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Abstract

Abstract

Recombinant expression of antibody fragment&dgoherichia col(E. coli) is often hampered
by low expression, inefficient translocation andygation in the periplasm. Aggregation
problem duringin vitro-renaturation is also a limiting factor, when aatlp fragments
expressed in bacterial cytosol as inclusion bodi®'s). The objective of this work was to
achieve and optimise periplasmic production, andxplore novel strategies fan vitro-

renaturation from cytoplasmic IB’s.

For the study, the single chain antibody fragmeyatirsst the hapten oxazolone (scFvOx) was
chosen as the model system. Periplasmic expregsisrachieved under the control of the
promoter. The expression of scFvOx was sustained,r®t harmful to the host. Efficient
translocation of the product to the periplasm wasgeved, no periplasmic IB’s were detected,
and the soluble scFvOx was biologically active.ekpected, in a laboratory scale bioreactor,
the duration of production phase was directly egldb the rate of specific growths{), and
product degradation was observed at late cultivgbloases in both cases. In contrast to the
lac promoter systeml7 promoter-driven expression led to very high lesxgbression of the
product, adversely affecting cell physiology. Indaidn, co-expression of DsbA (disulfide
bond forming enzyme A) and its active site variamge not beneficial for the production of

scFvOX.

Renaturation of scFvOx from cytoplasmic IB’s wasalerated with methylimidazolium
chloride-derived lonic Liquids (IL's). The IL's werfound to suppress aggregation and
enhance renaturation yield. Among the other IL&ed, N-hydroxyethyl pyridinium chloride
was found to promote renaturation, whereas N-dktylethylimidazolium anion variants

with phosphate and sulphate were not beneficial.

Urea-induced denaturation was less reversible &.pHhan at pH 7.0. The protein was most
stable between pH 6.0 and 7.0 while pH values bé&@or above 8.0 were destabilising. At
pH 2.0, an acid-induced state, characterised bByeadhift in fluorescence, high percentage of
secondary structure, and apparent thermodynamibilista was observed. The pH

dependency of renaturation of scFvOx, be it from duced denatured protein or from the
glutathione modified mixed disulfide, reflected thid-dependent stability of the native state.

Higher renaturation yields were obtained betweer6gHand 7.0 than at pH 8.5.

For the renaturation of the glutathione-modifieckedi disulfide of scFvOx, four aromatic

thiols were tested as novel redox buffers. Threetl@fm significantly enhanced the
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renaturation yield of scFvOx at lower pH as comgai@ renaturation in the presence of
glutathione. Of the thiol compounds, thiosalicybcid stimulated the apparent rate of

renaturation by a factor of two.

The findings from these studies might be helpful loe optimisation of the periplasmic
production of antibody fragments as well as foaklshing optimised renaturation protocols

for inclusion body material at physiological pH.
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Zusammenfassung

Der Erfolg der rekombinanten Expression von AnfgdgirFragmenten im bakteriellen
Periplasma kann z.B. durch zu kleine Mengen adymiertem Protein, durch ineffiziente
Translokation , und durch Préazipitation im Periplas eingeschrankt werden. Werden
Antikérperfragmente hingegen im bakteriellen Zylosds unlésliche Einschlusskorper
(inclusion bodies) produziert, kbnnen Aggregationbfeme wahrend der Rickfaltung zum

limitierenden Faktor werden.

Ein Thema dieser Doktorarbeit war die Etablierumgl @ptimierung der Produktion eines
Einzelketten-Antikorper-Fragmenten gegen das Haggazolon (scFvOx) im Periplasma.
Weiterhin sollten neue Ruckfaltungsstrategien fiiesels Modellprotein nach seiner

Expression in zytoplasmatischreclusion bodiesintersucht werden.

Es ist gelungen, scFvOx im Periplasma zu produziebas Protein wurde effizient in das
Periplasma befordert. Die Expression unter Korgrdiédac-Promoters verlief kontinuierlich
und beeintrachtigte die Physiologie des Wirtsorgiamis nicht negativ. Es konnten keine
inclusion bodiesin den Zellen nachgewiesen werden. Das periplasohmatexprimierte

scFvOx war biologisch aktiv.

Der Effekt der Promotorstarke auf die Expressiomrdeuuntersucht. Der Einsatz des sehr
strdken T7 Promotors fihrte zu sehr hohen Produktbildungsrateodurch es zu einer

negativen Beeintrachtigung der Zellphysiologie kdde Koexpression Disulfideisomerase
DsbA und von zwei ihrer aktiven Zentrum mutiertearinten erwies sich entgegen den

Erwartungen als nicht hilfreich fur die Produktieon scFvOX.

Im Bioreaktor wurde bei einer spezifischen Wachstate (4.) von 0,06 H eine langere
Produktionsphase von scFvOx erreicht als bei aiperifischen Wachstumsrate von 0,12 h

In den spaten Kultivierungsphasen kam es in beiddlen zum Verlust des Produktes.

Weiterhin wurde die Ruckfaltung von scFvOx aus plgematischeninclusion bodies
untersucht. Zu diesem Zweck wurden die Einflisse ienischen Flissigkeiten (IL), aus der
Klasse der von N-Alkyl-N’-Methylimidazoliumchloridauf die Rickfaltung getestet. Diese
IL unterdriickien die Aggregation und flihren somiteiner erhfhten Rickfaltungsausbeute.
Weitere IL mit verschiedenen Kationen und Anionemrden ebenfalls getestet. N-

Hydroxyethylpyridiniumchlorid erwies sich als eftales Additiv fir die Rickfaltung von
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scFvOx, wahrend N-Alkyl-N'-Methylimidazoiumderivatemit Dialkylphosphat- bzw.

Ethylsulfat-Anionen weniger férderlich fir die Rémaerung waren.

Die Stabilitat von scFvOx gegentber chemischer Reigaung und pH wurde untersucht.
Die Stabilitat des Proteins war zwischen pH 6,0 phtl 7,0 am gréf3ten. Die chemische
Denaturierung bei pH 8,5 war weniger reversibel s pH 7,0. Bei pH 2,0 konnte ein
saureinduzierter Konformationszustand beobachtetrdeme Dieser Zustand wird
charakterisiert durch einen hohen Sekundasstrakttedl und apparente thermodynamische
Stabilitat.

Die pH-Abhangigkeit der Renaturierung von scFvOxsgahend sowohl von reduziert
denaturiertem Protein als auch vom gemischten fidsohit Glutathion spiegelt die pH-
abhéngige Stabilitat des Proteins wieder. Die héchd&usbeuten der Rickfaltung wurden

dabei zwischen pH 6,0 und 7,0 erzielt.

Weiterhin wurden aromatische Thiolverbindungen mésiartige Redoxreagentien fur die
oxidative in vitro-RuUckfaltung von scFvOx getestet. Die untersuchematischen Thiole

verbesserten mit einer Ausnahme die Ausbeuten denatRrierung gegeniber der
Ruckfaltung in Gegenwart von Glutathion. Wahrendio$alicylsdure die Rate der
Renaturierung um das zweifache beschleunigte, weirdeolcher Effekt fir die untersuchten

heteroaromatischen Verbindungen nicht beobachtet.

Die Ergebnisse dieser Untersuchungen sollten sith die Zukunft sowohl fir die
Verbesserung der periplasmischen Produktion vorkérgerfragmenten als auch fur die
Erarbeitung optimierter Ruckfaltungsprotokolle fuinclusion body-Material bei

physiologischen pH-Werten als hilfreich erweisen.
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Introduction 1

1. Introduction

1.1 Antibodies and antibody fragments

1.1.1 The immune system and immunoglobulins

The immune system of vertebrates is a complex systemolecules and cells designed to
protect the body against viruses, micro-organisamsl parasites by distinguishing between
“self” and “foreign”. Antibodies or immunoglobulinfg) are part of the humoral immune
response, are produced by mature B cells or plagti®and can either inactivate the foreign
particle, the antigen, or label it for further pessing by the complement system or
macrophages. Human immunoglobulins can be divided 5 classes according to their
function and physico-chemical properties: IgG, IgiyA, IgE and IgD (Janeway and Travers,
1997; Nilsson and Tolmachev, 2007; Sorensen, 2007)

1.1.2 Antibodies

IgG’s are the most abundant class of antibodiesgmtein human immunoglobulins. The IgG
molecule consists of two identical light chains awd identical heavy chains, which have a
considerable variation due to alternate splicindg somatic recombination. Each chain has a
variable domain (M and \{), which is important for antigen binding. Protdalydigestion of
entire 1IgG molecules with papain results in twoigati-binding fragments (Fab) and one
crystalline fragment (Fc) (Fig. 1.1). These domaamns structurally related and are called
immunoglobulin domains. They consist of tg«sheets in a sandwich-like arrangement, each
consisting of three or four antiparallpistrands in the constant domains and four or five
antiparallelp-strands in the variable domains (Fig. 1.2). Thacsture of the antiparalldi-
strands is fixed by a disulfide bond between twseasial cysteines and stabilised by
hydrophobic interactions. In the variable domairthyee loops consisting of the
complementarity-determining regions (CDRs) contiebto specific antigen binding. The Fc

region is responsible for the effector functionghaf 19G.

Antibodies with binding specificity for a certaimtggen can be obtained by immunisation of
experimental animals. The hybridoma technique dpet by Kohler and Milstein (1975)
allows the production of monoclonal antibodies (rg)\specific for only one epitope. Here
splenic B-cells are isolated after immunisation &rsked with tumour cells. By selection and
proliferation of a single hybridoma cell expressiagtibodies with the desired binding

specificity, mAb’s can be produced in theoreticalhlimited amounts.



Introduction 2

Fig. 1.1: Structure of an IgG and antibody fragmens: (Fab’) can be obtained by digestion with
pepsin, Fab” by subsequent reduction. Fab resolts digestion with papain. Fv is usually expressed
as a recombinant protein. DsFv and scFv are staHilby a genetically introduced disulfide bond or a
peptide linker, respectively.

CDR1

Fig. 1.2: Immunoglobulin folds of a constant domain(A) and a variable domain (B): Blue: N-
terminal B-sheet, yellow: C-terminaB-sheet, green: extr-strands in variable domains, red:
complementarity determining regions.
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1.1.3 Antibody Fragments

For many clinical and diagnostic applications sashELISA orin situ labeling techniques,
the antigen binding activity is of interest, but tite effector activities of the constant regions.
Therefore, often, antibody fragments consisting/ gdrts of the parental mAb which confer
the characteristic binding activity are preparedy.(A.1). Small antibody fragments have
advantages compared to whole immunoglobulins foresolinical applications, such as good
penetration of solid tumours, rapid clearance (blugt al., 1993, and 1996; Holliger and
Hudson, 2005), easy derivatisation, and lack oérabding requirements. Additionally, they
can be produced in various expression systems, asigilants (Fiedler and Conrad, 1998,
Orecchiaet al., 2008), bacteria (Buchner and Rudolph, 1991; Skttal., 2004), or yeasts
(Edgvistet al.,1991; Khatri and Hoffmann, 2006).

The smallest antibody fragment that retains ancingatigen-binding site is the variable
fragment (Fv) that consists only of\and \{ (Fig. 1.1). However, this fragment is unstable,
as these domains are free to dissociate. Two gieathave been adopted to overcome this.
The first is to link the domains with a peptide generate a single chain Fv (scFv). The
second is to introduce cysteines at the interfaterden the \ and the Y domains, resulting

in an Fv stabilised by disulfide bond formation Kds (Vermaet al., 1998). The first
approach is more commonly used because it alseesdhe number of genes to be expressed
to one and a linker consisting of (@Ber} has been proven to work well (Pantoliagtaal.,
1991). In addition, large numbers of scFv's cansbeeened for antigen binding by phage
display techniques (McCaffergt al.,1990; Schirrmanet al.,2008).

1.1.4 Recombinant antibodies as modern bio-therapéas

Engineered antibodies (mAb’s or fragments) are néawly well established as
biopharmaceuticals, and as of 2005 itself, sincarit®ody products have reached the market
and, more than 100 are in clinical trials Holligerd Hudson (2005). Analysts are predicting
that by 2010, engineered antibodies are likelycdmoant for over 30% of all revenues in the
biotechnology market across the globe. Smaller meooant antibody fragments (f@.g.,
classical monovalent antibody fragments, Fab, sqFWy. 1.1) and engineered variants
(diabodies, triabodies, minibodies and single-domantibodies) are now emerging as
feasible alternatives. These fragments retaindahgeting specificity of whole mAb’s but can
be produced more economically and possess othgueigind superior properties for a range
of diagnostic and therapeutic applications. Antjodchgments have also been linked to
therapeutic payloads (such as, radionuclides, soxémzymes, liposomes and viruses) to
produce multivalent and multispecific reagents, amgjineered for enhanced therapeutic

efficacy (Holliger and Hudson, 2005).
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Many of these products are now in clinical and lmaxal trials. These include, a Fab
fragment (chimeric) for cardiovascular diseasesev fragment (humanised) for coronary
artery bypass, and an scFv fragment fused to ghigyleme glycol (PEG) for the treatment of
breast cancer (Nellist al.,2005; Holliger and Hudson, 2005).

1.1.5 The scFv fragment against the hapten oxazolen

In this PhD work, the feasibility of producing aoFs fragment that recognises the hapten
oxazolone (Berek and Milstein, 1988as examined. This scFv was chosen because (i) of i
well-defined antigen binding properties, which amailar to that of the parental mAb, (2) of
the availability of sequence data (Fiedler and @dnit999), (3) of its physiological neutrality
in bacteria (Berek and Milstein, 1988), and (4) #ssay for this scFv is inexpensive and
without requirements for special regents (oxazolsneommercially available). The \and

Vy domains of this antibody fragment are joined bgyathetic peptide linker (Giger}
(Fiedler and Conrad, 1999).

1.2 Production of recombinant proteins inEscherichiacoli

1.2.1 Recombinant proteins as bio-therapeutics

For a long time, extraction from native tissue badn the only option to obtain proteirgy,
peptide hormones. Drawbacks associated with this wweor yields leading to extremely
expensive products and possible allergic reactiaitis therapeutic products extracted from
animal tissues. For example, the amino acid seguehtovine insulin differs from that of
human insulin at three positions of the B chaingkelas porcine insulin differs from human
insulin by one amino acid. As a result, both bovare porcine insulin are allergenic or
immunogenic when used for the treatment of typeidbetes (Peacoclkt al., 1983).
Moreover, even commercial recombinant human instiat has an identical primary
structure to natural insulin of humans has beemdoto be immunogenic in some cases
(Fineberget al.,1983 and 2007). However, severe immunological dimamfons occur rarely,

and less severe events affect a small minorityatiepts.

