGT CCAACCCGGTAAGACA

110



5760

5820

5880

5940

6000

6060

6120

6180

6240

6300

6360

6420

6480

6540

6600

6660

6720

6780

6840

6900

6960

7020

7080

7140

7200

7260

7320

7380

7440

7500

7560

7620

CGACT TATCGCCACT GGCAGCAGCCACT GGTAACAGGAT TAGCAGAGCGAGGTATGTAGG
CGGTGCTACAGAGT TCTTGAAGT GGTGGOCTAACTACGGCTACACT AGAAGGACAGTATT
TGGTATCTGOGCTCTGCT GAAGCCAGT TACCT TCGGAAAAAGAGT TGGTAGCTCTTGATC
CGGCAAACAAACCACCGCTGGTAGOGGT GGT TTTTTTGT TTGCAAGCAGCAGATTACGCG
CAGAAAAAAAGGAT CTCAAGAAGATCCTTTGATCTTTTCTACGGGGT CTGACGCTCAGTG
GAACGAAAACT CACGTTAAGGGAT TTTGGT CATGAGATTATCAAAAAGGATCTTCACCTA
GATCCTTTTAAATTAAAAAT GAAGT TTTAAATCAAT CTAAAGTATATATGAGTAAACTTG
GTCTGACAGT TACCAAT GCT TAATCAGT GAGGCACCTAT CTCAGCGATCTGTCTATTTCG
TTCATCCATAGT TGCCTGACT COCCGTCGTGTAGATAACT ACGATACGGGAGGGCTTACC
ATCTGGOCCCAGT GCTGCAAT GATACCGCGAGACCCACGCT CACCGGCTCCAGATTTATC
AGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGT GGTCCTGCAACTTTATCOGC
CTCCATCCAGTCTATTAATTGTTGOCGGGAAGCTAGAGT AAGTAGT TCGCCAGT TAATAG
TTTGCGCAACQTTGTTGCCAITGC'IEZ[CL\GGQATCGTGGTGICACCI:TCGTQGTTTGGTAT
GGCTTCATTCAGCT COGGTTCOCAACGAT CAAGGCGAGT TACATGATCCCCCATGTTGTG
CAAAAAAGOGGT TAGCT CCTTCGGT CCTCCGAT CGTTGT CAGAAGT AAGT TGGCCGCAGT
GTTATCACTCATGGT TATGGCAGCACTGCATAATTCTCTTACTGT CATGCCATCCGTAAG
ATGCTTTTCTQTGACTGGTGAGTi(C::‘?'ICAACQAAGTCATTCIGAGAATAGTQTATGCGG:G
ACCGAGT TGCTCTTGCCCGGOGT CAACACGGGAT AATACCGOGCCACATAGCAGAACTTT
AAAAGT GCT CAT CATTGGAAAACGT TCT TCGGGGECGAAAACT CTCAAGGAT CTTACCGCT
GTTGAGATCCAGT TCGATGT AACCCACT CGT GCACCCAACT GATCTTCAGCATCTTTTAC
TTTCACCAGOGT TTCTGGGT GAGCAAAAACAGGAAGGCAAAAT GCOGCAAAAAAGGGAAT
AAGGGCGACACGGAAATGT TGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCAT
TTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACA
AATAGGGGT TCCGOGCACAT T TCCCCGAAAAGT GCCACCT GACGT CTAAGAAACCAT TAT
TATCATGACAITAACCTATAAAAATACRGIATCACGAGGQCCTTTCGTCITCAAGE\Z'(I)"IRI
CCTGTTATAAAAAAAGGATCAATTTTGAACT CTCTCCCAAAGT TGATCCCTTAACGATTT
AGAAATCCCTTTGAGAAT GTTTATATACATTCAAGGT AACCAGCCAACTAATGACAATGA
TTCCTGAAAAAAGT AATAACAAATTACT ATACAGATAAGT TGACTGATCAACTTCCATAG
GTAACAACCT TTGATCAAGT AAGGGT ATGGATAATAAACCACCTACAAT TGCAATACCTG
TTCOCTCTGATAAAAAGCT GGTAAAGT TAAGCAAACT CATTCCAGCACCAGCTTCCTGCT
GTTTCAAGCTACTTGAAACAATTGTTGATATAACTGTTTTGGT GAACGAAAGCCCACCTA
AAACAAAT ACGATTATAAT TGTCATGAACCATGATGTTGTTTCTAAAAGAAAGGAAGCAG
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TTAAAAAGCTAACAGAAAGAAAT GTAACT CCGAT GTTTAACACGTATAAAGGACCTCTTC
TATCAACAAGT ATCCCACCAATGT AGCCGAAAAT AAT GACACT CATTGTTCCAGGGAAAA
TAATTACACTICCGATTTCG(_BCAGTi(C::‘?'!I'A(_I:TGGTGAACATCTTTCATCATATAAGGAA
CCATAGAGACAAACCCT GCTACT GTTCCAAATATAAT TCCOCCACAAAGAACT CCAAT CA
TAAAAGGTATATTTTTCCCTAAT CCGGGAT CAACAAAAGGATCTGTTACTTTCCTGATAT
GTTTTACAAATAT CAGGAAT GACAGCACGCTAACGATAAGAAAAGAAAT GCTATATGATG
TTGTAAACAAQATAAAAAATACAATCI:CTAQAGACATTAGIATAATTCCE%(I)'gTATCAA
AATGACCTTTTATCCTTACTTCTTTCTTTAATAATTTCATAAGAAACGGAACAGTGATAA
TTGTTATCATAGGAATGAGTAGAAGATAGGACCAATGAATATAATGGGCTATCATTCCAC
CAATCGCTGGACCGACT CCTTCT COCATGGCTACTATCGATCCAATAAGACCAAATGCTT
TACCCCTATTTTCCTTTGGAATATAGOGCGCAACTACAACCAT TACGAGT GCTGGAAATG
CAGCTGCACCAGCCCCT TGAATAAAACGAGCCATAATAAGT AAGGAAAAGAAAGAAT GGC
CAACAAACCCAATTACCGACCOGAAACAAT TTATTATAAT TCCAAATAGGAGTAACCTTT
TGATGCCTAATTGATCAGATAGCT TTCCATATACAGCT GT TCCAAT GGAAAAGGT TAACA
TAAAGGCT GTGT TCACCCAGT TTGTACT CGCAGGT GGT TTATTAAAATCAT TTGCAATAT
CAGGTAATGAGACGT TCAAAACCATTTCAT TTAATACGCTAAAAAAAGATAAAAT GCAAA
GOCAAATTAAAATTTGGT TGTGT CGTAAAT TCGATTGTGAATAGGATGTATTCACATTTC
ACCCT CCAATAAT GAGGGCAGACGTAGT TTATAGGGT TAATGATACGCTTCCCTCTTTTA
ATTGAACCCTGTTACATTCATTACACTTCATAATTAATTCCTCCTAAACTTGATTAAAAC
ATTTTACCACATATAAACTAAGT TTTAAATTCAGTATTTCATCACTTATACAACAATATG
GOCCGTTTGTTGAACTACTCT TTAATAAAATAAT TTTTCOGT TCCCAAT TCCACATTGCA
ATAAT AGAAAAT CCATCTTCATCGGCTTTTTCGT CATCATCTGTATGAAT CAAATCGCCT
TCTTCTGTGTCATCAAGGTTTAATTTTTTATGTATTTCTTTTAACAAACCACCATAGGAG
ATTAACCTTTTACGGTGT AAACCTTCCT CCAAAT CAGACAAACGT TTCAAATTCTTTTCT
TCATCATCGGTCATAAAATCCGTATCCT TTACAGGATATTTTGCAGT TTCGTCAATTGCC
GATTGTATATCCGATTTATATTTATTTTTCGGTCGAATCATTTGAACTTTTACATTTGGA
TCATAGTCTAATTTCATTGCOCT TTTTCCAAAATTGAATCCATTGTTTTTGATTCACGTAG
TTTTCTGTATTCTTAAAATAAGT TGGT TCCACACATACCAATACATGCATGTGCTGATTA
TAAGAATTATCTTTATTATTTATTGTCACTTCOGT TGCACGCATAAAACCAACAAGATTT