During the last decades, there have been greabimprents in technologies for the isolation,
identification, characterisation and manipulatioh genes. This enabled the cloning and
amplification of DNA encoding heterologous proteing interest. Recombinant protein
technology has enabled the production of large atsoaf high value proteins at affordable
cost. Several recombinant products are now availtdsl therapeutic applications, and some
protein therapeutics have achieved great commersighificance. Examples include
erythropoetin (Procrit, Johnson and Johnson, USHitkvis used to treat anaemia associated

with chronic kidney failure, HIV infection and catcchemotherapy; erythropoetin (Epogen,



Introduction 5

Amgen USA) for the treatment of anaemia and aspingoagent sporting competitions; and
insulin (Novo Nordisk, Denmark) (Paviou and Rei¢ch2004).

A variety of host systems are available for thedpation of recombinant proteins for
different purposes. This includes eukaryotic systeuch as yeasts, filamentous fungi and
cells from insects, plants, and mammals, as wefirakaryotes including bacteria belonging
to Escherichia Bacillus and StaphylococcusEach cell type has its merits and demerits. The
amount and quality of the recombinant product arfuénced by gene copy number,
transcription efficiency, presence of absence @ois, mMRNA stability, the efficiency of
nuceocytoplasmic transport of the transcript, tietien efficiency, and stability and solubility
of the proteins. In addition, post-translation nfisditions are many times critical for folding,
stability, transport and function of proteins. @art post-translational modifications of
proteins like glycosylation, amidation, and methigia, can only be carried out by eukaryotic
cells. For certain therapeutic applications of IgGglycosylation is essential (Triét al.,
1995), as it plays a role in effector functionstlvd constant regions. Yeast cells can export
proteins into the medium and can glycosylate pngtdbut normally the glycosylation pattern
is different from that in animal cells (Hamiltoet al., 2003). Recently, the authentic
glycosylation pattern of humanised IgG’s was ol#difrom engineereBichia pastorigLi et

al., 2006). However, for large proteins with compleyagllysation patterns and other post-
translational modifications, animal cells are prefd. Unfortunately, sensitivity to
contamination and need for expensive complex madiahe limitations of mammalian cell
system. Furthermore, less information is availatdeut the interrelation between physiology

and cultivation parameters for eukaryotic systamsoimparison to prokaryotic systems.

Therefore, the production of recombinant protemsnicrobial cells represents a convenient
and cost-effective optiork. coliis genetically and physiologically well-characsed, and in
addition, a fast growth rate and simple media regqoénts make it one of the dominant hosts
for protein production. Nine of the 31 therapeugioteins approved by the Food and Drug
Administration (FDA) and the European Medicines Agge (EMEA) in 2003 were produced
in E. coli(Walsh, 2006).

1.2.2 Protein folding machinery and limiting factors in the production of recombinant
proteins in E. coli

Some eukaryotic proteins, which need sophisticgiedt-translational modifications not
achievable in the prokaryotic cell, simply canna functionally expressed ii&. coli
However, for many non-glycosylated proteiBscoliis a convenient expression system. Still,

many factors at the level of transctiption, tratista translocation and protein folding can
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impede the efficient expression of functional pirmée Additionally, the behaviour of the host
cells under extreme conditions such as high cafisite cultivation has to be taken into

account. These issues are discussed in the folgpséntions.

Transcription

Transcription is the transfer of the informationceded in the DNA sequence to mRNA,
which in turn is decoded by the ribosomes, wheeesatttual protein synthesis takes place. The
number of transcripts that reach the ribosomes rdépen the number of DNA molecules
carrying the respective gene, the transcriptioa asid the stability of the mRNA. The use of
stable high-copy plasmids encoding the gene ofresteand the coupling of translation
directly to transcription in prokaryotes reducess goroblem to the transcription rate, which
depends very much on the promoter system and th& Bdlymerase (Dubendorff and
Studier, 1991; Gréslunet al, 2008).

Translation

Translation is a highly complex process by which thucleotide sequence encoded in the
MRNA is translated into an amino acid sequencechvbietermines the structure and function
of the protein. In concert with aminoacyl tRNAs aratious translation factors, translation is
performed by the ribosomes, which in prokaryotessixi of three different rRNA species
and 55 different proteins. Translation is regulabgdfeatures upstream of the open reading
frame encoding the protein. The start codon AUGIirapdor formylmethionine initiates
translation in most cases. Ringquéstal. (1992) found that a distance of eight nucleotides
between the Shine-Delgarno sequence and the stiawhccombined with an AAA +2 codon
led to the highest expression levelsEncoli. It has been assumed that a positive effect on
gene expression by adenine at the first positiothef+2 codon may be associated with the
decoding tRNA and that evolution has favoured csdatrthe +2 position for high translation
initiation (Stenstronet al., 2001b). The level of mMRNA may also need to be letgd for
optimum protein expression. If mRNA is present ktess, secondary structures, which
influence translation initiation, may form (Arnokt al., 2001). It is also well known that
codon optimisation needs to be done for recombimaotein expression in prokaryotic
system. In attempts to improve the heterologous getpression irkE. coli, helper vectors,
e.g.,puUBS520 have been used (Brinkmagtnal., 1989). This vector carries tlimaY gene
encoding the tRNA for the arginine codons AGA ar@@\, which are rare i&. coliand thus

often limit expression of genes containing thes#oos.



Introduction 7

Protein folding

It is generally assumed that the native state pfodein is in most cases determined by its
amino acid sequence and corresponds to the glolmétnomm in its conformational energy
landscape (Noelting, 1999). However, a protein d¢@n trapped in a misfolded state
corresponding to a local energy minimum. Such niifig events are more likely to occur
when a protein is taken out of its original envirent, in which it folds correctly, to another
environment with different chemical and physicabgerties,e.g., pH value, viscosity or

redox potential.

Some proteins need helper proteins for correctirfigleeven in the original environment.
Helper proteins do not change the energy landscépee protein but help the protein in
attaining its global energy minimum. They can beuged into folding catalysts and
molecular chaperones. The former such as, DsbADamdC increase the recovery yields of
active proteins by accelerating rate-limiting stafzng the folding pathway, such as disulfide
bond formation and isomerisation. Protyg/transisomerase catalyses tbis/transtransition

of propyl residues, which may be rate-limiting folding of some proteins. Disulfide oxido-
reductases can be used to facilitate formatioroofect disulfide bonds. The chaperones like,
DnaK and DnaJ favour on-pathway folding by trardyeninteracting with folding
intermediates and suppressing their aggregationgdaand Mujacic, 2004).

Heterologous proteins can be expressed in thelpenipor the cytoplasm in native and active
form or alternatively, by production as inclusioodies (IB’s) followed by renaturation. Due

to the different physico-chemical properties of fiieteins in question and limitations of the
protein folding machinery in these compartment&otoli, the most favourable expression
strategy is directly coupled to the protein foldipgoblem (Duguay and Silhavy, 2004;

Georgiou and Segatori, 2005).

Strategies for the improvement of protein produgtio vivo

It has been proposed that the yield of native pradepends on the respective rates of protein
synthesis, folding and aggregation (Kiefhale¢ral., 1991; Rudolph, 1996; Gasset al.,
2008). According to this model, a decrease in Hte of protein synthesis or an increase in
the rate of folding would lead to increased amowhisorrectly folded protein. Strategies like
cultivation at low temperature, use of a weakempter, or partial induction can reduce or
avoid the formation of IBs (Kopetzidt al., 1989; Georgiou and Segatori, 2005; Mansell
al., 2008; Gasseet al.,2008). Altering cultivation parameters like pH wa) temperature or
medium composition can also result in higher cotration of soluble product (Kopetzkit

al., 1989; Georgiou and Segatori, 2005; ManstHl.,2008; Gassegt al.,2008).
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It was reported that during the production of psoiim as fusion protein with DsbA, the
highest product concentrations were obtained af 3b6it the total amount of soluble protein
was higher at 25°C (Wintegt al., 2001). Addition of 1% ethanol to the medium 30 min
before induction resulted in enhanced protein esgiom (Winteret al., 2001), probably by
stimulating the host cells’ chaperone machinernyictviafter induction served as safeguard to
prevent aggregation of the newly synthesised prot®imilar to this, an up shift (40°C) or
downshift (10°C) of temperature before inductiorsveaneficial for active protein production
(Kopetzkiet al.,1989).

In another study, it was found that the additionla¥ molecular weight additives like L-
Arginine and reduced glutathione to the culture iomedenhanced periplasmic production of
r-tPA (recombinant tissue type plasminogen actyatyy 10- and 37-fold, respectively
(Schéffneret al., 2001). This effect might be due to the small molacsize of L-Arginine
and reduced glutathione, making it possible fonthe passively enter the periplamsic space.
L-Arginine might have helped in stabilisation okthative state of the protein and reduced
glutathione might have played a role in providiqgpm@priate redox potential for the correct

folding of the newly secreted polypeptide.

1.3 Production with secretion into the periplasm

Periplasmic production of recombinant proteins bBaserged as a possible alternative to
overcome the drawbacks af vitro protein renaturation techniques (Choi and Lee, 4200
Georgiou and Segatori, 2005). Various componeras translocation pathways, and protein
folding in theE. coli periplasm have been illustrated in Fig. 1.3. Adagas of the secretory
production in periplasm are: (1) the oxidising eamment of the periplasm allows for the
formation of disulfide bonds, which does not ocaurthe reducing environment of the
cytoplasm (Makrides, 1996, Nagradova, 2008); (3 periplasm contains two foldases,
disulfide oxidoreductase (DsbA) and disulfide isoase (DsbC) that catalyse the formation
and isomerisation of disulfide bonds; (3) the readla N-terminal translation initiator Met
by methionine amino peptidase, which may be crufmalthe function and stability of
proteins (Takanoet al., 1999; Georgiou and Segatori, 2005). In case oiplasmic
production, the N-terminal amino acid residue & #ecreted product can be identical to the
natural protein after cleavage of the signal segaidry a specific signal peptidase; (4) since
the periplasm contains fewer proteases, proteolydess than that in the cytoplasm (Baneyx
and Mujacic, 2004; Choi and Lee, 2004); and (5keithe periplasm is the outermost
compartment of a cell, it is possible to recovepratein of interest simply by means of
disrupting the outer membrane by osmotic shockgutores. This avoids mixing with other

cellular proteins.
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Despite several advantages, there are still sorawldrcks involved during periplasmic
production of recombinant proteins. These incluf: incomplete processing of signal
sequences; (2) variable secretion efficiency dejpgnon the characteristics of the proteins;
(3) in some cases, low or undetectable amountsaafmbinant protein; (4) cell toxicity; (5)
formation of IB’s; and (6) incorrect formation ofsdlfide bonds (Pritcharet al, 1997,
Chunget al, 1998; Lucicet al, 1998; Jeong and Lee, 2000; Waial, 2003).

A DsbABCD,
Sksu“?-' ﬂ"‘l'j" Protoasc-negative
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) | Chaperone/Usher pathw a_\-'L'nm:ntlg- DegF’, OmpT, Top E—— __ : i s
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Fig. 1.3: Protein folding catalysts, translocationpathways, export machinery, and pathways of
protein folding in E. coli periplasm (adapted from Choi and Lee, 2004 and the literatitesl within).

The Sec system, the twin-arginine translocation TI'Aystem, and the strategies for enhancing
secretory protein production using periplasmic enapes and protease-negative mutants are shown.
A. The co-expression of periplasmic chaperones, agldisulfide-bond formation (Dsb) family
proteins, SurA, FkpA, and Skp, can improve thecédficies of secretory production and protein
folding. B. Protease-negative mutant strains can improve teggrgroduction of recombinant proteins
by reducing proteolysi€. The TAT system can directly secrete folded pratéinthe periplasm.

Co-secretion of foldases

Several chaperones and foldases play a role innfplproteins in the periplasm &:. coli.
The major class belongs to the disulfide bond fagrgroup (“Dsb”), commonly referred to
as foldases. They are members of the thioredoxiilfacontaining an active site with a Cys-
X-X-Cys motif (Fabianeket al, 2000, Nagradova, 2008; Gleiter and Bardwell, 0@\t
least six proteins, DsbA, DsbB, DsbC, DsbD, DsbHE &sbG have been reported to be
involved in disulfide bond formation and isomerisat Efficient folding of antibodies vivo

also involves molecular chaperones and foldaseb ascprotein disulfide isomerase and
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peptidyl-prolinecis-transisomerase (Knamt al.,1995). The functional yield of antibodies by
in vitro-renaturation and b¥e. coli cell-free translation systems is also enhancethén
presence of molecular chaperones and foldases fBueh al., 1992a; Lilieet al., 1993;
Ryaboveet al.,1997).

In bacteria, DsbA catalyses the oxidation of cysaiesidues in the nascent polypeptide to
form disulfide bonds into the periplasm. DsbA is tecond most potent cysteine-oxidising
enzyme known (next only to the membrane protein B)svhich oxidises DsbA under
physiological conditions) (Grauschopt al., 2003). Co-expression of DsbA has beneficial
effects for the production of human leptin (Jeehgl, 2000), and insulin like growth factor-I
(IGF-I) (Joly et al, 1998). DsbC, a protein disulfide isomerase, wberexpressed in the
periplasm, enhances the yield of tissue type plasgan activator (tPA), a complex protein
containing 17 disulfide bridges (Qeat al, 1998).

Knappiket al., (1993) tested the effect of over-expression ofdahd the prolinecis-trans
isomerase PPlase A (poly propyl peptidase AEotoli on the functional co-expression of
Fv, Fab and scFv forms of the antibody McPC603, sehfunctional expression yield was
limited by the periplasmic folding process. Ovepgession of PPlase marginally increased
functional expression in all instances, exceptsitfv in the Y/Vy orientation (scFv-L), by
1.8 fold. No further increase of yield was obserwdebn scFv-L was co-expressed with both
PPlase and DsbA. Co-expressing the Fab with Dsbé\different expression format did not
increase its functional expression. This suggelsés aggregation, which precedes or is
independent of isomerisation, might limit proteitding in this case. A lack of positive effect
of DsbA on soluble yield was also observed for heapnscFv (Ryabovat al.,1997) and may
reflect its weak disulfide bond isomerisation aityivBeing highly reactive, oxidation of
substrate proteins by DsbA occurs very rapidly, se®imns to be dictated by the proximity and
chemical reactivity of individual cysteine residuis protein rather than by their actual
pairing in the three-dimensional structure of tlagive protein (Berkmeewt al., 2005). This
results in the formation of incorrect disulfide loisnin need of isomerisation, a function
catalysed by DsbC and DsbG.

It was demonstrated that disulfide bond isomesatiut not thiol oxidation is the rate-
limiting step in expression of recombinant protéin the periplasm (Ostermeier 1996;
Maskos, 2003). In order to overcome the problerdigiifide bond isomerisation, rat protein
disulfide isomerase (rPDI) was co-expressed inltheterial periplasm (Ostermeier 1996).
Co-expression of rPDI increased the yield of boyaacreatic trypsin inhibitor several fold,

an effect that was enhanced when reduced glutathieas added to the growth medium
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(Humphreyset al., 1996). Surprisingly, the results of this study whd that rPDI, when
expressed in the bacterial periplasm, mostly aesdhiol-oxidase and not as disulfide
isomerase (Ostermeier 1996). Eukaryotic PDI isnaediof 55 kDa, which additionally adds
to the burden of heterologous protein expressiamotiéer alternative to achieve disulfide
isomerisation was co-expression of the bacteriatgim disulfide isomerase DsbC. DsbC is
involved in reshuffling of incorrect disulfides amhuman alkaline phosphatase mutant (Sone
et al., 1997) when over-expressed in the periplasnEotoli. However, other attempts to

over-express this protein resulted in cell deathiBpost-induction (Quet al.,1998).