TTATTAATTTTTTTATATTGCATCATTCGGCGAAATCCT TGAGCCATATCTGACAAACTC

TTATTTAATTCTTCGCCATCATAAACATTTTTAACTGT TAATGT GAGAAACAACCAACGA
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9540 ACTGTTGGCTTTTGTTTAATAACTTCAGCAACAACCTTTTGTGACTGAATGCCATGTTTC

9600 ATTGCTCTCCTCCAGI TGCACATTGGACAAAGCCTGGATTTACAAAACCACACTCGATAC

9660 AACTTTCTTTCGCCTGTTTCACGATTTTGTTTATACTCTAATATTTCAGCACAATCTTTT

9720 ACTCTTTCAGCCTTTTTAAATTCAAGAATATGCAGAAGTTCAAAGT AATCAACATTAGCG

9780 ATTTTCTTTTCTCTCCATGGTCTCACTTTTCCACTTTTTGTCTTGTCCACTAAAACCCTT
9840 GATTTTTCATCTGAATAAATGCTACTATTAGGACACATAATATTAAAAGAAACCCCCATC
9900 TATTTAGTTATTTGTTTGGTCACTTATAACT TTAACAGATGGGGTTTTTCTGTGCAACCA
9960 ATTTTAAGGGTTTTCAATACTTTAAAACACATACATACCAACACTTCAACGCACCTTTCA

10020 GCAACTAAAATAAAAATGACGT TATTTCTATATGTATCAAGATAAGAAAGAACAAGTI TCA

10080 AAACCATCAAAAAAAGACACCTTTTCAGGTGCTTTTTTTATTTTATAAACTCATTCCCTG

10140 ATCTCGACTTCGITCTTTTTTTACCTCTCGGTTATGAGT TAGTTCAAATTCGIT.

Fig. 4.4 Complete nucleotide and amino acid seggen€plasmidT7 hasA-tuaD-gtaB-pgor pT7hyalu.

This plasmid has a molecular weight of 10194bp. géhes are under the control of strong
promoter T7. Between 196 and 1383 bp is presentséugiencenasA for HA synthase from
Streptococcus equibetween 1430 and 2873bp it is present the segu@rtuaD gene, between
2905 and 3781bp it is present the sequencegfaB and 3824 and 5125bp it is present the
sequence fopgi gene, the last three genes derived fRewillus subtilisgenome.

The plasmid, checked by restriction analyses wvEitoRI (columnl), EcoRI and Hindlll
(column2), Hindlll (column3), Xbal (column4) results in bands with the expected madéac
weights (fig. 4.5).
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Fig. 4.5 Restriction analysis map of pT7hyalu.

4.2.5. Preparation and transformation of competent B.subtilis and

B.megaterium cells
Preparation and transformation of compet@rsubtilisand B.megateriuntells, was performed as

described in cap. Il par. 2.2.5-2.2.8.

4.2.6. Qualitative assays for HA production

Plate assay

To study the morphology of the HA-producing 1012 &4B800NB.subtilistransformants, clones
were plated on the Difco Tryptose Blood Agar Bagaretri plates - chloramphenicol agar plates
added containing 1 mM IPTG or a IPTG gradient, d anl0 pg/ml chloramphenicol
(101B.subtilig while 10 pg/ml chloramphenicol and 10 pg/mbmecin (WB80ONB.subtilig
(selection marker). The cells were streaked anghated at 25°C for 24—48 h.

HA-producing B.megateriumtransformants, clones were plated on LB agar pelaies -
containing 0,5% (w/v) xylose or a xylose gradierand chloramphenicol (4,6g m*) and
tetracyclin (1Qig mrY) (selection marker). The cells were streaked acdbated at 25°C for 24—
48 h.
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HA precipitation

After collection of cells by centrifugation, culeumedium was added of 2 volumes of absolute

ethanol in order to precipitate HA from medium.

4.2.7. Hyaluronan analyses

HA titers were estimated by the carbazoleysdter first precipitating HA from medium
samples with 2 volumes of absolute ethanol, onehimgsin absolute ethanol, and then
redissolving in HO. The assay detects the glucuronic acid releated the sample has been
hydrolyzed with HSO, (Bitter and Muir, 1962). Carbazole assay showsddasice at 530 nm
typical of glucuronic acid, constituent of HA. Thassay is not highly specific (compounds such as
sucrose are cross-reactive),and so it was necessdstermine the background reading. The HA

titer is assumed to be 2.05 times the glucuronit tter.

4.2.8.Colony stability assay

HA-producing bacteria from selective Difco Tryptd3®od Agar Base or LB agar plates were
used to inoculate growth in selective liquidB or MSR medium under 1 mM IPTG
induction. At mid-log phase, the cells were dilytptated on selective IPTG induced agar plates,
and incubated at 25°C for the growth of well-sefgtacolonies. Then, a mixture of colonies was
diluted and plated again for more times. RepliGtgd experiments with and without antibiotic

selection and /or induction show plasmid stability.

4.2.9. HA Molecolar Weight determination by agaroseel electrophoresis

The HA was isolated from supernatant culture mediafter centrifugation, HA in supernatant
collected was precipitated and washed by addingvumbomes of absolute ethanol at -20°C. The
precipitate was redissolved in milliQ water. Samspt®ntained approximately 16y HA were
mixed with about 2ul of a 0.02% solution of bromophenol blue in TAEffleu containing 2M
sucrose. Agarose gel electrophoresis was perfossséntially as described by Lee and Cowman
using 0.5% (w/v) gel in 10% TAE buffer. Electroplsis was at 20-35 V overnight and the gels
were stained with 0.005% Stainsall in 50% etha@els were destained by washing and exposure

to light.
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4.3. Results

4.3.1. Expression of HA via artificial operons irB.subtilis

The pathway for HA biosynthesis in the group A @ndup C streptococci has been determined
(Matsubara et al.,1991; O’'Regan et al.,, 1994), ahdas been optimized to produce HA in
B.subtilis(Widner et al., 2005), as shown in fig.4.6; intfte only lackingB.subtilisenzyme is
the hyaluronan synthase, which is encoded by#aségene.

HA is synthesized by the polymerization, catatyzby HA synthase or HAS, of the
monosaccharides from the two nucleotide sugars gib&dronic acid (UDP-GIcUA) and UDP-
N-acetylglucosamine (UDP-GIcNAc), final productktao parallel metabolic branches, that,
starting from glucose as a carbon source, also ugedn this pathway multiple sugar
intermediates precursors required for importariutaa functions.

HA biosynthesis is an expensive process for thé ¢eth in terms of carbon and energy
consumption. For every mole of HA disaccharide ymitduced, 2 mol of glucose, 5 mol of
nucleoside triphosphates (3 as ATP and 2 as UTRJ, a mol of acetyl-coenzyme A are
consumed. If large amounts of HA are produced,dbidd pose a substantial metabolic burden on
the cell.

In addition, the nucleotide sugars UDP-Glc ddBP-GIcNAc are both required for cell wall
biosynthesis, while the phosphosugars Glc-6-P and6HP funnel directly into the pentose
phosphate and glycolytic pathways, respectivelyh lod which are essential for cell growth.