These studies suggest that there is a need faiprdisulfide isomerase &. coli origin, the
over-expression of which does not affect host giggy. In vitro studies showed that active
site variants of DsbA (Wunderlicgt al., 1995), in which the active site cysteine (C33) was
replaced by serine or arginine, mimicked disulfidemerase. Therefore, the effect of co-
expression of active site variants of DsbA on thggasmic production of the model protein

scFvOx was explored in this study.

1.3.1 Impact of promoter strength on export to theperiplasm versus aggregation in the
cytoplasm

If the translation rate is too high, the efficienzfysecretion can decrease, depending on the
protein. Therefore, the optimal translation rates ba be determined empirically for each
heterologous protein. Promoters have been optinfisedecombinant expression B coli.
Usually, the objective is to obtain soluble, activetein, and for protein secretion, slower and
more sustained production is preferred. The impbyparameter is probably the cell-specific
rate of protein synthesidNeak promoters allow production of heterologousteiro at
relatively small concentrations (10 - 20% of th@ataell protein) (Banyex, 1999; Graumann
and Premstaller, 2006). This slower rate of prominthesis may allow cells to export and

fold heterologous protein properly.

On the other hand, a very powerful expression systethe bacteriophagE7 promoter in
combination with the T7 RNA polymerase (Novagen,A)SInduction of this promoter
system leads to the synthesis of large amounts RNA) and, quite often resulting in
production of the desired protein at extremely heghcentrations (40 - 50% of the total cell
protein) (Banyex, 1999; Graumann and Premstall@@g® It is so efficient that mRNA is
synthesised much faster than it can be translageithdd typical set of ribosomes B coli
From a process integration point of view, this dagnd dynamic performance is very difficult
to handle. High levels of mMRNA can cause ribosom&trdction and cell death (Doweg al.,

1997), and leaky expression of T7 RNA polymerase magult in plasmid or expression
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instability (Banyex, 1999). An additional limitatioof the T7 and other strong promoter
systems is that the target protein is often unébleach the native conformation, and either
partially or completely accumulates within IB’s. gigally, the more rapid the intracellular

product synthesis, the greater is the probabififgroduct aggregation.

High translation levels might overwhelm the seanetapparatus for the translocation of
proteins. For the 14 kDa protein NT3, higher tlainen rates were favourable, while for the
8 kDa protein RANTES, a lower translation level kedhigher yields of secreted protein
(Simmons and Yansura, 1996). Use of F-plasmid-ba&sgulession vectors that are stably
maintained at 1-2 copies per cell (Jones and Kegsli998) might be a solution to this.
Clearly, the total accumulation of expressed prof@igalactosidase) is lower than with
higher copy number vectors, even when the mRNAabilssed with a 5hairpin secondary

structure (Carrieet al.,1998). But, if allowed for longer expression pespthis lower rate of

expression may still provide significant producelgi while avoiding aggregation and/or

saturation of the secretory pathway.

The mechanism of translocation of proteins acrbescell membrane i&. coliis mediated
by leader sequences. Although leader sequencesnesguch asmpAandpelB have been
proven to be generally effective, this does notlhiolall cases. Additionally, toxic effects and
formation of periplasmic aggregates may countethet high level expression of active

protein in the periplasm (Choi and Lee, 2004; Granmand Premstaller, 2006).

1.3.2 The influence of growth rate in fed-batch ctilvations on product stability
The overall goals in recombinant protein productame to simultaneously reach a high
specific production rate, a high cell density, aodensure product stability. Only few

strategies are able to achieve more than one séthea time (Shoket al.,2003).

Productivity and protein stability are affectedthg growth rate (Rozkov and Enfors, 2004).
The specific growth rate is one of the most impari{arocess variables influencing the state
of micro-organisms during fermentations, mainly dese it often affects the biosynthesis of
the recombinant products. For control of growtte révo techniques are typically used: fed-
batch and continuous cultivation, both controlled the ingoing feed rate (Shokri and
Larsson, 2004). As opposed to batch fermentatiorfed-batch cultures, it is possible to
maintain the pre- and post-induction specific giowdite to provide a desirable metabolic
condition to attain maximum productivity of the omabinant protein (Curlesst al., 1990;
Lim and Jung, 1998; Sandenal.,2003). ForE. coli, the specific growth rate should be kept

below a certain threshold in order to avoid theuaundation of acetic acid (Jana and Deb,
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2005). In order to keep the specific growth rata are-determined value, the most common
approach is to apply a feed-forward exponentiadifeg strategy, where the nutrients required
by the culture for achieving the desired growtterate pre-determined and supplied at any
moment. However, it might be difficult to controlesired specific growth rate under

experimental conditions, due to too many processbtes (Lubenovat al.,2003).

High cell density also plays an important role @zombinant protein production. High cell

density cultivations start with a growth phase todoice biomass, followed by a production

phase. On the cellular level, there are severabwmirable factors associated with the
metabolic stress of protein producti@ng.,increased cell lysis, accumulation of endotoxins,
and increased membrane stiffness (conferring isexctaesistance to downstream mechanical
treatment and osmotic permeabilisation). Fluctustiof oxygen and glucose concentrations
during cultivation may affect the production of eeabinant proteins because of the induction
of the various related stress responses. All these to be taken into consideration for the

optimisation of cultivation conditions (Sholet al.,2002).

High cell density culture techniques for the pexgphic production of recombinant proteins
are less well developed than those for cytosolidpction (Choi and Lee, 2004). As a result,
for periplasmic recombinant protein production, tb&tionship between specific growth rate
and product formation is poorly understood. Veny feudies have addressed the impact of
growth or feeding rates specifically for periplasnpiroduction. Early reports showed that
secretion efficiencies can show a sharp maximurh waspect to the pre-induction growth
rate (Curlesset al, 1994). Recently, it was demonstrated that groxstie influences the
composition of the membranes and leakage of penptaproteins to the culture supernatant
(Shokriet al, 2002; and 2003). This observation was in goadexgent with a recent report
showing that during batch cultivation, recombingnbtein was found to migrate into the

extra-cellular medium at high growth rates (Dresleal.,2006).

Influence of proteolysis

Proteolysis has a significant impact on productbrecombinant proteins, and yet, little is its
importance, little is known about the factors difeg the recognition of recombinant proteins
as protease targets. The heat shock protein Daaj<,has been suggested to participate in
protein degradation (Sherman and Goldberg, 1992))ta induction by low oxygen and high
glucose may therefore increase the proteolysiscdmbinant protein. In order to avoid or
minimise the problem of proteolysis, proteolytigaflensitive motives or structures may be

removed by genetic engineering of the recombinestep (Rozkov and Enfors, 2004).
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Little is known about the influence of cultivati@monditions on proteolysis of recombinant
proteins in the fed-batch cultures. Fermentaticsesap was shown to have a significant
impact on the production and proteolysis of theonelsinant ZZT2 (Rozkov and Enfors,
2004). The final accumulation level of the proddetlined to 35 mg fof biomass in the
large-scale compared to 50 md ¢evel in the laboratory-scale expression, whichswa
explained by a combination of a higher proteolyate and declining synthesis rate (Rozkov
and Enfors, 2004).

During periplasmic production of recombinant proginE. coli, there is additional potential
for undesired proteolytic degradation. Several gtasmic and outer membrane proteases
have been described i coli, including Prc jprc), DegP {egBP, OmpT empT), and Protease
Il (ptr3) (Baneyx and Georgiou, 1991, 1992; Meerman andr@@@a 1994). Genes that
encode periplasmic proteases have been deletedinionise proteolysis of recombinant
proteins (Baneyx and Georgiou, 1991, 1992; Meermuath Georgiou, 1994). Analysis of
strains cultured in high cell density fermentatieh®wed that the combination of mutations
in degP, prcandspr was necessary for the cells to produce high lesfetse desired antibody
fragment (Chert al, 2004). However, a downside of this was thatdheatations adversely
affected cell physiology. Mutations in prc lead dell envelope defects and render cells
temperature-sensitive (Haed al., 1991 and 1996), and in fermentors, a sudden dessat

growth and lysis of prc strains was observed (Gteai.,2004).

1.3.3 Periplasmic production of antibody fragments

For medical applications, scFVv's are needed irelampounts, and the ability to produce high
yields inE. coli has gained considerable interest (Humphreys, 2008) secretion of most
scFv and Fab fragments leads to the formation sbluble aggregates in the periplasm
(Robertet al., 2006). Functional periplasmic production of antibdragments can also be
limited by the sequence-dependent efficiency ofptesmic folding (Skerra and Pluckthun,
1991; Knappiket al., 1993; Knappik and Plickthun, 1995; Ulriehal., 1995; Forsberegt al.,
1997). In some instances the expression of antilfiayments is accompanied by cell lysis
(Skerra and Pliickthun, 1991; Knapikal.,1993; Slettaet al.,2004). In other cases, neither
translation efficiency nor stability but other umkan factors impeded periplasmic expression
of antibody fragments (Oelschlaegaral., 2003). Periplasmic expression of scFv-phOx also
leads to cell lysis (Slettat al.,2004), and controlled expression rates are esééntachieve
high product yields. After process optimisationhigh volumetric yield (1.2 g £) of this

scFv was obtained in high cell density culture& ofoli.
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1.4 Production by means of renaturation of inclusio bodies

The over-expression of recombinant proteinsEircoli frequently yields inactive protein,
aggregated in the form of IB’s (Fig. 1.4). Theséslre very dense amorphous particles
(Bowdenet al., 1991) containing almost exclusively the over-espesl protein (Fig. 1.4)
(Rudolphet al.,1997; Villaverde and Carri6, 2003; Singh and Pa2@8a5). Therefore, a first
purification of the recombinant protein can be aebd by IB isolation. After isolation, IB’s
are generally solubilised by high concentrationsclohotropic agents such as guanidinium
hydrochloride (GdnHCI) or urea. GdnHCI is usualigferred for two reasons. First, GdnHCI
is a strong chaotroph, which solubilises even exttg sturdy IB’'s that are resilent to
solubilisation by urea. Second, urea solutions n@pntain isocyanate leading to
carbamylation of free amino groups of the polypgtiespecially upon long term incubation
at alkaline pH values (Rudolph and Lilie, 1996).dddition to the solubilising agent, the
presence of low molecular weight thiol reagentshsas dithiothreitol (DTT) or 2-
mercaptoethanol is generally required. These snbssareduce non-native inter- and intra-
molecular disulfide bonds possibly formed by aiidation during cell disruption and will
keep the cysteines in their reduced state (Rudetpdl., 1997; De Bernardez Clamt al.,
1999; Jungbauer and Kaar, 2007). Finally, the pldtrbe reduced before the removal of the
reducing agent from the solution containing theiitised protein to prevent the formation of
undesired disulfide bonds. IB isolates collectegtramaximum cell disruption usually are
relatively homogeneous. Therefore, the proteinstmanenatured directly after solubilisation

without further purification of the solubilised denred protein (Rudolph and Lilie, 1996).

IB’s

Fig. 1.4:E. coli cell filled with IB’s (adopted from Marston, 1986).
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Kinetic competition between folding and aggregation

Upon in vitro folding, misfolding as well as aggregation compeith correct folding. A
kinetic model has been put forward to explain tfgefhaberet al., 1991). As per this
hypothesis, aggregation reactions are second-i¢tie) order processes, whereas, correct
folding is generally determined by first-order riéags. Consequently, an increase of the rate
of unproductive aggregation is observed by increpsihe concentration of unfolded
polypeptide chains. Thus, aggregation predominaigsn renaturation above a limiting
concentration of denatured protein, and as remangturation must often be performed at an
extremely high dilution (Rudolph and Lilie, 1996jddelberg, 2002).

Renaturation followed by formation of mixed disutfe

Folding polypeptide chain experiences massive aggien problems at an early stage of
renaturation (Rudolph and Lilie, 1996). The propgn®f the competing precipitation
reactions can be greatly reduced by formation ofechidisulfide before renaturatiosn,g.,
glutathione. It is assumed that upon mixed disalfidrmation, numerous charged residues
are incorporated into the polypeptide chain thatuces extent of precipitation during the
early stages of renaturation. Indeed, significautamcement is observed in renaturation yield
of recombinant tissue type plasminogen activateaP£) produced as IB’s irE. coli by
formation of mixed disulfide with glutathione asstarting material (Rudolphbt al., 1985a
and 1985b).

One of the major obstacles in maximising proteimataration yields is the thermodynamic
stability of a protein under given experimental ditions. Reduction of the two intra-chain

disulfide bonds may lead to lack of stability oéthative proteins, resulting in aggregation of
scFv's (Martineau and Betton, 1999). This conclnsi@s drawn from the observation that it
is not possible to refold most antibody fragmentsitro under reducing conditions, and that
the thermodynamic stability of an oxidised scFWgrdomain is comparable to the loss of
free energy resulting from the reduction of twoutfide bonds in other protein models (Goto
and Hamaguchi, 1979; Betz 1993; Martineau and Befit899).

1.4.1 Techniques for protein renaturation

Direct dilution

The simplest renaturation procedure is to diluee ¢gbncentrated protein-denaturant solution
into a renaturation buffer that allows the formataf the native structure of the protein. Most
frequently, the final protein concentration aftéiutibn is in the range of 1-10Qg mL™ in
order to favour the productive renaturation instethe unproductive aggregation pathway.

Though ideal at laboratory scale, this technique $erious drawbacks during scale-up, as



Introduction 17

huge renaturation vessels and additional cost$iterconcentration steps are required after
renaturation. A major improvement of this techniguses the development of a method where
the solubilised, denatured protein is added ingsuler continuously into the renaturation
buffer (Rudolph and Fischer, 1990; Katoh and Kat2000). By stepwise addition of the

solubilised denatured protein at time intervald #ra stficiently large for the polypeptides

to fold past the aggregation-prone early stagetherfolding pathway, the concentration of
unfolded protein and folding intermediates is kepfficiently low at any given time during
the renaturation process. This was demonstratéddngased renaturation yield of proinsulin

upon stepwise dilution of denatured protein inte tbnaturation Hifier (Winteret al.,2002b).

This technique retains the simplicity of the diratitution method while considerably

increasing the final concentration of the renatymextein.