To ensure that adequate levels of various precsiggars and metabolites are available to support
both large HA biosynthesis and cell growth, it bagn interesting note thdifferent streptococcal
species have evolved a dedicated expression syséeoperon, with transcription of the essential
genes involved in the HA pathway in an unique piglyonic mMRNA. Few bacterial species are
able to produce HA, namely the group A and growgir€ptococci (gram positive) aisteurella
multocida(gram negative).

ThehasAgene has been incorporated as the first gehasidperon along with one or more genes
which encode enzymes involved in the synthesi®ofesof the aforementioned precursor sugars,
based on different species$&treptococcus~or example, the operon froBtreptococcus pyogenes
contains three genes: the firsiasA encodes hyaluronan synthase; the sechadB encodes
UDP-GIc dehydrogenase; and the thindsG encodes UDP-GIc pyrophosphorylase (Crater and
van de Rijn, 1995). The operon fro®treptococcus uberiss somewhat different in that the
hasCgene is not present as part of the operon buiceéd elsewhere on the chromosome (Ward
et al., 2001).
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The operons frons.equisimilisandS zooepidemicusubsp equicontain théhasA hasB andhasC
genes as well as a fourth gehasD which encodes UDP-GIcNAc pyrophosphorylase (Slatha
2003). the

phosphoglucoisomerase.

al., In addition, latter strain contaims fifth gene, hasg which encodes
Thus, these streptococcal species have evolvedessipn systems via operons with the genes
coding enzymes involved in HA pathway transcriptada unique polycistronic mRNA for
ensuring that adequate levels of various precussyars are available to support both HA
biosynthesis and cell growth (Fig. 4.6).

In order to produce HA in non-HA producBrsubtilis it seemed logical to take a cue from nature
and mimic this approach. Since it is also a grasitp@ bacterium, it was thought to adapt to this
strain the HA biosynthesis pathway, present in mnahtproducers such aS. zooepidemicus.
Enzymes involved in the synthesis pathway of trecyrsor sugars are also presenBatillus
subtilisin which the homologues for the genessB, HasB, e HasD, Haséf Streptococcusire
tuaD, gtaBe gcab, pgi respectively. BuB. subtilislacks an equivalent hyaluronan synthase.
Since endogenous genes are frequently expresseel effoziently in their native host, it was
thought to construct artificial operons which atemprised ofB.subtilisgenes, rather than to

introduce intdB.subtilishasoperon from a group A or Streptococcus
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Fig. 4.6 Biosynthetic pathway for HA production iecombinantB.subtilis strains. This pathway is based on the
reported HA biosynthetic pathway in group A andt@tococci (Matsubara et al.,1991; O’Regan et1894). Gene
designations are highlighted in boldface. Streptoabhas gene are in pink and yellow, while Bhsubtilishomologs
are in green. (Adapted from Widner et al., 2005).

Has been found that at least two genessfA andhasB are crucial for production of HA in
significant quantities comparable to native stra{déidner et al. 2005), thus we have been
produced an artificial operdmasA-tual that mimics which one present in thaiberidocus.

While in Widner work (Widner et al., 2005), an fcial cassette-operon was created with an
integrative system on the chromosomeBo$ubtilis, we have developed an expression system
using of an episomal vector (i.e. a plasmid) welatively high copies. It has advantage to express
an more higher level of mRNA for pathway of HA tharsingle copy present on the chromosome.
At the aim, therefore have been developed exmessassette-operons vectors, using a recent
available vector (Nguyen D.H. et al., 2005) thathsittleE.coli/B.subtilis,used for expression and
production of recombinant proteins in higher effiety inB.subtilis. These vectors (pHT series)

are now available from MoBitec.

4.3.2. Construction of cassette operorhasA-tuaD and Bacillus subtilis

pHTO1lhasA-tuaA or pBS5

The gene sequenceasA coding the hyaluronic acid synthase has beemueesby PCR from the
chromosomal DNA ofstreoptocooccus zooepidemiclishas been choosen thas Agene from
Streptococcus equisimilissince the hyaluronan synthase from this organismespecially
interesting due to its higher intrinsic polymeripatrate (Kumari et al., 1997) and also because
this strain is used from Fidia S.p.A. for produntiof HA. Since the HA production with high
molecular weight has been obtained from Fidia safiex several passages from the original strain
of Streptococcus equisimilimjaybe that thbasAgene was modified in this strain. After cloning
we have found that thkeasAgene presented the same nucleotide sequencpublhed. The
expression of recombinant HA synthase induced Byn@M IPTG inE.coli BL21(DE3) LysS,
showed a protein band of apparent expected MWutatd kDa, according with MW reported in
literature. In fact, the HAS is 417 amino acidsggrotein, with calculated MW of 47778Da, but
enzyme migrates anomalously fast in SDS-PAGE palgacide gel electrophoresis ~ 42000 Da,
as reported in literature (Kumari et al., 19974y(B.7).
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The UDP-glucose dehydrogenase gduoeld) was rescued by PCR from the chromosome DNA
of Bacillus subtilis 168 strain and cloned also in vector pRSETB, lteguin plasmid
pRSETBuaD. It has been choosen to rescue ttreD gene fromBacillus subtilis rather than
homologuehasB of Streptococcus equisimilisince endogenous genes are frequently expressed
more efficiently in their native host. The expressof recombinant UDP-glucose dehydrogenase
induced by 0.5 mM IPTG i&.coli BL21(DE3)LysS, revealed a protein band of expbdtdV 54

kDa as showed in SDS-PAGE analyses (fig. 4After construction of the cassette operbasA-
TuaD in pGEM4hasA-tuaD(Fig.4.8), the two genes in tandem, were clonegdkeuthe control of
IPTG inducible Pgrac promoter B.subtilis expression vector pHTOLlresulting in plasmid pBSt
(Fig.4.9).

Genomic DNA of Genomic DNA of

Streptococeus Baciilus subtilis ol

equisimilis I sD A sD al)
asi 1]

PCR PCR
i Restriction Digestion Restriction Digestio
Ligation Ligation

. PGEM4-hasA pRSETB-tualD
[

BamH Xhal- Sali Xba IFNde | Nhel - BamH I - Bgli-Xho | Lag
icton Digesti l i pBS3
(Xba I-Sal}) (Xba [-Xho Iy
Ligation
Clr'ﬂ QRF-E
pPGEM4-hasA-tual
SD  tual
BamH [ Xbal-Ndei Whel - BamH - Bgl1-Xho |
Fig. 4.8 Representation of cassette-opéasA-tuaDconstruction. Fig. 4.9 pBS5 vector.

The plasmid pHTO1 (MoBiTec) allows relatively hitgvel expression of intracellular

recombinant proteins (Phan et al., 2005). The esecpiencoding target genes is under the contr

of expression cassette Pgrac consisting of gtie& promoter, thdac operator and the efficient
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gsiB Shine-Dalgarno sequence (Jirgen et al., 1998)ovexbased on the strong, costitutou -
dependent promoteroE preceding the groE operon d&.subtilis which has been converted
into an strong inducible promoter by additiontbé lac operatotacO of E.coli. While the
background level of expression of these expressassettes is very low in the absence of inducer
IPTG, an induction factor of about 1,300 was measuredguseporter genes. The amount of
recombinant proteins produced after addition ofGPMay represent 10-13% of the total cellular
protein (Phan et al., 2005).

Because of the low transformation efficiency Bdcillus subtilisstrains, plasmid construction
were done inE.coli with the shuttle vectoE.coli/B.subtilispHTO1 and then transformed in
competent cells dB.subtilis

This cloning has been particularly difficult SInE®P 10E.coli colonies were very small for size,
showing growth problems (Fig.4.10) and when thpression of UDP-glucose dehydrogenase
was induced in BL21 by adding IPTG, we have fourat the cells do not survive, indicating that
tuaD gene expression is toxic i&.coli. It's likely that high UDP-glucose dehydrogenase
expression level drain UDP-glucuronic acid (preoursf HA) to produce teichuronic acid,
impoverishing the cell of glucose.

During cloning, we have observed that amount d&smid DNA from bacterial cells TOP10
transformed with pBS5, was about 1/10 concentratiam amount obtained for parental plasmid
pHTO1 using a Qiagen protocol. Therefore pBS5 wassformed, growth and amplified in
different E.coli strains in order to obtain a more high purificati Under this aspect we have
found that INVaF' cells, that express costitutivielgl gene, codifying lactose repressor, were the
best. We have found that TOP EQoli transformed with pBS5 was able to produce HAalth

at low levels, indicating that the cassette and?bec promoter is functional alsokncoli.

Fig.4.10 HasAandtuaD gene expression in
pBS5 TOP10E.coli cells These cells are
smaller than parental pHTO01 TOPEGcoli
cells.

4.3.3. Metabolic engineering of WB800MNd 1012B.subtilis

In order to increase the amount of HA productioBSp plasmid has been transformed in

B.subtiliscells. The transformation protocol used was tmeesdescribed in cap II.
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WBB8O0ON and 101B.subtilisstrains have been chosen. The first has beemesrgid of seven-

extracellular protease and wall-bound protease Wgeficient, that could degrade the secreted
protein. Although hyaluronan synthase, is a trarabrane protein there is always the possibility
that proteolisys occurs. 1012 strain was chosentad its superior growth characteristics and high
yield of secreted protein products in industriainfentors and because is used often in pHT
system In any cas@BS5 is an episomal non-integrative plasmid, soatttiéicial cassette operon

hasA-tuaDis present in more copies than a single copy rated in chromosome. The presence

and integrity of expression cassette in PBS5 wafircoed by PCR analysis.

4.3.4. Static shaker flask culture studies
The HA production capability of the metabolicallyngineered pBSSB.subtilis strains was

investigated in static culture experiments in MSBdiam added with sugars. Previous expression
experiments in our laboratory of recombinant GFP-PH cloned under Pgrac control in
B.subtilis, with different media and carbonium sources, hallewed to select the more
productive media for recombinant proteins expressilois work cap. Il) .

The best medium used in these experiments was M&tRa including 0,5-1%lucose and 0.5-
1% sucrose, at 25°C. After 24 h from IPTG inductidre HA production was evaluate by ethanol
precipitation and carbazole assay. It was obsethatl very important is shaker cultures at
relatively high rpm (220-250 rpm) to favour oxyg#aa, this could to be important for oxidation
of glucuronic acid.

g3

T R @ W e @ @ W
0 Wit B

B subhis 1012 pBSS fhas A + Tual)

B subbids 1012 pHTO (control)

Fig.4.11 Glucuronic acid analysis by reaction with  Fig. 4.12 HA precipitation fror8.subilis
carbazole, measuring absorbance of the samples a culture medium by absolute ethanol.
530 nm, against the blank. Example with pBS5

1012 B.subtilis pHTO01 Bacillus transformed

represents the blank to value background.
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4.3.5. Production of HA in fermentors

In order to optimize and increase the HA vyieldtHar production trials were made by Fidia S.p.a.
in bioreactors, that assure a controlled envirammessential for high HA yield. By applying fed-
batch technology in bioreactors (Kiss and Steppaalms, 1991), it is expected that the results
will be significantly enhanced by appropriate glsedeed strategies and pH control, optimal
feeding of sucrose, and suitable regulation ofagigih and aeration corresponding to the enhanced
viscosity of the fermentation broth by HA accumigat Generally, these methods can enhance
HA accumulation while maintaining robust culturabhility through controlled cell growth.

The results showed significant HA production immmal medium, comparable on long time with
that obtained in rich media, as LB, with advantéug using of precise chemical composition
medium, reduces accumulation of contaminants idyrton and purification of biological drugs,
assuring a final products very pure and toxin-free.

In fermentation trials (Fig. 4.12), the HA vyieldaries from 0.48 to 0.8 g/L in the two recombinant
WBB80ON and 1012B.subtilis strains, comparable with that reported in literatfor other
recombinant HA-producing microorganisms (Widneale2005; Chien and Lee 2007a; Chien and
Lee 2007b). Nevertheless pBS5 recombinant plastalilisy at the fermentation end was very

low, since presenting in max 8% of bacterial cells.

A
Data Fermentazione: 2g9/07/08
Clone B.subtilis: 1012-pB55 (colonia 1)
Volume Fermentazione: 7 L di minimal medium (in Fermentatore da 20L)
Agitazione: 1200 RPM _
Terﬁ;iii;?‘r:gi %%-_022 Liidn) Sl (il :::':n::"hni"“ temg o /h = came HA kg lunrhn; -
pH: §.9-7.1 : \
Fonte di Carbonio: 2% Saccarosio Ll EiE] 18
Induzione O.D 0,6-0,8: 0.4-0,5 mM IFTG it a5 12
Antibiotico (Cloranfenicolo): 20ulM g: “: g‘g %'ﬁ
Durata della fermentazione: 71h e :d Bﬂ:ﬁ 45
Durata dopo Induzione: 67h T3k nd fiE 30
B
Al d Cahaole
E ¥ _ Fig. 4.12 A. Example of fermentation process
8 o] o v for a pBS5 1012B.subtilis colony . B.
2 3 H Carbazole assay shows a maxima production
«l T o of 0.48 g/L at 66h from induction.
Tk
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4.3.6. Selection of HA secernind.subtilis strains with plasmid stability

In our laboratory, it has been tested stabilityplaflsmid, by replica plating experiments with and
without antibiotic selection and/or IPTG inductihile the number of bacterial colonies in plate
IS comparable either with either without antibiogielection of cloramphenicol (Fig. 4.13), when
bacteria were plate in presence of IPTG we haveobserved develop of colonies (data not
shown), thus indicating and confirming the toxi@bserved in fermentator.

Therefore we have streaked our pBS5 transforBedbtilis, in plate with IPTG concentration
gradient under cloramphenicol selection.

In this case we have observed that pBS5 transfbreeéls died with high IPTG concentration,
while survived without IPTG or in lower IPTG amosntexhibiting a small and dry colony
morphology or a large and mucoid colony morphologgspectively. This mucoid colony
morphology is typical oB.sutilisHA-producing (Fig. 4.14).

chloramphenicol +
IPTG + < IPTG -

cloramphenicol +  cloramphenicol -

Fig.4.13 pBS5 plasmid stability
with no IPTG induction. B.subtilis cells producing HA exhibit a mucoid colony morphology

Fig.4.14 HA expression plate assays. pBSfubtiliscells died with

high IPTG concentration, while survived in a IPTgsadient,

exhibiting a small and dry colony morphology oraage and mucoid
colony morphology, this latter typical 8fsutilisHA-producing. The
plates were incubated at 25°C for 24—48 h aftengtidn.

Some of these single mucoid colonies HA-producireggenselected and grown more times with
IPTG and antibiotic selection, showing plasmid #itgband the presence of the cassette for HA
(Fig. 4.15).
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IPTG+ IPTG- IPTG+ IPTG-

Fermentazions WA008 (1002 celonial PTG resisitente]

tempo induziong] FAdg/L &l Carbazole |Stabilita Plasmi

Flzipee 0 0%
10 ing L9 100%)
254 ind K 0%
3 ind 14y 100
1% ing BB 0%

Fig. 4.16 pBS5 plasmid stability of HA producing

Chloramphenicol+ Chloramphenicol- cells selected after more selection cycles withGPT
and antibiotic selection, in fermentation process.