Membrane controlled denaturant removal

Another technique to transform the solubilised antblded protein to native structure is the
utilisation of dialysis and diafiltration systenw fdenaturant removal (Tsumatb al., 1998;
Takemuraet al.,2000; UmetslLet al., 2003). Stepwise removal of denaturant and coetloll
addition of oxidiant and L-Arginine were found t@ Ibhe effective conditions to achieve
almost complete recovery of functional monomerievsérom IB’s (Tsumotoet al., 1998).
However, often these techniques cause more ag@eghiring renaturation compared to the
direct dilution method (Get al.,2002).

Chromatographic methods for protein renaturation

The basic idea of matrix-assisted protein renaturas to make use of the specific interaction
of the protein that is to be renatured with a ctatography material in order to prevent non-
specific aggregation. This method sometimes aléerred as on column renaturation. To
achieve this goal, three prerequisites must bdlédf (1) protein binding to the matrix must
be possible under denaturing conditions; (2) therattion between the protein and the
matrix during the renaturation step must allowtfar flexibility of the polypeptide chain that
is required for proper structure formation; and {8 interaction must be tight enough to
prevent inter-chain bonding, which might resulaggregate formation. This can be achieved
by ion exchange resins (Creighton 1985) or sometirby hydrophobic interaction
chromatography (Westt al., 1998; Vallejo and Rinas 2004). An interesting apjoh to
matrix-assisted protein renaturation was descrilyeBerdichevskyet al. (1999). In this case,
the folding of an scFv fused to a cellulose bindilognain (CBD) was analysed in the matrix-
bound form and compared to standard renaturatisolution. Following solubilisation of the

fusion protein IB’s in urea, the CBD recoveredntgive structure while the Fv part was still
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unfolded. After binding to crystalline cellulosbégtantibody fragment could then be refolded

while still bound to the matrix via its fusion paet, the native CBD.

Size exclusion chromatrography (SEC) can also lesl dar renaturation. Elution with the

renaturation buffer results in a renatured protgith a considerably higher concentration
compared to that reached by the simple dilutiohnieue (Mller and Rinas, 1999; Batas and
Chaudhuri, 1999; Fahey and Chaudhuri, 2000). Somastihowever, this technique may
result in poor separation among different foldimjermediates thereby boosting protein

precipitation (Miller and Rinas, 1999).

Artificial chaperone-mediated renaturation

Cyclodextrins are known to have destabilising éftat the native state of proteins (Cooper,
1992). This can be explained by a shift in the ldzpium in favour of the unfolded state,
which is caused by the direct interaction of thelagextrins with buried hydrophobic side
chains of the protein. Detergent-based micellatesys mimic the two-step mechanism of
chaperone-assisted protein folding. The capturieg & performed by diluting the denatured
protein into a detergent solution, which prevemtstgin aggregation through the formation of
mixed protein-detergent micelles (Rozema and Gel|nk095; 1996a; and 1996b). The
release of the folding-competent protein is subsetiy initiated by the addition of
cyclodextrins (Rozema and Gellman, 1995; 1996a;1896b).

Renaturation additives

In order to suppress aggregation, enhance the ikglubf unfolded species, and for
stabilisation of native species, additives are mgecomponents of renaturation buffers.
Additives can be classified depending on workingimpm concentration. Surfactants and
detergents are effective at very low concentratiamdle salts, amino acids, and solvergg(
glycerol) are effective at higher concentratiorsnstimes up to their solubility limit. L-Arg
is nowadays the most commonly used renaturationgiagent (De Bernardez Claek. al.,
1999; Vallejo and Rinas 2004; Lange and RudolpB520it impedes aggregate formation by
enhancing the solubility of folding intermediatggesumably by shielding hydrophobic
regions of partially folded chains (De Bernardearkt. al.,1999; Vallejo and Rinas 2004;
Lange and Rudolph, 2005). In addition, it has b&®mwn that numerous other low molecular
weight additives such as detergents, protein-ssaml agents such as glycerol or even low
residual concentrations of denaturants improvetueaaon yields by enhancing solubility of
unfolded species, stabilisation of native specied suppressing aggregation (De Bernardez
Clark et. al., 1999; Vallejo and Rinas 2004; Lange and Rudol@52 Because of the

relevance to the work, this aspect is briefly rexen section 1.4.2.
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Other methods for the enhancement of renaturatioielyd

In addition to these well-studied renaturation teéghes, pressure-induced folding (Gorovits
et al.,1998) as well as a temperature leap techniquegXieWetlaufer, 1996) have also been
reported. For bovine carbonic anhydrase Il (bca#ipaturation was optimal when first
induced at 4°C for 120 min, followed by a finaldiolg phase after warming the solution to
36°C. During the renaturation of bcall, an eartgimediate is formed that is still susceptible
to aggregation. If renaturation is performed atvaied temperatures, this intermediate is
largely converted to aggregates. If, however, thigal stage of renaturation is allowed to
proceed at lower temperatures, the early internedearranges to a late intermediate that is
more resistant to aggregation and can then beurtbat a higher rate at higher temperatures
(Xie and Wetlaufer, 1996).

1.4.2 Co-solvents and additives

Proteins are inherently unstable in aqueous solwditd are degraded by a variety of routes,
the most common of which is aggregation. Aggregaigothe assembly of non-native protein
conformations into multimeric states, often leadingohase separation and precipitation. It
has been observed that by adding low molecular we&igmponents, such as salts, sugars, or
polyols, to protein solutions, the propensity opratein to aggregate can often be affected
significantly (Wang, 1999; Lange and Rudolph, 200%)fortunately, because proteins are
diverse in chemistry and structure, additives thatk well for a particular protein may not

work universally.

Timasheff and co-workers have extensively charesedrthe interaction of co-solvents with
proteins by using a dialysis equilibrium method gkawaet al., 1990; Bhat and Timasheff,
1992; Kitaet al., 1994; Lin and Timasheff, 1996; Timasheff, 1992892b, 1993, 1995; Xie
and Timasheff 1997a, 1997b, 1997c). This technigllews for the determination of
preferential interaction, utilising high-precisialensitometry and differential refractometry.
The co-solvent concentration inside and outsidediblysis bag is determined. This allows
performing affinity measurements of one particutarsolvent in relation to a protein. In
those cases where co-solvent becomes more conteehingide the dialysis bag, the effect is
called preferential binding. In cases where theceatration is reduced inside the dialysis
bag, the effect is called preferential hydratiohjch is equivalent to preferential exclusion of
the co-solvent (Fig. 1.5 and 1.6).

Preferential exclusion of co-solvent increasesftbe energy of the whole system. According
to Le Chatelier’'s principle, the system tries tovedowards the lower free energy (Fig. 1.5).

In this case, this means that the equilibrium igeslr towards a smaller exclusion volume for
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the native protein. This explains why co-solventhjch experimentally show preferential
exclusion, stabilise the native state and suppuessiding of the protein. The salting-out
effect of some compounds on proteins works in dlainvay. The salted-out precipitates of
protein are excluded from water.

w=(+),Preferential Binding of Ligand ve(=),Preferential Hydration

Dialysis Membrane

O = water

@ = Diffusible Solvent additive

Fig. 1.5: Schematic representation of preferentiabinding and preferential hydration (adopted
from Timasheff, 1992a).

Lone of Exclusion of Co—Salvant

' .

. D (G -,
y )

— - { i

Sfabilizing M = e

Co-Salvent

Fig. 1.6: Visualisation of the zone of exclusion, kich becomes bigger when the protein is,
unfolded (adopted from Timasheff, 1992a).

Two basic types of mechanisms contribute to coesdlvexclusion: (1) Interactions are
determined by solvent properties. In this caseptem remains inert towards the additive and
only presents a surface. Interactions between tbeip and co-solvent are not affected by
changes in the pH or changes of the concentrafimo-golvent. This type of interaction is
caused by steric exclusion of water from the protirface or through effects caused by

increased surface tension; (2) The chemical nabfirthe protein surface determines the



Introduction 21

interactions, attractive as well as repulsive. Hffects of most co-solvents cannot be

exclusively assigned to either mechanism, but stiwavacteristics of both.

Some salts, which are well known for their ability salt-out proteins, have the effect of
stabilising proteins in solution. Through combioas of different ions and counter ions it has
been determined that each ion contributes sepgprdibe measure of strength of salts was
documented long back and is commonly referred tdHaEmeister series” (Hofmeister,
1888). It describes the capability of cations angms to salt-out proteins. The ability to
preferentially exclude water increases in the feifg order:

Anions: chlorine < acetate < sulfate.

Cations: guanidinium < (magnesium, calcium, bajigrsodium.

Although the effect on stabilisation of the natptein structure can be well explained by
the above-mentioned effects, it is not possiblgredict the effect on denatured proteins,
since they are not accessible to characterisatitirowt addition of co-solvents (denaturants).
If a co-solvent is inert towards the protein sugfameaning that no direct interactions occur,
preferential exclusion of water from the proteinrface will be the only observed effect,

stabilising the protein. It is not possible to makeeliable prediction on how a given co-

solvent will affect the equilibrium between natigad denatured protein. Direct interactions
between protein and co-solvents may occur, which Ibeastronger than the above-mentioned

effects.

lonic Liquids as renaturation additives

lonic liquids (IL’s) are organic salts that areuid at temperatures below 100°C (Huddleston
et al.,2001). In biotechnology, they have been utilisedraxtures with water especially in
the enzymology of lipases (Kragt al, 2000; Schofeet al, 2001; Wehofskyet al, 2008).
Lipases are stable and active in these solventdrentdydrophobic substrates of lipases are
soluble in IL’s. Besides lipases, different proesakave also been shown to be active in IL’s
(Kragl et al, 2000), even if IL’s were used as pure solventest salts generally consist of
combinations of organic cations, namely derivatiogéN, N’ substituted imidazolium, N-
substituted pyridinium, tetraalkyl ammonium, anttaalkyl phosphonium, and either organic
or inorganic anions. Their solution properties aneenable to be engineered by changes in
substitution patterns. A recent report described\w family of biocompatible IL's based on
the dihydrogen phosphate anion (Fujaga al, 2005); these IL's were able to dissolve
substantial quantities of cytochrome ¢ and thegimotvas shown to retain its structure and
activity. One feature of these solutions was that faat the protein retained its structure to

much higher temperatures than in aqueous solution.
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Besides the above-mentioned applications, IL's helge been demonstrated to be useful as
additives for protein renaturation (Summers andwgls, 2000, Rudolptet al., 2005).
Tetraethyl and tetrabutyl ammonium nitrate enhaeoaturation yields of hen egg lysozyme
by suppressing aggregation when used as co-soJweh&seas the pure IL's were found to
denature the protein (Summers and Flowers, 20aB8Arcould be renatured with increasing
yields in solutions containing the 1-butyl-4-metipylridinium tetrafluoroborate (Rudolpét

al., 2005).

Preferentially excluded co-solvents tend to stabilthe native state of proteins while
promoting aggregation (“salting out”). IL's contaig the phosphate anion belong to this
category (Fujitaet al., 2005). Preferentially bound co-solvents, in tuavdur protein
denaturation and solubility (“salting in”). IL's &h act as suppressors of aggregatmg,,

ethyl ammonium nitrate, fall into this second catgg

1.4.3 Redox shuffling system: effect of aromatic tbls

Cysteine residues of cytosolic proteins are usuedlyuced, while extra-cellular proteins
usually have cysteine residues that are oxidisetbtm intra-molecular disulfide bridges
(Colletet al.,2002).Most therapeutically relevant proteins require ecily formed disulfide
bonds to be active. The majority of inclusion bopgsotein is completely misfolded.

Therefore, suitable measures need to be takengdigiraturation for correct folding.

Metal ion-catalysed air oxidation has been useatémote disulfide bond formation (Ahmed
et al., 1975). However, air oxidation is limited by masansfer of oxygen into aqueous
solutions and usually yields low activities due fesmation of incorrect disulfide bonds.
Prolonged exposure to air may also lead to modifina of certain amino acid side chains
(i.e. oxidation), thus reducing protein activity (Jaaetbal., 2006). A more commonly used
strategy is the use of oxido shuffling systems,clwhpromote oxidation of free sulfhydryl

groups as well as disulfide rearrangement for enenétion of correct disulfide bonds.

Oxido shuffling systems consist of an oxidising aamdreducing sulfhydryl component.

Mixtures of reduced (GSH) and oxidised (GSSG) ghitme are used most frequently, but
the pairs cysteine/cystine, cysteamine/cystamimaeg&aptoethanol/2-hydroxyethyl disulfide

can also be used (De Bernardez Clerlal., 1999). The molar ratio of reduced to oxidised
thiol component usually is in the range of 1:1 @11 Protein disulfides can also be formed
after formation of mixed disulfides with glutathimor sulfonation of protein thiols (Rudolph

and Lilie, 1996; Lilieet al.,1998).
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The thiolate anion is the active species in thislitfide exchange. Thus, the pH of
renaturation buffers must lie in the range of tig of the thiol groupi(e., between pH 7.5
and pH 9.5). This might be a potential problemgdateins for which such slight to moderate
alkaline conditions are unfavourable. Glutathiongrcaptoethanol, and almost all other
aliphatic thiols have thiolky, values above 7.0. In comparison, aromatic thiaksehthiol K,
values between 4.0 and 7.0 and are more reactirealiphatic thiols of similar K, values

towards aromatic disulfides.

Over the past few years, several low-molecular-hteibiol compounds have been designed
with the aim of improving thiol-disulfide exchangkiring the oxidative renaturation of
proteins. For example, the synthetic dithiol (&AS-1,2-bis(2-mercaptoacetamido)
cyclohexane (Vectrase P), which haskg palue of 8.3 and an®Evalue of -0.24 V, was
designed to mimic the properties of the active gife protein disulfide isomerases
(Woycechowskyet al., 1999). This compound improved the activation ohsthled RNAse
A more efficiently than comparable monothiols. Téthetic dithiol compound was also
reported to improve the renaturation yield of hum@noinsulin (Winteret al., 2002).
Recently, various aromatic monothiols, charactdriselow thiol (K, values, were tested for
their effect on rate and yield of the oxidativeatmation of scrambled RNAse A (Gough
al., 2002 and 2003). The rate of RNAse A renaturati@as \mcreased with decreasing thiol

pK, value.