After 49h from induction, plasmid stability was 260

Fig.4.15 pBS5 plasmid stability with and without and yields were increased at 3 up to 5 g/L.
IPTG induction, after more selection cycles with

IPTG and antibiotic selection.

These selected HA producing cells survived alsohigher IPTG concentration and after
fermentation processes they showed plasmid stgbiith plasmid present in 100% of bacterial
cells. This selection system makes possible olst@ible bacterial HA producing strains also after
many growth cycles and cellular divisions. As sgquence of this plasmid stability the yields
and MW of HA resulting by fermentation processesravncremented up to 5 gthat is in large
exceed that is published.

At the light of these results, it is possible hymsizethat HA synthase and UDP-Glucose-
Dehydrogenase or its protein products are toderhaps these two genes are not synthesized in
the same time and amounts. AlthoulgasA-tuaD cassette-operon is transcripted in a unique
polycistronic mMRNA after IPTG induction, HA symite, that polymerases, is a complex plasma
membrane enzyme with several trans-membrane dopthmisprobably requires more long time
for its synthesis, folding and functional localipat, than UDP-Glucose-Dehydrogenase, a simplex
cytoplasmic enzyme that converts glucose in gluzigracid and for which it is probably required
lower complexity for its folding (Fig.4.17). So mag that after induction, UDP-Glucose-
Dehydrogenase is traduced by polycistronic mRNA¢ob@ng functional before than HA
synthase. If it is so, dehydrogenase depriveséhe of glucose converting in glucuronic acid that,
not early forming HA and excreting by HA-synthasaccumulatewith toxic action and cell
death as observed ELColi. Therefore there is necessity of a precise esma regulation of
genes involved in HA biosynthetic pathway, with @re precise and equilibrated amount of

enzymes. When we maintain the cell under IPTG ihdndhese two genes become constitutive
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and the amount of glucuronic acid produced by UD&eGse-Dehydrogenase is export out of cell
under HA by HA synthase.

To obtain a more tightly controlled gene expressiegulation, it was proved to clofmasAand
tuaD under different promoters control. But during tHA expression plasmids construction, it
has been discovered tHasAandtuaD each are toxic ift.coli when controlled by a constitutive
promoter as P43.

These results maybe to support of hypotheses Ihat, functional HA synthase overexpression
deprivethe cells of HA precursor N-acetylglucosamine amPtglucuronic acid necessaries also
for cell wall construction, 2) while a functionalDPP- glucose-dehydrogenase overexpression
causes not controlled synhtesis of glucuronic #wad, not beingncorporate in HA and excrete by
synthase, acidific the cells impoverishing of glseoinducing in both situations the death of cell.
To further support of this toxicity hypothesis,wias observed during the pBS5 cloningEinoli,

that it can be grown and purified efficiently omhyE.coli invaF'. The growth in TOP10, normally
used in transformation and cloning, showed venrglsgolonies. inaF' cells have lac repressor
costitutively expressed, so they are not able amsicript the gene under Plac promoter. The
plasmid pHTO1, used to construct pBS5, containsritypgrac promoter with a lac operator,
which binds lac repressor blockirngasAandtuaD gene expression. Top10 that do not contain the
lac repressor are not able to maintain represBdginac and therefore growth with more difficulty.
These results indicate that there is necessity @fecise concerted in time expression regulation

of genes involved in HA biosynthetic pathway andamized in operons iBacillus and other

bacteria.
Pyrac S0  has/ SD tuaD P
Polycistronic
mBRNA
UDP -Glucose
Dehydrogenase
Glucoss UDP-D-Glucuronic acid + UDP H-acetyl-D-Glucosamine

OLUTSIDE

Lo -
5
Hyaluronan TRC . T Fig. 4.17 Representation of
synthase a4 | | ' KUY hasA-tuaDcassette-operon, and

concerted action of

INSIDE & K UDP-Glucose-Dehydrogenase

@]
§ § and HA synthase in HA
¥ metabolic pathway.

Hyaluronic acid
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4.3.7. Effect of metilate DNA in the HA expression

During the cloning of HA cassette we have found tha restriction siteXbal was loss in pBS5
plasmid purified by inaF' E.coli . After checking byDNA sequences we have obsethatthis
sites is always present, therefore we have hypabeé thaiXbal sites are metilated in ioW'. To
test this hypothesis we have transformed, amplifiadd purified the DNA plasmid pBS5 in
JM110E.coli strain that is deleted of dam and dcm metilase.

Restriction analysis withXbal restriction enzyme confirm the presence of thie sfter
purification by JM110 and therefore we have codetlithat inaF' E.coli strain is able to
metilate the pBS5 plasmid.

Therefore in order to ckeck if the metilation hasedfect on HA expression, we have compared
HA produced byB.subtilistransformed either with pBS5 DNA plasmid purified invaF' E.coli

or purified from JM110 strainAfter several experiments we have found that theeee not
substantially differences between HA produced by $ivains, and therefore seems that metilation

no influence transcription of HA pathway (Fig.4.18)

B. Subtilis
SOON 1012
- S =
9 = —
gf 3§ 23
o 09 ; na e
584544z
&
- 5_
Fig. 4.18  Agarose gel electrophoresis of HA picetl by
; : pBS5 800N and 101B.subtilis at 24-36 h from induction.
‘/‘ \ pBS5 plasmid DNA was purified from io#' or JM110
: E.colj, to verify if metilation influence production ofAd
: Commercial standard HA of about 800 kDa producedridja
' was used as references.

4.3.8. HA production via artificial operons inBacillus megaterium

More recently has been develop an expression systeng B.megateriumas host and the T7
RNA polymerase based promoter, and since this msysteows a more tightly precise expression
regulation inE.coli, we thought to use this system for HA expressiothig host.
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Advantages of this system are the stringent sgigctind the high transcriptional activity so that
it is possible to lead to a saturation of the pmesgnthesizing machinery in host organism.
Consequently 50% or more of the total celluprotein can consist of the desired protein
could be obtained iic.Coli (Studier and Moffatt, 1986). The T7 RNAP expresssystem for
B.megateriumcombines the features of this systemEiroli with the regulation by the xylose
operon and is based on two parallel-replicatingipids: pT7-RNAP and pP T7 (Gamer et al.
2009), available fromMoBiTec.

Plasmid pP T7 contains all structural elememiscessary for a T7 RNAP-dependent
expression of target genes under the control gbromoter. Plasmid pT7-RNAP contains the gene
encoding RNA polymerase of the bacteriophagé (7 RNAP) under the transcriptional
control of xylose-inducible promoter PxylA . Thisomoter is regulated by repressor coded by
XyIR gene, that blocks xyl operon transcriptionainsence of xylose. In the presence of xylose,
repressor takes off and starts transcription of RNAP that recognizes its specific promoter
beginning target genes transcription.

Plasmid pT7-RNAP contains the gene encoding RNAymperase of the bacteriophage T7 (T7
RNAP) under the transcriptional control of xylosehicible promoter PxylA.

Using this promoter system localized on free repiing plasmids for the overexpression of
recombinant genes B.megateriumyielded an induction of up to 350-fold while adglixylose to
the growth medium.

T7 RNA polymerase is highly processive and recagpisly genes that are place under its control.
So it could be used to selectively transcripttdrget gene, without interfere with the growth and
synthesis of bacterial proteins.

B.megateriumas well aBB.subtilis does not produce toxins associated with the cutanbrane
and grow on low cost substances, using of a wideety of carbon sources (Vary,1994).
B.megateriumrespect to other bacilli has the advantage¢ titme of the alkaline proteases are
present. This fact enables an excellent cloning expression of foreign proteins without
degradation (Meinhardt et al.,, 1989; RygusH#len, 1991). Furthermord8. megateriumis
known for the stable replication and maintenanceevkral extra-chromosomal DNA elements in
parallel (Kim, 2003; Vary, 1992;von Tersch and Rokb1990) and this can be very important to
cloning all the genes-operons of HA pathway withglasmid instability events. In fact, trials to
construct cassette-operonsBacillus subtiliswith more genes thahasA-tuaD éxamplehasA-
tuaD-gtaB) were failed probably due plasmid instability pherema. Cloning cassette-operons
containing more genes implicated in HA pathway ddug interesting to favour higher HA yields

and molecular weights.
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4.3.9. HA molecular weight

HA molecular weight (MW) is important for the phgshemical as well as biological properties of
HA. Although the HA biosynthetic mechanism is weditablished (see above par.4.3.1.), little is
known about what controls HA molecular weight. Theolecular mechanisms underlying chain
termination and hence molecular weight control, aempoorly understood, not only for
hyaluronan synthases but also for otBefpolysaccharide synthases, (e.g. cellulose, ¢hatirdl
1,3-betaglucan synthases) (Chen et al.,2009).

It is noted that MW is partly an intrinsic paranreté the HA synthase (Weigel P.H., 2002), for
example, has been demonstrated that, mutation wn$eceed cysteine or polar residues in
streptococcal HA synthases results in reduoedecular weight with limited effect on
biosynthetic rate. Chen and others (2009) have dstrated that in vivo MW is also affected by
culture parameters, e.g. temperature and aerd®iark (M. et al., 1997), under this aspect, a more
likely explanation is that molecular weight is afled by the availability of activated sugar
substrates (UDP-GIcUA and UDP-GIcNAc) as well as ttoncentration of possible effector
molecules, such as free UDP.

More has been demonstrated that the MW hyaluraciat could be increased by over-expressing
genes involved in these pathways (e.g., phosphogsmmerasepgi) in Streptococcus equi
subspeciezooepidemicuChen et al., 2009).

ChenW.Y. and others manipulated metabolite cona#atrs in the hyaluronan pathway by
overexpressing the five genes of the hyaluronathsgs operon it$.zooepidemicygsoncluding
that overexpression of genes involved in UDP-glanio acid biosynthesis decreased MW,
whereas overexpression of genes involved in UDR:@tydglucosamine biosynthesis increased
molecular weight. The data indicate that 1) higHenolar weight is achieved when an appropriate
balance of UDP-N-acetylglucosamine and UDP-gluceratid is achieved, 2) UDP-N-acetyl-
glucosamine exerts the dominant effect on molecwlaight, and 3) the wild-type strain has
suboptimal levels of UDP-N-acetylglucosamine. Cstesit herewith molecular weight correlated
strongly with the concentration of UDP-N-acetylglsamine (Chen et al., 2009).

Similarly, Yu and Stephanopoulos (2008) demongirdéket pgi plays an important role in the
production of high MW HA in recombinagischerichia coli

At the light of these results and considering, amanstrated by Widner (2005), that UDP-
glucuronic acid is limiting for HA synthesis iB. subtilis (yields from hasAwere negligible,

whereas yields fronihasA/tuaDwere comparable to straimsA/tuaD/gtaB indicating that the
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level of UDP-GICUA is limiting in the nativ®.subtilisbackground due to insufficient levels of
UDP-GIc dehydrogenase), it is thought in our labmmato construct an artificial cassette-operon
cloning hasA-tuaD-gtaBand pgi genes under T7 promoter control of pT7 plasmid for
B.megaterium

In fact, trials to construct cassette-operonBawillus subtiliswith more genes dsasA-tuaD-gtaB
were failed probably due plasmid instability pherema. Because &.megateriums known for
the stable replication and maintenance of sevedab-€hromosomal DNA elements in parallel
(Kim et al., 2003), it could be advantageous torexpression of HA pathway in order to increase
yields and MW of produced HA.

4.3.10. Metabolic engineering of pTiiasA-tuaD and pT7hasA-tuaD-gtaB-pgi

As B.subtilis alsoB.megateriumis missing of HA synthase enzyme and we haveneeged
Ms941 B.megateriunstrain to overexpress thesA derived fromStreptococcus equobgether
with the other gene involved in HA pathway . Therefas well aB.subtilis we have put the
hasA-tuaDcassette under the control of T7 RNA polymerageeddent promoter of plasmid pT7
(Fig.4.19).

The expression vector pT7 plasmid #rmegateriumhave a molecular weight significant more
little that pHT plasmid series fdacillus subtilis (5243bp vs 7955bp) therefore in pT7 plasmid
additional gene are possible incorporate withostahility. Therefore in order to increase HA
yields and MW, inB.megateriumiwo other gene involved in HA pathway are enginddre
pT7hasA-tuaD This two genes argtaB andpgi genes, homologues of streptocoeasC and
has Gene sequencegtaB, coding for UDP-glucose pyrophoshorylase, aqmid, coding for
phosphoglucoisomerase, have been rescued by P@RB#oillus subtilis 168 strain. Also in this
case the entire casseltasA-tuaD-gtaB-pghas been put under the control of T7 RNA polymerase
dependent promoter (Fig.4.20).

T7T RNAF

on
(B. megaterium) terminator sD A SD  fuaD
1
.__.._ﬁk ari (E. coli) p17 hasA-tusD
T7 RNAP 4

posiRiter SD hask SD tuaD SD ptaB SD poi

repl

has A tuaD gtb pgi P17 hasA-tuaD-gtald-pgi

| g
AmpF . .
L Fig. 4.20Representation of cassette-opertiasA-tuaD
Tet" and hasA-tuaD-gtaB-pgi the cassette-operons have been
~ cloned underPT7 promoter control in pT7 to give

pT7hasA-tuaD and pThasA-tuaD-gtaB-pgi

129



Fig. 4.19 pT7 expression plasmid.

For the low efficiency of transformation 8facillus strains, all constructions were doneBErcoli
invaF' with the pT7shuttle vector, able to replicatdathE.coli andB.megaterium

The advantage of pT7 plasmid is that is able taesgpthe recombinant proteins alsoEiroli
when transformed in strains that support the symshef T7 RNA polymerase, and therefore it is
possible found the correctness of constructionsreethe transformation iB.megaterimAt this
purpose, pTiasA-tuaDand pThasA-tuaD-gtaB-pgiafter construction irk.coli invaF', were
transformed irk.coli (DE3) LysS cells and the expressed protein has begfied by SDS-PAGE.
As shown in Fig. 4.21 a protein of about 42kDa adic with HA synthasé@asAMW reported in
literature and a protein of 54 kDa correspondin BP-glucose dehydrogenateaD, are visible

in pT7hasA-tuabDtransformed and IPTG induced cells. In additiwg further protein bands are
evident in pThasA-tuaD-gtaB-pgor pT7hyal transformed and IPTG induced cellpraein of
51 kDa corresponding to phosphoglucoisomemgeand a protein of 32 kDa corresponding to
UDP-glucose pyrophoshorylaggaB In conclusion both plasmids produce enzymes sacggo

HA production.

Fig.4.21 BL21[DE]LysS cells were transformed
with the plasmids pThasA-tuaD (line2) and
pT7hasA-tuaD-gtaB-pg(line 7 and 8), and protein
expression was induced with 0.5 mM IPTG. Cells
were suspended in SDS-lysis buffer and proteins
were analyzed by SDS-PAGE and stained with
Comassie Brilliant Blue. Line 1,5and 6 represent
the controls.
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COLONIA 6

COLONIA 2

Fig. 4.22 Plate assays. giasA-tuaD(colony 2) and pTiasA-tuaD-gtaB-pgfcolony 6)E.coli cells were streaked on
LB agar plates, pT7 control cells grew more easy easulted larger and planer than pa%A-tuaD and pThasA-
tuaD-gtaB-pgitransformed cells.