1.4.4 Production of antibody fragments byin vitro-renaturation

The advantages and disadvantages of periplasmicyaoglasmic expression of recombinant
proteins in general and of antibody fragment<Eincoli have been extensively discussed
(Wulfing and Pluckthin, 1994, Martineat al., 1998; Schirrmanret al., 2008). Functional
expression in the cytoplasm Bf coli has been improved by using mutant genes coding for
thioredoxin reductase and gluthathione oxidoredwct@uradcet al., 2002). These mutant
cells create an oxidising cytoplasm capable of fogrdisulfide bridges in proteins. As an
alternative, the functional production yields otibady fragments in the cytoplasm can also
be significantly improved by co-expression with pbeones and foldases or by a fusion
protein strategy. In some instances, where antilicdyments are sufficiently stable without
the conserved disulfide bonds (Pradtaal., 1997; 1998) and, thus, their folding is possible
under the redox conditions of the cytoplasm, fuor@l expression can be achieved without
resorting toin vitro-renaturation. Such disulfide-free antibody fragitseare also important
tools for the intrabody technology where antibochgments fold in the reducing environment
of the cytoplasm (Worn and Pluckthiin, 1998; Eve¢dl.,2004).
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The expression of antibody fragments as cytoplasiis, however, still continues to
represent the most straightforward and generalpliegble methodology. Renaturation of
scFVv's can be achieved by gradual removal of deaatipy stepwise dialysis (Tsumatbal.,
1998, Takemurat al., 2000; Umetstet al., 2003). However, these protocols have not been
found to be applicable to other tested scFv coostruwhere severe aggregation problems
were observed (Get al., 2002; Sinacola and Robinson, 2002). Successfutixressisted
renaturation (Stempfeat al., 1996a, and 1996b) of scFv fragments was repoeeehtly (Gu

et al., 2002, Yanget al., 2005; Guoet al.,2006). For renaturation by dialysis as well as for
matrix-assisted renaturation, process scale-up pnagent problems due to sample volume
limitations. For these reasons, dilution protocfas the in vitro-renaturation of antibody

fragments remain in widespread use.

Production of recombinant scFvOx as IB’s and itsataration offers potential advantages
over periplasmic expression due to relatively highetein synthesis levels. Increasingly
higher demands of recombinant therapeutic protbinge clearly indicated the need for
systematic optimisation of efficient renaturatidm.the present work, in efforts to maximise
the yield of recombinant protein, the effects afatiration additives like lonic Liquids and

redox buffers such as aromatic thiols were explored

Successes and challenges of antibody fragment patidun from inclusion bodies

The cytoplasmic approach benefits from a high esgiom level of antibodies using a strong
promoter €.g., T7 promoter). An advantage of the cytoplasmic expoesapproach is that
following lysis of bacterial cells, IB’s can easle separated from other cellular components
because of their large size and high density. M@eahis approach is useful for producing
antibody-based fusion proteins such as immunototkias might be toxic for bacterial cells
(Buchner et al., 1992b) or antibody fragments that are unstable tuentracellular
degradation when expressed in a soluble or secrieted. However, correcin vitro-
renaturation and purification of functional prodigt complex and time-consuming process,
requiring expertise and involving many steps. Reotd and limitations commonly
encountered with this approach, for antibodiesartigular, are (1) difficulties in predicting
the tendency of different sequences to form IB'sl dheir susceptibility to proteases
(Hoogenboonet al., 1992; Maynard and Georgiou, 2000), (2) renatunaéfficiency which

is highly variable depending on the specific ardijpdragment with yields varying from 10-
40% for Fab and Fv fragments (Buchmral, 1991; Duenagt al., 1995; Umetsiet al.,
2003), and (3) the need for separation of correatig incorrectly folded fractions of the
protein (Hustoret al.,1991; Fernandez, 2004).
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1.5 Objectives of the work
In this thesis, different production strategies éttaining a single chain variable fragment

recognising the hapten oxazolone, scFvOX, in biokily active form were explored.

Periplasmic expression of recombinant proteingkirncoli offers the opportunity to obtain
proteins in functional form, albeit at a lower exgsion rate. Therefore one of the objectives
of this thesis was to establish a strategy for tional, periplasmic expression of the
recombinant protein. In addition, the effect of teeexpression of the helper protein DsbA
and its two active site variants, as well as ofedé@nt expression vectors on the functional
expression was explored. It was planned to implértiea approach at the bioreactor scale

and study the effect of cultivation parameters mdpctivity and product stability.

The second approach aimed at the improved produdficccFvOx byin vitro-renaturation
after expression into cytosolic IB’s. A new renation strategy using IL's as renaturation
additives was explored. The effect of N'-alkyl N4mgd imidazolium and N'-©-
hydroxyalkyl) N-methyl imidazolium chlorides as Wwat pyridinium and ammonium-derived

compounds was systematically studied.

In order to establish optimal protocol fam vitro-renaturation of scFvOx, a systematic
investigation of thermodynamic and pH dependertilitiya and the effect of pH value on

renaturation of scFvOx was performed. Low molecuaight aromatic thiols were explored

as redox reagents for protein renaturation. Simaehasly, the effect of pH on renatutation in
the presence of aromatic thiols was investigatedortler to understand the mechanism of
how aromatic thiols effect protein renaturationF-\&0x renaturation kinetics were studied.
Based on the information from previous renaturagaperiments, protein characterisation,
stability studies and on the effect of pH on rergtian, an improved renaturation strategy for

scFvOx was proposed.
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2. Materials and Methods

2.1 Materials
Instruments
Instruments Manufacturer Origin
Akta FPLC Amersham Uppsala, Sweden
Biosciences
Avanti J-20 and Avanti J-25 Beckman Fullerton, CA, USA
preparative centrifuges
BlAcore Biacore AB Uppsala, Sweden

Bioreactor process control | B. Braun Biotech

system MFCSwin International

Melsungen, Germany|

Bioreactor, BIOSTAT C B. Braun Biotech
International

Melsungen, Germany|

EM 900 transmission electroh Zeiss Jena, Germany
microscope
Filtron Minisette, cross-flow PallGelman Ann Arbor, MI, USA
device
Fluorescence spectrometer HORIBA Jobin  Munich, Germany
Yvon
French press, homogenisel Gaulin Unna, Germany

Gel electrophoresis apparatus Pharmacia Biotech  pasita, Sweden

BS-T

Gene Pulser electroporatior BioRad Munich, Germany
apparatus
Gyncotek Analytical HPLC- Dionex Germering, Germany
System
J-710 CD spectrometer Jasco Gross Umstadt
Germany
LiCor 4000 DNA sequencer LiCor Lincoln, NE, USA
Peristaltic pump (type Watson Marlow Ltd Rommerskirchen,
101U/R) Germany
pH-Meter WTW Weilheim, Germany
Semidry transfer cell BioRad Munich, Germany
Shaking incubator, Certomat Sartorius Goettingen, German
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Sunrise microtiter plate reader Tecan Crailsheigrn@ny
Thermocycler Eppendorf Duesseldorf, Germany
Trans-illuminator table KAISER Buchen, Germany
Fototechnik
Ultra-Turmax T25 Janke and Kunkel Staufen, Germany
IKA Labortechnik
UV/IVIS spectrophotometer Pharmacia Biotech Uppsazeden

Various materials

Equipments Provider Origin
1 mL and 5 mL pre- Amersham Biosciences Uppsala, Sweden
packed SP Sepharose FF
Akta columns
Amicon Millipore Billerica, MA, USA
Cassette or screen for Roche Diagnostics Penzberg, Germany
Western blot
CD and fluorescence Hellma Darmstadt, Germany
cuvettes
Developer and fixer Sigma Aldrich Steinheim, Germany
solutions
Dialysis bags and Spectrum Houston, TX, USA
clamps
Electroporation cuvettes, Biorad Munich, Germany
Gene Pulser lI
ELISA plates NUNC Roskilde, Denmark
Horizontal mini Roth Karlsruhe, Germany
electrophoresis chamber
Lumi film Roche Diagnostics Penzberg, Germany
(chemiluminescent
detection film)
Plastic foil Saran (Dow) Hamburg, Germany
(Barrier food wrap)
C4, C8, C18, di-phenyl Vydac Hesperia, CA, USA
RP-HPLC columns
Slide-A-Lyzer, Mini Roth Karlsruhe, Germany
dialysis unit
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TSK Gel Alpha column, TOSOH Tokyo, Japan
size exclusion

chromatography

Chemicals and kits

Chemical Provider Origin
1 kb DNA ladder New England Biolabs Frankfurt, Gany
ABTS substrate Roche Diagnostics Penzberg, Germgny
Acetonitrile Roth Karlsruhe, Germany
Aromatic thiols TCI Tokyo, Japan
Benzonase Merck Darmstadt, Germany
Bradford-reagent BioRad Munich, Germany
Blocking reagent Roche Diagnostics Penzberg, Geyman
Bromphenol blue Roth Karlsruhe, Germany
BSA Merck Darmstadt, Germany,
Dithiotheitrol (DTT) ICN Biomedicals Irvine, USA
Gluthathione, oxidised Boehringer Mannheim Mannheim, Germany
(GSSG)
Gluthathione, reduced Boehringer Mannheim Mannheim, Germany
(GSH)
Guanidinium Nigu Chemie Waldkraiburg,
hydrochloride Germany
(GdnHCI)
lonic Liquids As indicated in section 2.1.2 -
L-Arginine Ajinomoto Tokyo, Japan
hydrochloride
Lysozyme Merck Darmstadt, Germany
Mutagenesis primers Metabion Martinsried, Germajny
Oxazolone Sigma Aldrich Steinheim, Germany
PEG, 50% Roth Karlsruhe, Germany
Primary antibody, anti- Roche Diagnostics Penzberg, Germany
c-myctag, from mouse
QIA molecular Qiagen Hilden, Germany
biological kits
Quick change kit Stratagene La Jolla, CA, USA
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SDS-PAGE LMW

Amersham Biosciences

Uppsala, Swede

=)

Secondary antibody

Chemicon

Temecula, CA, USA

SequiTherm EXCEL Il
DNA sequencing kit

Epicentre

Madison, WI, USA

T4-DNA-Ligase,Pfu-

New England Biolabs

Frankfurt, Germany

DNA-Polymerase,

restriction enzymes

Urea ICN Biomedicals

Irvine, CA, USA

All reagents were of analytical grade or of higperity, and Millipore water was used for

buffer and media preparations.

2.1.1 lonic Liquids
The IL’'s employed in this study were obtained freamious sources, as indicated in table 2.1,
and used without further purification. In all cagbsy were more than 98% pure, as per

product specifications.

Table: 2.1
Compound Formula Source
N-Ethyl-N*-methyl- =\ cr TCI, Tokyo, Japan
imidazolium chloride | _N__ N+v
(EMIM Cl) M, = 146.62
N-Propyl-N‘-methyl- [\, CI Solvent Innovation,
- . . N N
imidazolium chloride |~ ~& >N\ Cologne, Germany
(PMIM C1) M, = 160.64
N-Butyl-N*-methyl- — cr DEGUSSA, Trostberg,
. . . . +
imidazolium chloride | _N_ N\ _~_~ Germany
(BMIM ClI)
M, =174.67
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Compound Formula Source
N-Hexyl-N‘-methyl- =\ Solvent Innovation,
imidazolium chloride /N\//N:C H Cologne, Germany

6113
(HMIM ClI)
M, =202.72
N-(2-Hydroxyethyl)-N*- //—\ . cI DEGUSSA, Trostberg,
methyl-imidazolium /N\//N\/\OH Germany
chloride
(OH-EMIM CI) Mr = 162.62
N-(3-Hydroxypropyl)-N‘- =\ cr DEGUSSA, Trostberg,
methyl-imidazolium /N\//N+\/\/OH Germany
chloride
(OH-PMIM ClI) M, =176.64
N-(6-Hydroxyhexyl)-N*- =\ af Solvent Innovation,
methyl-imidazolium /N\//N\C H1-OH Cologne, Germany
6112
chloride
M, =218.72
(OH-HMIM ClI)
N-(2-Hydroxyethyl)- —\, CI DEGUSSA, Trostberg,
N
pyridinium chloride N\ /7 > oH Germany
(OH-EPY CI)
M, =159.61
cocosalkyl penta-ethoxy- H29C14\N+ (Eoﬂn;OH Solvent Innovation,
methyl ammonium / W OH Cologne, Germany
o—)
methyl-sulfate [CHsSOJ m
(ECOENG™-500) <M> = 868.03
N,N*-Dimethyl- [\ . Solvent Innovation,
N__N
imidazolium NN o Cologne, Germany
[l
dimethylphosphate

(ECOENGM-1111P)

HacO'POCH
L

Mr =222.18
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2.1.2 Aromatic thiols
The aromatic thiol compounds used in this studyewsocured from TCI (Tokyo, Japan) as
indicated in table 2.2 and were used without furfhgrification. Stock solutions of the thiol

compounds were prepared in 5% methanol at the atmatien of 10 mM.

Table: 2.2
Compound Formula Molecular Thiol Provider
weight pKa®
4-Mercaptopyridine SH 111.16 221 | TCI,
(4-MPYN) fj (11.91) | Tokyo,
> Japan
N p

Thiosalicylic acid

0__OH 15419 | (35 | TCI,
(ThioSA) SH go® | Tokyo,
Japan
2 S 11215 | 165 | TCI,
Mercaptopyrimidine ‘ | (8.14) | Tokyo
N” SH | |
(2-MPYMN) Japan
2-Mercaptopyridine N 127.16 | -048 | TCI,
N-oxide L u (5.44) | Tokyo,
N7 SH
(2-MPYN-Ox) + Japan
@)

(a) K, values are given for the thiol proton; values iadkets correspond to th&pvalues of other
protonable groups. Allg,'s were calculated using Advanced Chemistry Develept Software V8.14
for Solaris (ACD/Labs, Toronto, Canada) in SciFin8eholar v.2006, except (b) Goughal.,2006.

2.1.3 Strains and plasmids

For periplasmic production:E. coli strains used in this work are shown in Table Zi&
expression construct pHEN1scFvOx, containing theéingp DNA sequence of recombinant
scFvOx fused to sequences coding for an N-ternpied signal sequence and a C-termical
myctag, was used for this work (Fiedler and Conr&95) (Table 2.4). This vector expresses
the desired protein under control of tkec promoter, and carries a resistance against

ampicillin. In case of the plasmid pET20(+)scFvQke scFvOx gene along with an N-
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terminal pelB signal sequence was cloned under the control ©7 @aromoter; the vector
carries resistance against ampicillin (Table 2¢Buftesy of Dr. Brigitte Sohling). During
these studies, an scFvOXx protein standard obtdioedplant seeds served as positive control
(courtesy of Dr. Udo Conrad). This protein was #ddally fused with an endoplasmic

reticulum retention signal sequence (Fie@éfeal.,1997).

These vectors were generally co-expressed witlhéhger plasmid pUBS520 (Brinkmaren
al., 1989), which bears the p15A replication origin a#&anamycin resistance. This vector
also carries thdnaYgene encoding the tRNA for the arginine codons AW AGG, which
are rare irE. coli and thus often limit expression of genes with ¢hesdons (Brinkmanet
al., 1989).

For cytosolic production: The gene for scFvOx was fused at the N- and Chuerto
sequences coding for hexa-histidine anthyctags, respectively. This sequence was inserted
between the uniquéldd and Xhd restriction sites of the bacterial expression teec
pPET15b(+) (Table 2.4) (courtesy of Dr. Claudia Hawk). This vector carries resistance
against ampicillirand expresses the desired protein under conttbedf7 promoter. SCFvOXx
protein was expressed B coli BL21 (DE3) cells that had been co-transformed wtfité
helper plasmid pUBS520.

Table 2.3: E. coli strains used in this work

Strains Genotype and/ or description Source
BL 21(DES3) E. coli B F dcm ompT hsd&™ mg) Stratagene, USA
gal A(DE3)
MC4100 araD1394(argF lac)U169 rpsL150 Prof. F. Baneyx,
relAl floduB5301 University of
deoC1 ptsF25 rbsR Washington, USA

Table 2.4: Plasmids used in this work

Plasmids Description Source
pHEN1scFvOx scFvOx gene cloned betweekiedler and Conrad, 1995

the Sfil andNotl restriction

sites of vectorpelBsignal




Materials and Methods

33

sequencedac promoter,
Amp

pUBS520 (Appendix A)

dnaYgene{rc promoter,

Kan®

Brinkmannet al. 1989

PET15b(+)scFvOx
(Appendix B)

scFvOx gene cloned betwe¢

NdelandBamHiIrestriction

sites of vectorT7 promoter,
Amp

xn Dr. Claudia Humbeck

PET20b(+)scFvOx
(pScPelB) (Appendix C)

scFvOx cloned betwedxdel
andHindlll restriction sites
of vector,pelBsignal

sequenceT 7 promoter Amp®

Dr. Brigitte Sohling

pUBS520DsbA(pDsbA3)
(Appendix A)

dsbAgene was inserted in
BanHI restriction site of

vector,trc promoter Kar®

Dr. Jeannette Winter

pUBS520DsbAC33S anc
pUBS520DsbAC33A
(pDsbA3)
(Appendix A)

] The C33S, C33Anutants of
dsbA trc promoter Kar®

Generated in this work

2.2 Molecular biological methods

2.2.1 Plasmid isolation

Plasmid DNA was isolated from 5 mL cultures of ttespectiveE. coli strains grown

overnight in LB media at 30°C. Plasmid preparatimese performed using the QlAprep Spin

Miniprep kit according to the protocol recommendtigdhe manufacturer.

2.2.2 Agarose gel electrophoresis

The test for the presence of plasmids as well aséparation of DNA fragments was carried

out on 1% (w/v) agarose gels in TAE buffer (Trigtate, pH 8.0, containing 1 mM ethylene

diamine tetraacetic acid (EDTA)). DNA samples weriged with loading buffer (40% (w/v)
glycerol, 0.1% (w/v) sodium dodecyl sulfate (SD&)J. M EDTA, 0.2% (w/w) bromophenol

blue) and loaded on the gel. The gels were runhor&ontal mini electrophoresis chamber

under voltages between 50 V and 80 V. The 1 kb Dibidder (New England Biolabs,

Frankfurt, Germany) served as standard. The gelstaieed for 20 min with an ethidium

bromide solution (fig mL™), and the DNA was visualised on a UV trans-illuatir.
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2.2.3 Site directed mutagenesis

The plasmid pUBS520DsbA (courtesy of Dr. J. Winteadl been constructed by inserting the
dsbAgene with its own signal sequence from pDsbA3 itesy of Prof. R. Glockshuber) into
the uniqueBanH| restriction site of pUBS520. Cysteine 33 in Huive site of DsbA (codon
TGC) was changed to serine (codon AGC) or alanicmddn GCC) by site directed
mutagenesis at position 154 using the Quick Chaatggrimers are described in Appendix
A). The amplified recombinant DNA was transformedoi E. coli XL1 blue. Plasmids
containing the mutant forms of the gene were isdldtom overnight cultures and sequenced

to confirm the mutation.

2.2.4 DNA sequencing

Sanger’'s di-deoxynucleotide chain termination meéthavhere single-stranded DNA
molecules that differ in length by a single nudéetcan be separated on polyacrylamide gels,
was used for sequencing (Sangeml., 1977). The SequiTherm EXCELTM Il kit was used
for the sequencing reaction and the reaction méstuvere analysed on a Li-COR sequencer

DNA sequencing system.

2.2.5 Transformation of E. coli cells

Preparation of competent cells

LB medium was inoculated with 1% (v/v) of an ovemti pre-culture oE. coli cells. The
culture was incubated at 37°C until the freached about 0.5-0.8. After this, the culture
was chilled on ice for 10-20 min, and then cengiéfd at 10,000 rpm at 4°C for 10 min. The
resulting cell pellet was washed 3 times with ioédc10% (v/v) glycerol, and then re-
suspended in 0.5 volumes of the same solutionuatgof 40uL were transferred into sterile

Eppendorf tubes, shock frozen in liquid nitroged atored at -80°C.

Transformation via electroporation

Electroporation was carried out in a Gene Pulsapparatus. About 1-10 ng plasmid or 10-
100 ng of ligation mix were mixed with a 4@ aliquot of cells, and transferred into the
previously chilled cuvette (0.2 cm gap). Electr@imn was carried out at 28 capacitance,
200Q resistance and 2.5 kV voltage. After pulsatioe, ¢blls were transferred into 1 mL LB
medium and were incubated at 37°C at 650 rpm atamyr thermo-mixer for 30-60 min. One
hundred pL of incubated cells were directly platedan LB plate containing appropriate
antibiotics. The remaining volume was centrifuge®@00 rpm for 2 min and after removal
of about 75QuL supernatant, the remaining cells were re-suspkadd plated on a fresh LB

agar plate containing the appropriate antibiotics.
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2.3 Cultivation media and conditions

2.3.1 Media
Defined mediunfLe Thanh, 2005)
Component Batch medium Feeding solution
Glucosé 5or10gL’ 875¢g L’
MgSQ,*7 H,0 1.2gL* 20 gLt
KH,PO, 13.3gL* =
(NH,),HPO, 40¢gL* -
Citric acid *H,0 1.7gL" -
Ferric citrate 100.08 mgt 40.0 mg L
CoChL*6 H,0 25mg L} 4.0mg L*
MnCl,*4 H,0 15.0 mg [ 23.5 mg L'
CuChL*2 H,0 1.5mg 23mg L’
HsBO; 3.0mgL* 4.7 mg L
Na,MoO,*2 H,O 21mgLt 4.0mg L
Zn(CH;COO0),*2 H,O 33.8mg L’ 16.0 mg [
EDTA 14.1 mg [* 13.0 mg [*

2The initial concentration of glucose for pre-cuétand shake flask experiments was 20'g L

Trace element stock solutiofise Thanh, 2005)

Component Concentration g L™
Ferric citrate 12
CoChL*6 H,0 2.5
MnCl,*4 H,0O 15
CuChL*2 H,O 1.5
H3BO; 3.0
Na,M0O,*2 H,O 2.5
Zn(CH,COO),*2 H,0 13.0
EDTA 8.4

The required quantities of trace element solutisese autoclaved separately and added to the
media in the bioreactor separately after autoctptinavoid precipitation. Antibiotics were
sterilised by filtration and added aseptically ke tmedia. The final concentrations of the

antibiotics were 10Qg mL™for ampicillin and 70 pg mtfor kanamycin.
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Complex medium
For preparation of modified Luria-Bertani (LB) madi, 10 g [* bacto tryptone, 5 g L

yeast extract, and 5 g'LNaCl were dissolved in distilled water.

Agar plates

For the preparation of LB agar plates, LB mediuns sapplemented with 1.5% agar powder.

2.3.2 Cultivation conditions

For shake flask experiments, preculture and maiituras were grown in LB medium
supplemented with the appropriate antibiotics. fa preculture, complex medium was
inoculated with a single colony from an LB agarteland incubated overnight on a rotary
shaker at 30°C, 140 rpm. For the main culture, derxnmedium in a shake flask with baffles
was inoculated with 1% (v/v) of the overnight priéere and was incubated at 30°C to an
ODggo Of about 0.5. After this, scFvOx synthesis was gatliby 0.5 mM of isopropy-D
thiogalactopyranoside (IPTG), and the culture wasmdferred to 24°C. For shake flask

experiments in defined medium, cultures were inated with 1% (v/v) of the precultures.

For cultivation in the bioreactor, the first pretcmé was grown in complex medium for 6-8 h.
The second preculture was grown in defined mediagheu the same conditions overnight.
The main cultivation was carried out in a 10 L BI2?S C bioreactor equipped with a digital
measurement and control unit (DCU) to control digita pH value, temperature as well as
dissolved oxygen tension, and connected to theegsaontrol system MFCSwin. The
cultivation was started as batch culture with aitiahvolume of 8 L, and a glucose
concentration of 5 or 10 g'Lat a temperature of 30°C. Samples were drawn avisterile
syringe at indicated intervals of time. Airflow eat(4 to 16 [%) and stirrer speed (300 to 1200
rpm) was controlled with a sequential cascade pmgto maintain a constant dissolved
oxygen tension above 40%. A cascade control sysgeanmultiple-loop system where the
primary variable is controlled by adjusting the geint of a related secondary variable

controller. The secondary variable then affectsptt@ary variable through the process.

The pH value was maintained at 6.8 by automatidtiaddof aqueous ammonia (25% (w/v)).
Foam formation was suppressed by the additioneftitifoam agent polypropylene glycol.
After depletion of glucose, the stirrer speed aalgd by the DCU decreased, because the
cells stopped to consume oxygen. The decreaseeo$titrer speed was the signal for the
process control system to activate the flow coldroat the DCU. The DCU operated a
peristaltic pump to infuse the feeding solution,ickhwas placed on a balance connected to

the DCU so the exact feeding rate could be fee#t-baatrolled. The feeding solution was
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placed on a balance connected to the DCU so thet dgading rate could be feed-back
controlled. A feeding rate that increases expoatiptover time allows the specific growth
rate to be kept constant. The feeding rate wasuledér continuously throughout the
cultivation according to equation (1).

F:éms[}(w:étﬁﬁ+n’k D(fm/f IEXl:[l'lsetEﬁt_tf)] 1)

where,

F: feeding rate, (g'h

S: substrate concentration in the feeding solutigrg?)
0s. specific substrate consumption rate, tghg)

X: cell density, (g I)

V: culture volume, (L)

user: St point of the specific growth rate;'fh

Yx/s yield coefficient for biomass per substrate sl excl. maintenance, (d)g
me: maintenance coefficient, (gdi")

X:: dry cell weight at the time of feeding start(Q)

V. volume at the time of feeding start, (L)

t: cultivation time, (h)

t;: time of feeding start, (h)

2.4 Protein harvesting methods

2.4.1 Isolation of periplasmic fractions by osmotishock

Periplasmic fractions were prepared by the osnmsliosck method according to Kang and
Yoon (1994). Cells were harvested at 13,000 rpn2forin. One hundregdL of resuspension
buffer (0.3 M Tris/HCI, pH 8.0, containing 25% sase, 0.5 mM MgGl and 1 mM EDTA)
was added to the cell pellet for each mL of cultacgresponding to OD 1.0. After re-
suspension and 10 min incubation at room tempeyatiie suspension was centrifuged for 10
min at 5000 rpm. The cells were re-suspended irsdimee volume of ice-cold osmotic shock
buffer (10 mM Tris/HCI, pH 8.0, containing 0.5 mMd@l,, and 1 mM EDTA) and incubated
on ice for 10 min. The supernatant after 10 mintrifeigation at 13,000 rpm and 4°C was

collected as periplasmic fraction.

2.4.2 Inclusion body isolation and solubilisation
E. coli cells were harvested by centrifugation at 13,08® for 10 min. The biomass was

homogenised at 4°C in 5 mL of re-suspension byfier M Tris/HCI, pH 7.0, containing 1
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mM EDTA) per 1 g ofE. coli wet cell weight in the presence of 0.3 mg hiisozyme, and
incubated for 30 min at 4°C. The cells were medtallyi broken open using a French press,
and cellular DNA was digested for 30 min with 10 mg™* Benzonase in the presence of 3
mM MgCl,. The solution was mixed with 0.5 volumes of 60 rBRITA, 6% (v/v) Triton X-
100, 1.5 M NacCl, pH 7.0, and incubated for a furté@ min at 4°C. The IB’'s were pelleted
by centrifugation at 12,000 rpm for 10 min at 4%ashed with 40 mL of re-suspension

buffer per each g wet cell weight, and harvested bgal centrifugation step.

IB’s were solubilised in 1 mL of solubilisation tbef (0.1 M Tris/HCI, pH 8.0, containing 6
M GdnHCI, 0.1 M DTT and 1 mM EDTA) per 10 mg wet iglet for 2 h at 25°C. The
solubilisation mixture was acidified to pH 4.0 blget addition of HCI and cleared by
centrifugation, dialysed twice against 100 volunoést M GdnHCI, 10 mM HCI at room

temperature and once against 200 volumes of 4 MHGtlat 4°C.

2.5 Protein renaturation and purification

2.5.1 Renaturation

Preparative renaturation of scFvOx was performedilyion of scFvOx IB solubilisate to a
final concentration of 140 pg miLin degassed renaturation buffer (100 mM Tris/HgH,
8.5, containing 2.5 mM GSH, 25 mM GSSG, 1 mM EDBAd 1 M L-Arg/HCI).

Renaturation was allowed to proceed for 96 h aC15°

2.5.2 Protein purification by ion exchange chromatgraphy

Following renaturation, the mixture was concenttatsing a Filtron Minisette cross-flow

device. The resulting solution was dialysed agal@stolumes of 25 mM sodium phosphate
pH 6.0, containing 10 mM NaCl and 10% glycerol &C 43 changes), and clarified by

centrifugation at 10,000 rpm in a JA-10 rotor férrhin.

Subsequently, this protein was loaded onto a 1 niltdth SP Sepharose HP column that had
been pre-equilibrated with 20 column volumes (CY)la@ading buffer (25 mM sodium
phosphate, pH 6.0, containing 10 mM NacCl). The ewluvas then washed with 10 CV of
loading buffer, followed by elution with a linearaglient of 5 -40% elution buffer (25 mM
sodium phosphate, pH 6.0, containing 2 M NaCl) B QV. Fractions containing pure
scFvOx were identified by SDS-PAGE, silver stainargd ELISA, then pooled and dialysed
against 50 mM sodium phosphate, pH 7.0, contaifthgiM NaCl and stored at -80°C.
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2.6 Protein quantification

2.6.1 Bradford’s method

The protein concentration in different samples veetermined by Bradford’s method
(Bradford, 1976) using BioRad protein assay reggestording to the manufacturer’s
instructions, with BSA as the standard. In orderd&termine protein concentrations in
samples containing GdnHCI, the respective standamye was measured in the same

concentration of GdnHCI.