4.3.11. Hyaluronic acid production by recombinant.coli

Because of both plasmids produce enzymes necetsséta production, it is thought to test the
ability of engineered.coli strains to produce HA in medium and in plate assay

We have observed that when recombirtamoli cells were transformed with phasA-tuaD or
pT7hasA-tuaD-gtaB-pgi, the bacteria cells grew more slowly than cel¢formed with the
parental plasmid and resulted with smaller colanfso in this case when ph@asA-tuaD or
pT7hasA-tuaD-gtaB-pgtransformedE.coli cells, were plated with IPTG concentration gratien
and selection, these cells died with high IPTG eom@tions, while some exhibited a shiner
colony morphology, typical of HA-producing cellslatver IPTG concentration (fig. 4.22).
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Some of these single mucoid colonies HA producstiggaked with IPTG survived; thus using a
IPTG concentration gradient it is possible seleéable colonies producing high HA levels from
E.coli (fig.4.23).

+IPTG

Fig. 4.23 A. HA expression plate assays.
pT7hasA-tuaD and pThasA-tuaD-gtaB-pgi
E.coli cells died withhigh IPTG concentration,
while survived in a gradient IPTG , some
exhibiting a mucoid colony morphology, typical
of HA-producing cells. B. Selected stable colonies
HA-producing.

Thus, pThasA-tuaD and pThasA-tuaD-gtaB-pgHA-producing colonies were grown in LB
solution added with 1% sucrose and IPTG for 48klIsCharvested by centrifugation from 1 ml of
culture, were diluted with an equal volume of 0,184 sodium-dodecyl-sulfate (SDS) and
incubated at room temperature for 10 min to flee ¢apsular HA (Chong and Nielsen, 2003).
Subsequently the HA product was precipitated witlo2imes of absolute ethanol. Only pEBA-
tuaD and pThasA-tuaD-gtaB-pgicolonies produced a HA precipitate (fig. 4.25).eTHA
precipitate, collected by centrifugation, was alsaofied by carbazole assay. However, as show
in gel electrophoresis (fig.4.24), recombin&ntoli cells are able to produce only low amounts o
HA.

Control

E coli 2

E cali &

H0O JMA1 1D
1012 PBSS old
1012 MDD

Fig. 4.24 Agarose gel . s
electrophoresis of HA produced by Fig. 4.25 HA precipitationfrom
pT7hasA-tuaDand pThasA-tuaD- pT7, pThasA-tuaD and pThasA-
gtaB-pgi  engineered  colonies tuaD-gtaB-pgi transformed E.coli
obtained inE.coli. HA produced culture medium by absolute ethanol.
by pBS5 WB80ON and 1012 pT7E.coli (eppendorf 1) no produce
Bacillus subtilis was used as HA (control).

control.
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4.3.12. Hyaluronic acid production by recombinantMS941B.megaterium
pT7hasA-tuaDand pThasA-tuaD-gtaB-pgivere transformed in MS94B.megateriuntompetent
cell provided of pT7-RNAP. At the aim has been set g-gthylene-glycol-mediated competent
B.megateriunprotoplasts preparation and transformation pat@8arg et al., 2005) to remove
the solid cell wall of this bacterium and isolabte fprotoplasts, as described with more details in
materials and methods. We have obtained about ywemhbnies transformed with phidsA-tuaD

or pT7hasA-tuaD-gtaB-pgin this B.megateriunstrain Most of thesecolonies were screened for

ability to produce HA either in plate assay thashiaker flask culture.

Plate assay
When recombinant pTHasA-tuaD and pThasA-tuaD-gtaB-pgiB.megateriumcolonies were

plated on the Difco Tryptose Blood -xylose- chlogranicol tetracicline added agar plates, a
weakly mucoid translucent morphlogy, typical of gmoing HA cells, (fig. 4.26) were observed
with transformants, differently by dry morphology an-induced recombinant colonies or
transformed with parental plasmid pT7. Using a@doncentration gradient we have select

stable colonies producing high HA levels.

+Xylose Fig. 4.26 HA expression plate assays. pdSA-tuaDand
pT7hasA-tuaD-gtaB-pgi B.subtiliccells died with high
IPTG concentration, while survived in a gradieRTG,
exhibiting a small and dry colony morphology or aawid
colony morphology, this latter typical of HA-pnacing

cells.

Shake flask culture studies

The ability to produce HA, was investigated in lsdraculture experiments with MSR medium
incorporating 1% glucose and 1%-5% sucrose and M MgSO, favouring HA synthase
catalyst, being an important metal co-factor of HAShe naturabtreptococcusAs in B.subtilis,

it is observed importance of high rpm shakeringatur cell growth in aerobic environment and
glucuronic acid oxidation, important to create Hw precursors. HA production was observed in
all selected colonies, unless one, (colony 3 Fig7}after 24 h from 0,5% (w/v) D-xylose
induction by ethanol precipitation and carbazokags
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Bacillus Megaterium
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Fig. 4.27 Agarose gel electrophoresis of HA pradldy
some of pThasA-tuaD and pThasA-tuaD-gtaB-pgi
engineered colonies obtained Bamegaterium Commercial
standard HA of about 800 kDa produced by Fidia used as
references.

Temperature and time effects

Three different temperatures 25°C, 37°C and 41°@wewaluate for growth in MSR medium
added of 1% glucose and 5% sucrose for 24 h.

We have found that a significant HA production ved$ained only at 25°C either for pA&@sA-
tuaD either for pThasA-tuaD-gtaB-pgiB.megateriumcolonies. In this condition we have
examined the level of synthesis of hyaluronic atidifferent time (fig.4.28). While after 8h post-
induction we have not found HA production, moradatime show an increase of molecular

weight.

Bacillus Megaterium

2 geni 4 geni

Mw Fidia (800)

filtred broth
Mw Fidia (1800)

Mw Fidia (800)
Mw Fidia (800)
B. subtilis

Mw Fidia (800)

8 2436 48 56 72 8 24 36 48 56 72

Fig. 4.28 Agarose gel electrophoresis of HA
produced on time (8, 24, 36, 48, 56, 72 h from
induction) by pThasA-tuaDand pThasA-tuaD-
gtaB-pgi engineered B.megaterium strains.
Commercial standard HA of 800 kDa [line 1] and
1800 kDa [line 3], and HA from filtred
Streptococcus broth of 4000 kDa [line 2],
produced by Fidia S.p.a., were used as references.
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In these shake flask cultures the better HA pradoatith highest WM and minor polydispersity
Is obtained at about 24-36 hours from inductionm#or HA polydispersity is commercially
appreciable because means more homogeneity of giradlulonger cultivation time resulted in

a light reduction of HA MW, likely due perhaps tower carbonium sources available to
metabolic pathways in cells, because of in thes&eslilask experiments there were not further
feeds.

Between these two constructs and in these conditmmave observed higher molecular weights
for engineered pThasA-tuaD-gtaB-pgB.megateriumdemonstrating also in these case that the

overexpression ajtaB andpgi seem influence MW.

A further comparison of HA yields produced betwgeBS5B.subtilis strains (WB80ON and
1012) and pTHasA-tuaD and pThasA-tuaD-gtaB-pgB.megateriunstrains, shows that pBS5
1012B.subtilisHA synthesis was resulted better than HA of pB88N\8B.subtilis(strain deleted

of 8 protease) as MW and polidispersity.

Moreover, the molecular weights of HA produced hyiaeered pBS51013.subtilis and
pT7hasA-tuaD B.megateriuare comparable, while the best HA production ipbyhasA-tuaD-
gtaB-pgi B.megateriumwith the highest weights, measured in range @& MWDa, with a
polydispersity comparable to that reported cmmmercially available streptococcus sources, as
it can see by gel electophoresis (Fig. 4.29).