2.6.2 Molar extinction coefficient

For the determination of concentration of purif@dtein, a spectrum was measured between
240 to 340 nm against a reference from the resfediuffer. The specific extinction
coefficient of scFvOx at 280 nm (49,740 Mn?, corresponding to 1.731 mL mgm™)

was calculated from the amino acid composition lbgtFParam (ExPASy proteomic tool)
according to Gill and von Hippel (1989). The corteation of purified refolded scFvOx was

determined using the calculated extinction coedfiti

2.6.3 Enzyme-linked immunosorbent assay

Preparation of the BSA-oxazolone conjugate for ELAS

BSA-oxazolone conjugates were prepared accordinglftban et al., (1995). Briefly, 1 g
BSA was dissolved in 20 mL of 5% (v/w) NaHgQo this 75 mg 4-ethoxy-methylene-2-
phenyl-2-oxazolin-5-one (Oxazolone) were added. Mheure was incubated at 4°C for 24 h
with gentle shaking. The undissolved material weasaved by centrifuging the mixture for
40 min at 16,000 rpm in a JA-20 rotor. The supemiatvas dialysed extensively against 150
mM NaCl. The coupling ratio was determined by measguthe optical density of oxazolone
at 352 nm €55, = 32,000 M' cm’) and protein determination by Bradford’'s assaye Th
coupling ratio was found to be 64.5 moles of oxaaoper mole of BSA. For storage, 1

volume of glycerol was added, and aliquots of 1wdre stored at -20°C.

ELISA procedure

Concentrations of active scFvOx were determinedEbhYSA. For this purpose, 96-well
ELISA microtiter plates were coated overnight withO pL per well of 25 pg mt BSA-
oxazolone conjugate in 0.1 M sodium carbonate, @ Bhe coated plates were washed three
times with blocking reagent (1.5% BSA, 0.05% Tw&énin PBS), followed by blocking for
90 min at room temperature. Samples and standaeds diluted in blocking reagent to a
final volume of 100 pL per well, loaded onto thatpk, incubated for 90 min, and unbound
material was removed by three washes with blockempent. For the detection of bound

scFvOX, the plates were incubated for 1 h with iQQer well of a 1:5000 dilution of mouse
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anti-c-myctag antibody in blocking reagent. After one waghinith blocking reagent, the
plates were incubated with horseradish peroxidas@ied chicken anti-mouse-IgG (1:3000).
The plates were washed with substrate buffer (8®5 sodium perborate, 40 mM sodium
citrate, 60 mM sodium phosphate, pH 4.5) beforelyapp 1 mg mL! 2,2'-azino-di-(3-
ethylbenzthi-azoline-6-sulfonic acid) (ABTS) in stifate buffer. Colour development was
followed at 405 nm in a Sunrise microplate read8eund scFvOx was determined from the
increase in the absorption at 405 nm over 30 mumified protein obtained as above (cf.
section 2.5) served as the reference, and usexhegéitrations of 250, 125, 65, 30, 15, 7, and

3 ng mL* to generate the standard curve

2.7 Analytical methods

2.7.1 Surface plasmon resonance analysis of periptaic scFvOXx

ScFvOx activity in crude periplasmic fractions vwasalysed by surface plasmon resonance
spectroscopy using a BIACORE X instrument, with tedp of Dr. Jan Oschmann. BSA-
oxazlone conjugate was covalently immobilised o€M5 sensor chip surface using the
amine coupling method (Johnssenal., 1991)according to the manufacturer’s instructions.
Sixteen hours after induction, periplasmic fractidrom MC4100:pHEN1scFvOx:pUBS520
were dialysed against 150 mM NaCl, and concentratiag centricon devices (Millipore,
USA). Two different volumes of periplasmic fractjoh5 puL and 50 uL were applied for
analysis. Periplasmic extraction buffer (10 mM i8I, pH 8.0, containing 0.5 mM Mgg&l
and 1 mM EDTA) was used as running buffer, samplese injected over the flow cell and
the dissociation phase was followed by a regemeraiep (10 mL, 100 mM HCI). Samples
applied to CM-5 chip coated with glucagons-like jigs1 served as negative control (Lopez
de Maturanaet al.,2003). The experiments were performed at 25°Cthadlow rate was set
to 50 pL mirt. All sensorgrams were corrected by subtracting sigmal of the control

reference surface.

2.7.2 Sodium dodecyl sulfate polyacrylamide gel eifgophoresis

Discontinuous SDS-PAGE was carried out using thesfeto Mighty small 1l system,
according to Laemmli (1970). Protein samples wéssalved in 10QuL loading buffer (125
mM Tris/HCI, pH 6.8, containing 20% (v/v) glycerof% (w/v) SDS, 5% (viv) 2-
mercaptoethanol and 0.02% (w/v) bromophenol blueated to 95°C for 10 min, and loaded
on gels and run at 30 mA for 50-55 min. Runningféufvas 25 mM Tris/HCI, 192 mM
glycine, 0.1% (w/v) SDS. The low molecular weightteins from 14.4 to 94 kDa served as

molecular weight standard (Amersham Biosciencepsdla, Sweden).
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Coomassie staining
Gels were stained for at least one hour with CogiaaBrilliant Blue solution (0.1% (w/v)
Coomassie Brilliant Blue R250, 30% (v/v) metharid% (v/v) acetic acid) and destained in

30% (v/v) methanol, 10% (v/v) acetic acid.

Silver staining

Gels were first fixed in 50% acetone solution conty 2.5% (v/v) tri-chloroacetic acid
(TCA) and 0.04% (v/v) formaldehyde solution, forrBn. Then they were rinsed in acetone
solution for 5 min, then in 0.17% (v/v) aqueousisodthiosulphate (N&,03) solution for 1
min, and later in aqueous solution containing 1(8%¢) silver nitrate (AgNG) and 1% (v/v)
formaldehyde for 8 min. Before transfer from onduson to the next, gels were washed
thoroughly with deionised water. The gels were dgyed in agqueous solution containing 2%
(W/v) NaCO;s, 0.04% (v/iv) NaS,0; and 0.04% (v/v) formaldehyde. Transfer to 1% aceti

acid stopped the development of the gels.

2.7.3 Western blot

Proteins separated by SDS-PAGE were transferred witrocellulose membranes using a
semidry transfer cell. The stack of membranes daitifg paper was soaked in Tris buffered
saline (TBS buffer, 0.1 M Tris/HCI, pH 7.4, contaig 1.5 M NaCl) and a current of 15 V
was applied for 45 min. The membrane was thenraddnd blocked in blocking buffer (1%
casein in TBS buffer) overnight at 4°C. Three 10 mvashing steps in TBS buffer followed
this. The membrane was further incubated with mauiec-myctag antibody (1:500) diluted
in blocking buffer. After this, the membrane wassivad twice for 20 min in 0.3% (v/v)
Tween 20 in blocking buffer, followed by three 10nmvashes in TBS. Subsequently the
membrane was incubated for one hour under genitatiag with horseradish peroxidase-
coupled chicken anti-mouse-IgG (1:1000) dilutedbiacking buffer, followed by three 10
min washes in TBS. The membrane was then treat¢ld @ihanced chemiluminescent
solutions (ECL, Sigma Aldrich, USA) ECL1 and ECL& faround 5 min. After removal of
excess ECL solutions, the membrane was wrappedSaitan wrap. The light from the horse
raddish peroxidase (HRP) -catalysed reaction wasalised by exposure of the wrapped

membrane to an X-ray film.

2.7.4 Size exclusion chromatography
Analytical size exclusion chromatography (SEC) wasformed using a 7.8 mm x 30 cm
TSK Gel Alpha column, at a flow rate of 1.0 mL miThe column was equilibrated with 4-5

column volumes of 0.1 M of sodium phosphate, pH M06lecular weights were determined
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by comparison with the standard low molecular weiglalibration kit (Amersham

Biosciences, Uppsala, Sweden).

2.7.5 Reversed phase high performance liquid chron@graphy
Reversed phase HPLC (RP-HPLC) was performed usidgoamm x 250 mm diphenyl
column (cf. material list). The protein was elutgd0°C with a flow rate of 0.5 mL nifrand

a linear gradient from 20 to 60% acetonitrile ih%.trifluoroacetic acid (TFA) over 40 min.

2.7.6 Mass spectroscopy
After separation with RP-HPLC peaks were manuathjlected and submitted for mass
spectrometric analysis. These analyses were peztbrioy Dr. Angelika Schierhorn, Max

Plank Research Unit for Enzymology of Protein FadgliHalle.

2.7.7 Fluorescence spectroscopy

Fluorescence spectroscopy measurements were pedorwith a FluoroMax-3
spectrophotometer. Spectroscopic analyses wereedamut at a temperature of 20°C in a 1
cm quartz cuvette. Slit widths for excitation armdigsion were set to 5 nm. The excitation
wavelength was set to 280 nm, and emission speera recorded in 1 nm intervals from
290 to 440 nm.

2.7.8 Circular dichroism spectroscopy
CD spectroscopy was performed with a Jasco J710s@atrometer. Measurements were
performed at 20°C in a 0.5 mm quartz cuvette. Per@D spectra were recorded between

190 and 260 nm in 1 nm intervals, and 10 recordimg® averaged.

2.7.9 Analytical ultra-centrifugation

Analytical ultra-centrifugation experiments werafpemed by PD Dr. Hauke Lilie, Institute
for Biotechnology, Halle. Sedimentation velocityaes were measured at 20°C in a Beckman
XL-A ultra-centrifuge using double sector cells aad An Ti 50 rotor. The protein
concentration was 0.15 mg mLThe experiments were performed at 40,000 rpm ogtidal

scans were recorded every 10 minutes at 280 nm.

2.7.10 Immuno-labelling and determination of proten localisation by transmission
electron microscopy (TEM)

E. coli cells were harvested 5 h after induction, andsfiemned onto a nitrocellulose capillary
of 250 um diameter. The capillary tube was incubaieernight in a fixative (phosphate

buffer pH 7.2, containing 0.25% glutaraldehyde &B4 para-formaldehyde) on a rotator at
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4°C. The capillaries were washed with the sameebuffree times (10 min each) and then
post fixed with 1% (w/v) osmium tetroxide (OgCfor 1 h at room temperature. After

washing three times with PBS (50 mM potassium phatgn pH 7.2, containing 150 mM

sodium chloride,), samples were dehydrated thraughries of solutions containing ethanol
in ascending concentrations (30 min each, 10%, 3B0%p, 90%, 2 x 100%) and three
changes of 100% propylene oxide. After this, thengas were embedded in Epon812
(AGAR Scientific Ltd). Thin sections (below 100 nmere made with a Reichert Ultracut-S
microtome and post stained with 0.5% uranyl acefBtese samples were incubated with
anti-c-myctag primary antibody (dilution 1:1000) followed Hye secondary anti-mouse 1gG
antibody coupled to gold nanoparticles (Roche,tigitu1:1000). The stained samples were
observed using a TEM (EM 900 transmission electnoicroscope) at 120 kV. This

experiment was performed with help of Dr. Gerd Haozentrum, Halle.

2.8 Protein renaturation

2.8.1 Renaturation in the presence of lonic Liquids

For the renaturation screening, scFvOx IB soludttiéisvas diluted to a final concentration of
80 pug mL! in renaturation buffer (80 mM Tris/HCI, pH 8.7,ntaining 2.5 mM GSH, 2.5
mM GSSG and 1 mM EDTA) containing organic saltingécated. All buffers were degassed
before use. Renaturation was allowed to procee®86dn at 15°C. Renaturation yields were

determined by antigen binding ELISA.

2.8.2 Preparation of the glutathione-modified mixedlisulfide

Purified scFvOx was denatured and reduced as descim section 2.4.2. One mg fhiof
reduced scFvOx was incubated overnight at 20°C M &dnHCI, buffered with 0.1 M
Tris/HCI, pH 9.0, containing a mixture of 0.1 mM B&nd 250 mM GSSG. This preparation
was dialysed against 10 mM HCI and cleared by tgeagation. Homogeneity of this
preparation was assessed by SDS-PAGE and RP-HPLC.

2.8.3 Optimisation of GSH concentration for the reaturation of the mixed disulfide

The glutathione-modified mixed disulfide speciesswased as starting material for
renaturation experiments at the concentration d 4 mL>. Protein renaturation was
performed in 0.1 M Tris/HCI, pH 8.5, containing MnEDTA. GSH was applied at 0.1 to 10
mM range. 1 M L-Arg/HCI was included as additive alt experiments. All buffers were

degassed before use. Renaturation yields weresatbbfter 96 h at 15°C.
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2.8.4 Effect of pH value on protein renaturation

Renaturation was performed in buffers containirigh.acetic acid/NaOH for pH values 4.0-
5.0, Bis-Tris/HCI for pH 6.0, Tris/HCI for pH valger.0-8.5, and boric acid/NaOH for pH
values 9.0-9.5, in the presence of 1 mM EDTA. 1 Mrg/HCI was included as additive. All
buffers were degassed before use. Experiments pegfermed in a sample volume of 300

pL. Renaturation yield was analysed by ELISA a®@h incubation at 15°C.

2.8.5 Renaturation in the presence of aromatic thie

Protein renaturation was performed in 0.1 M acatic/NaOH for pH values 4.0-5.0, Bis-
Tris/HCI for pH 6.0, Tris/HCI for pH values 7.0-8.&nd boric acid/NaOH for pH values 9.0-
9.5, in the presence of 1 mM of EDTA. The glutati@enodified mixed disulfide species was
used as starting material for renaturation expertmet a concentration of 140 pg ML
Aromatic thiols or GSH were applied at 0.2 mM carntcation. 1 M L-Arg/HCI was included

as additive in all experiments. All buffers weregdssed before use. Renaturation yields were
analysed after 96 h at 15°C. In order to test tifiece of aromatic thiols on renaturation
kinetics, experiments were performed at pH 7.0. @asnwere withdrawn at indicated time
intervals. Determination of the apparent rate ofateration was done by single exponential

fit using Sigma Plot 8.0 software.

2.9 Protein stability

2.9.1 Denaturant-induced unfolding and refolding

The urea-dependent unfolding and refolding of scFwias monitored by changes in
tryptophan fluorescence. For the equilibrium stgbiéxperiments, 7.;ug mL* of native or
denatured scFvOx were mixed with buffer contaireitber 0.1 M sodium phosphate, pH 7.0,
or 0.1 M Tris/HCI, pH 8.5, and urea in the indichteoncentrations. The samples were
equilibrated for 18 h at 20°C before fluorescen@asurements were performed as indicated
above (cf. section 2.7.7). The fraction of unfolgedtein was calculated from the change in

fluorescence intensity at 360 nm.

2.9.2 pH-dependent stability

The pH-dependent stability analysis was performgdmmonitoring changes in intrinsic
tryptophan fluorescence. The native protein conmation used for this experiment was ich
mL™. Buffers contained 0.1 M citric acid, 0.1 M phosgh acid and 0.1 M boric acid, and
were adjusted to the indicated pH values by additibNaOH. The samples were incubated

for 24 h at 20°C. Measurements were performeddisdted above (cf. section 2.7.7).
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3. Results

Various strategies were investigated to achievetional production of scFvOx. Previous
studies suggest that expression of this classatéims inE. colileads to formation insoluble
aggregates into the periplasm. In addition, scRrs known to be prone to aggregation
duringin vitro-renaturation. Therefore, scFvOx served as a goodehsystem for studying
effect of various expression strategies into paspl as well as screening of various new

compounds fom vitro-renaturation.