Because of HA samples examined are produced byestiask cultures, these results are very

promising in view of batch fermentation cultures.

B. subtilis B. Megaterium
800N 1012

GFP control
pBS5
~ | pBS5IM110
~ GFP control
pBS5 IM110
Mw Fidia (800)
2 genes

" pBS5

»n
5]
=}
o)
cn

o]

4 genes
| 4 genes

Fig. 4.29 Agarose gel electrophoresis of HA praduby pThasA-
tuaD(2 genes)and pThasA-tuaD-gtaB-pgi(4 genes) engineered
B.megaterium, and by pBS5 WB800ON and 101Bacillus subtilis
GFPBacillusstrains were used as control.

Commercial standard HA of 800 kDa produced by&dip.a., were
used as references.
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4.4. Discussion

Bacillus species are well known for their contributioms tgricultural, medical and food
biotechnology and for large-scale production oforebinant proteins, in particular for the
industrial production of secreted enzymes, and &sdhe expression of foreign proteins with
pharmacological or immunological activities (Harwloet al. 1992, Wong et al. 1995). Such
interest seems from several reasons: sBawllus species, with particular emphasis Bisubtilis,
offer high biosynthetic efficiency and a valid ssttwn apparatus with release of the target proteins
directly into the culture supernatant which gngatmplifies and reduces the costs of downstream
purification; at present, about 60% of themowercially available enzymes are produced by
Bacillus species (van Wely et al., 2001). The large bodjnfifrmation concerning genetic and
physiology, together easy of genetic manipulatiod Erge-scale fermentation, make these non-
pathogenic organisms, designed GRAS (generallyrdedgaas safe), particularly interesting not
only for recombinant proteins production but ales ¥accine production and engineering of
metabolic pathway, as hyaluronic acid pathway.

At present the worldwide market for HA is estinthtg over one billion dollars per annual, and is
satisfied primarily by extraction from roosterntos and certain attenuated strains of group C
Streptococcusvhich synthesize this compound naturally as patheir outer capsule. However,
these are less-than-ideal sources, because otramshb-based HA products have been reported
to cause allergic and inflammatory reactions, mdtstreptococci have the potential to produce
exotoxins. Thus, it would be advantageous to develo alternative source of HA that avoids
these serious pitfalls, since HA is primarily usedhe biomedical field with many applications
requiring injection into the human body. Actualbgveral papers report about recombinant HA
synthesis in microorganisms through metabolic ezmyimg (Widner et al. 2005, Chien and Lee
2007a, Chien and Lee 2007b, Prasad et al., 2009 avdoChen 2007, Yu and Stephanopoulos
2008, Mao et al. 2009, Sheng et al. 2009, Céeral. 2009).

Previous works have demonstrated that non- napwaalucingBacillus subtilis168 can produce
HA, modifying its HA biosynthetic pathway. It wastgérmined that the production of UDP-
glucuronic acid is limiting irB. subtilis168 and that overexpressing theeptococcus hasgene
along with the endogenousaD gene is sufficient for high-level production of HAhe system
utilizes a chromosomal integrative strategy, résglHA yields of about 1g/L in the 1IMDA range
(Widner et al. 2005). In an other work, to replénike energy consumed for HA biosynthesis,
Vitreoscillahemoglobin was coexpressed with HA-expressing gaeeslting in about 1.8 g/L of
HA (Chien and Lee, 2007).

In this work HA production has been obtained in VUBR (strain deleted of 8 protease) and 1012

Bacillus subtilisby replicative strategy. Using of an episomaltgedqi.e. a plasmid) with
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relatively high copies, it has advantage to expagskigher level of interested gene (increasing the
MRNA amount) than a single copy on the chromosdgseng of pHT plasmid-based expression
vector for highly efficient intracellular overexmsaon of cassette-operdrasA-tuaD (codifying
HA synthase fromStreptococcus equisimilisand UDP-glucose dehydrogenase fdBasubilis
168), it was been possible select stable metabaljineeredBacillus subtilisstrains HA secreting,
with yields major than 5g/L in bioreactor, with Middgger than the 800-1000 kDa.

Moreover, in order to extend the applications of BAd make better HA-containing biomedical
products, it is necessary to obtain high MW ane ritore possible uniform-size definited HA.
Although little is known about what controls HA reollar weight, it is recently demonstrated that
the MW of HA could be increased by over-expressgenes in the HA pathway (e.g.,
phosphoglucoisomerag®gi) in Streptococcus equisubspecieszooepidemicugChen et al.,
2009). Similarly, Yu and Stephanopoulos (2008) destrated thapgi plays an important role in
the production of high MW HA in recombinascherichia coli

At the aim, in this work it was tried to construatificial cassette-operons cloningasA-tuaD-
gtaB andpgi genes in pHTO1 under Pgrac promoteBisubtilis Nevertheless numerous cloning
trials, these plasmids have not been obtained piplolaie to plasmid instability phenomena.

So it is thought to construct cassette-operonsiiather bacillus strairB. megateriumknown for
the stable replication and maintenance of sevedab-€hromosomal DNA elements in parallel
(Kim, 2003; Vary, 1992; von Tersch and Robbins, @98nd this has been very important to
cloning more genes-operons of HA pathway withdasmid instability events.

Moreover, to our knowledge no report exist on HAdarction inB.megateriumand in this work
for the first time was been engineef@dnegateriunstrains overexpressingasA-tuaDor hasA-
tuaD-gtaB-pgiartificial cassette-operons under T7 promoter rabrity replicative genetic. At the
moment, in the optimal expression conditions (terajure, media, production time) here set,
these recombinar®.megateriunstrains produce about 2g/L in shake flask, thatgood yields,
being flask cultures, and very promising resultgiew of batch fermentation cultures.

In addition, the HA molecular weights ihasA-tuaDoverexpressing.megateriunare comparable
to those of pBS3Bacillus subtilis (superior at 800-1000kDa) while imasA-tuaD-gtaB-pgi
overexpressingd.megaterium seem higher, about 1800 kDa, comparable alspdtydispersity
to commercially availableStreptococcussources. We deduced thgtaB-gpi overexpression
resulted in a molecular weights enhancement, amheu trials overexpressing different HA
pathway genes are doing to investigate about wiflaience and control HA molecular weight.

In conclusion although high potential secretoryamaty ofBacilluswas not appear in secretion of
a foreign eukaryotic protein, as anti-prion 8H4\stEre tested. subtilisandB.megateriunhave

proven to be superior expression hosts for engmgeof a natural metabolic pathway, as
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biosynthesis of HA, based on several criteria: dydyquality of HA, comparable to commercial
streptococcustandards regards to molecular mass and polydispe and optima HA yields. In
fact, engineered pB3Bacillus subtilisstrains produce HA with yields in bioreactor,ahunore
than 4-5¢g/L that are actually producedSiyepctococcus industrial commercial HA production
by Fidia S.p.a. Moreover, innovative and promisiisgthe HA production in engineered
B.megateriunstrains (about 2g/L in shake flask cultures).

In addition, unlike Streptococcusthe B. subtilis and B.megateriurderived HA products are
exotoxin free and secreted directly into the sumbng medium and are not cells associate, which
should greatly simplify the recovery process aralifate downstream processing. The production
economics are further enhanced due to the abiliBagillus strains to grow on minimal media, in
contrast to thé&treptococcu#\ and C, which are fastidious organisms and reguoiore expensive
complex media for growth. In addition to economdvantageusing of minimal media with
precise chemical composition, reduces accumulatdncontaminants in production and

purification of biological drugs, assuring a fiqrbducts very pure and toxin-free.
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