3.1 Periplasmic production of scFvOXx

3.1.1 Secretion of scFvOx into the periplasm

Recombinant scFvOx was producedBn coli from the expression vector pHEN1scFvOx
(Fiedler and Conrad, 1995). The protein was dicedteo the periplasm by pelB leader
sequence. Samples were withdrawn at 4 and 16 hiaftaction. The soluble periplasmic
fraction and the cytosolic fraction were analysgdWestern blot (Fig. 3.1), using scFvOXx
from a plant sourceas standard for this analysis (courtesy of Dr. Wdaonrad, IPK,

Gatersleben).

Proteins from the periplasm were separated fronréh@ainder, especially cytoplasmic and
membranes which are labeled here “cytosoly’ ,extraction. No cell growth inhibition was
observed after several hours of induction. No digraed scFvOx were detected in pre-
induction and medium supernatant samples (datasiotvn). This indicates that scFvOx

production was tightly controlled, and that themmswo leakage of scFvOXx to the medium.

Std. PF, 4h Péh 1 CF, 16h

36 kDa—nm

v
4

Fig. 3.1: Localisation of scFvOx:The E. coli MC4100:pHEN1scFvOx cells were grown at 30°C,
induced with 1 mM IPTG, and further cultivated &°2. ScFvOx produced in plant seeds served as
standard. PF, 4 h and PF, 16 h represent periptaBaitions 4 h and 16 h after induction, CF,
represents the cytosolic fraction 16 h after indunctFor analysis, 20L of PF prepared out of 1 mL of
culture corresponding to QR 1. (cf. section 2.4.1), sonicated cell pellet hgemate from 200 pL
culture volume for CF, and 7 pL of the crude staddaeparation were applied (Std.). Samples were
separated by 12% SDS-PAGE, and Western blotted wsitic-myctag primary antibody and anti-
mouse IgG coupled to HRP conjugate. Expected miaeeteights of the proteins are indicated.
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The product was found to be localised in the tacgatpartmenti.e., the periplasm. The level
of scFvOx expression was higher after 16 h thaeraft h post induction (Fig. 3.1).
Production was sustained for a long time but the &f product synthesis was slow. A
considerable amount of scFvOx was also found ircyhesolic fraction (Fig. 3.1). This might
be due to export problems. As expected, the appasiege of scFvOx protein in the
periplasmic fraction was lower than the standamtgin extracted from plant seeds, which is
additionally fused with an endoplasmic reticuluntergion signal sequence (Fiedler al.,
1997). A major fraction of the product (approx. §0%as correctly translocated into the
target compartment,e., the periplasm. However, a significant fraction tbé expressed
scFvOx remained trapped in the cytosol. scFvOxtémtan the cytosolic fraction migrated
more slowly than that from the periplasmic extraciggesting that the cytosolic protein still
carried the export leader sequence (Fig. 3.1).sTdeof thepelB signal sequence is 2457 Da.
Thus, the relative positions of the bands weregie@ment with what was expected, and this
indicates that scFvOx could be expressed in thiplpem.

3.1.2 Sub-cellular localisation of scFvOx

r

A. MC4100:pHEN1scFvOx B. control

Fig. 3.2: Immunogold analysis of expression and sutellular localisation of scFvOx:A. E. coli
MC4100:pHEN1scFvOx cells were grown at 30°C, induegh 1 mM IPTG, and further cultivated at
24°C for 5 h. B. MC4100 cells without expressiomgohid. The samples in both A and B were
incubated with ante-myctag antibody (dilution 1:1000) followed by anti-os® IgG coupled to gold
(dilution 1:1000). Horizontal arrows indicate bindi of scFvOx-specific antibodies and vertical
arrows indicate bulging of the periplasm.

The morphology of cells expressing scFvOx and titecellular localisation of the product

were examined by transmission electron microscadiM). This experiment was performed
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with the help of Dr. Gerd Hause. No periplasmicsiBiere observed. Immunogold staining
was carried out in order to gain information abdbe sub-cellular localisation of

periplasmically expressed scFvOx (Fig. 3.2). Blawkiunogold spots indicating the presence
of the product was detected only in cells exprgssicFvOx, and only in the periplasmic
space (shown by horizontal arrows) (Fig. 3.2). Hasvethe signal in the periplasm was not
very strong. This might suggest that the geneifadiency of the immunogold-labeling was

quite low. In a number of cells, additional bulgingthe periplasm was observed, which
suggested an accumulation of the product in thispaatment (Fig. 3.2, indicated by vertical
arrows). No signals were obtained either in theglgsm or in control cells. This suggests
that scFvOx was efficiently exported into the pkgn. However, this is in contradiction to
the observations with Western blot analysis (cftiea 3.1.1), where significant amounts of
scFvOx were detected in the cytoplasmic fractionpdiential reason for this observation

could be accessibility problems for the cytoplasfraction.

3.1.3 ScFvOx activity analysis using surface plasmaesonance
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Fig. 3.3: Binding activity of periplasmic scFvOx toimmobilised BSA-oxazolone conjugate300
RU of the oxazolone conjugate were covalently imitigdl on the sensor chip surface. Periplasmic
fraction from MC4100:pHEN1scFvOx:pUBS520 16 h pmstuction was dialysed against 150 mM
NaCl, 15uL (— ) and 50ul=¢ ) were injectecepthe sensor surface. Periplasmic extraction buffe
(10 mM Tris/HCI, pH 8.0, containing 0.5 mM Mgl mM EDTA) was used as running buffer. The
flow rate was 50 pL mih
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The hapten binding activity of periplasmically puoeéd scFvOx was assessed qualitatively
by BlAcore analysis. Crude periplasmic fractiontL@ost induction was dialysed overnight
and centrifuged thoroughly to remove aggregatedeprobefore analysis. Total protein

concentration in the sample was 45 pg'mL

A binding of scFvOx to immobilised antigen-BSA cogate was specific (Fig. 3.3) as
periplasmic samples did not bind to a sensor cbgied with glucagon-like peptide-1 (Lopez
de Maturaneet al., 2003) (data not shown). These observations styoimglicate that the

periplasmic expression of scFvOx yielded biolodicalktive protein capable of specifically
binding its antigen. However, a reliable quantifica of active scFvOXx in the periplasm was

not possible due to the lack of homogeneous pdrge-vOx at this stage of work.

3.1.4 Periplasmic scFvOx production from a pET vedr system

PET20b(+)scFvOx

PF, 4h CF, 4h

Fig. 3.4: Periplasmic expression of scFvOx under & control of T7 promoter: E. coli
BL21(DE3):pET20b(+)scFvOx cells were grown at 30fzjuced with 1 mM IPTG, and cells were
further cultivated at 24°C. PF and CF represenipfsamic and cytosolic fractions respectively.
Samples were taken 4 h after induction. For angh&0uL of PF prepared out of 1 mL of culture
corresponding to Oy 1 (cf. section 2.4.1), and CF equivalent to sdeitacell pellet homogenate
from 200 uL were applied. Samples were separateti28y SDS-PAGE, and Western blotted using
anti-c-myctag antibody followed by anti-mouse IgG coupledi®P conjugate.

Periplasmic expression of scFvOx under the contfol strong promoteri.e., T7 was
evaluated. For this purpose, tBe coli host strain BL21(DE3):pET20b(+)scFvOx was used.
In shake flask cultivation experiments, cell grovetiopped 3-4 h post induction, at which
time, strong expression of scFvOx was observed. (). Despite the inhibition of cell
growth, 10-12 fold higher amounts of scFvOx werg¢edied (Fig. 3.4) in comparison to
expression using MC4100:pHEN1scFvOx (Fig. 3.1). rdgpnately equal quantities of
product were found in the periplasmic and cytosfrkctions, respectively (Fig. 3.4). Due to
the overloading of gel, it was not possible to campthe size of scFvOx extracted from the
periplasmic and cytosolic fractions. Therefore,oinfation on processing gdelB leader

sequence could not be interpreted.
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Thus, high production levels were obtained vilithHowever, problems were observed with

respect to uncontrolled expression levels and tessaf host cell growth.

3.1.5 Effect of co-expression afnaY,DsbA and active site variants of DsbA

The effect of co-expression of the thiol-oxidaseb®sand its variants with presumed
disulfide isomerase activity on the production oFgOx was investigated (Fig. 3.5). Since
the E. coli strain BL21(DE3) has an added advantage over MC4a(being deficient in
periplasmic proteases, this strain was used forsexyent expression studies. For co-
expression experiments, the plasmids pHEN1scFvQOk @dBS520 were used with or
without the gene for DsbA and its active site vatsaE. coli BL21(DE3):pHEN1scFvOXx
without additional plasmids served as a controm@as were analysed at two different time
points (4 and 16 h) after induction. Biologicallgtise scFvOx in the periplasmic fractions
was quantified by ELISA using purified scFvOx asstandard (kindly provided by Dr.
Claudia Humbeck).
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Fig. 3.5: Effect of co-expression of DsbA and ac#vsite mutants on the production of scFvOx:
Different BL21(DE3)E. colistrains harbouring the expression vector pHEN18cfand the indicated
additional plasmids were were grown at 30°C, induaéth 1 mM IPTG, and further cultivated at
24°C. Black and grey bars represent samples takeard 16 h post induction, respectively. scFvOx
concentrations were determined by ELISA. Error badicate the standard deviations of three
independent experiments.
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No scFvOx was detected in the pre-induction samjteall cases, the amount of scFvOXx in
samples taken 16 h post induction was higher thaheé samples taken after 4 h (Fig. 3.5).
The highest specific concentration of scFvOx, 4d%.* was detected when scFvOx was co-
expressed witlinaY (pUBS520), whereas additional co-expression of DebA&s active site

mutants was found to reduce the yield of periplasexipression (Fig. 3.5). Co-expression of
scFvOx withdnaYand wild typedsbAresulted in a yield of 2.ig L™ of scFvOx, which was

2-fold higher than in the control without pUBS52@hereas no enhancement in the
production of scFvOx was detected when activesiteants of DsbA were co-expressed. In
other words, disulfide isomerase activity, as assd$rom the co-expression of DsbA or of its
active site variants, failed to enhance the pesipla production of scFvOx. These studies
revealed the strain BL21(DE3):pHEN1scFvOx:pUBS58ast system for the periplasmic

production of scFvOx. Therefore, this strain wasdu®r further process optimisation.

3.1.6 Bioreactor scale production of scFvOx

After identifying the optimal expression strain tmext objective was to establish a
periplasmic expression process under controlleddiions in a bioreactor. Fed-batch
cultivations are commonly used to achieve far highadl densities of recombinaii. coli
than those that could be reached in batch cultigati Another advantage of fed-batch
cultivation strategies is that limiting feeding celosely control the growth rate. Fed-batch
cultivations in this work were performed with anpexential increase in feeding rate over

time to establish a constant growth ratg

Production of scFvOx, using the strain BL21(DE3)88520:pHEN1scFvOx, was scaled up
to 15 L. Cultures were initially grown at 30°C. @ftinduction with 0.5 mM IPTG, the
temperature was shifted to 24°C. A pH of 6.5 wastamed throughout the cultivation by
controlled addition of aqueous ammonia. After irfaton, a 20-30 minute lag phase was
observed, followed by the batch phase when the geftw at their maximum rat@.(,,) of
about 0.48 1. After consumption of the supplied glucose, thegpammed automatic feeding
procedure initiated, from when it took 2 h for thdture to reach stable growth at the set rate.
Cultivations were monitored only after induction motein synthesis. Online data such as
aeration, pH, feeding rate, stirrer speed, and, €pulsion rate were recorded by the
MFCSwin software, which was connected to the DCbteaay. The average specific growth
rate was calculated from fit to the optical demsitby single exponential function. Further
details on cultivation parameters, process coraral operational procedure are given in
sections 2.3.1 and 2.3.2.
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Effect of growth rate on scFvOx production

One of the objectives in recombinant protein praiducis to simultaneously reach a high
specific recombinant protein production rate, ahhigll density, and to ensure product
stability. Both productivity and protein stabilire affected by the growth rate (Rozkov and
Enfors, 2004). The influence of the growth ratelom periplasmic production of scFvOx was
investigated by comparing the bioreactor-scale bigith production of scFvOx withgdd

values of 0.12 hand 0.06 H respectively.

Cultivation using faster growth rate

For cultivation with aset growth rate of 0.12 'h the induction of protein synthesis was
carried out at an Olg of 8.8, which was reached at 10 h. Upon inductamm,ncrease of
scFvOx activity in the periplasmic fractions wasetved (Fig. 3.6, A). The rate of product
synthesis was high. This trend continued up to 1®ith a maximum of 4.9g L™ specific
activity of soluble antibody fragment. A similaetrd was found for the volumetric activity.
The maximum volumetric activity was 66 mg' lat 18 h. After this point, sScFvOXx activity

declined. The active production phase lasted for 8

The feeding profile was tightly maintained throughthe cultivation (Fig. 3.6, B). During the
fed-batch phase, the feeding rate, which was cledlby the process control system based
on the set specific growth ragig,= 0.12 i, increased exponentially with time (Fig. 3.6, B).
The optical cell densities continuously increaded.(3.6, C). The actual average growth rate
remained much lowei,e. 0.045 i, instead ofise; = 0.12 R (Fig. 3.6, C). These observed
difficulties in controlling desired specific growtiate are in agreement with previous reports
(Lubenovaet al.,2003). The inherent features of a feed-forwardnmetimit the application

of this feeding scheme, due to the likely occuresatexternal perturbations or variations of

culture parameters under experimental conditiondénoveet al.,2003).

Cultivation at slower growth rate

In order to investigate the effect of slower groweth periplasmic production of scFvOx, a
fed-batch cultivation with a set growth ratg,= 0.06 i was performed. After 2 h of feeding,

the ODQyy Of the culture was 36. At this pointg., after 14 h of cultivation, the expression of
scFvOx was induced. The concentration of scFvOxhan periplasmic fractions increased
more gradually compared to cultivation with fagteswth rate. This trend continued up to 38
h, with a maximum specific yield of 2.3 pd bof active antibody fragments (Fig. 3.7, A). The

maximum volumetric product concentration was 120Lmat 38 h.
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Fig. 3.6: Fed-batch cultivation for production of recombinant scFvOx at faster growth rate jise;
0.12 hY: E. coli BL21(DE3):pHEN1scFvOx:pUBS520 cells were cultivhie a bioreactor in fed-
batch mode. At 10 h scFvOx production was induceth W.5 mM IPTG.A. Specific scFvOx
concentration ) and volumetric concentratiom), B. Set point (~ ), and process value-§-of the
glucose feeding rate ar@. Optical density ¢), and fit to the data-¢) to calculate average specific
growth rate are shown.
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Fig. 3.7: Fed-batch cultivation for production of recombinant scFvOx at slower growth rate pse
0.06 hY): E. coli BL21(DE3):pHEN1scFvOx:pUBS520 was cultivated irbiareactor in fed-batch
mode. At 14 h, scFvOx production was induced with®M IPTG.A. Specific scFvOx concentration
(w) and volumetric concentratiow); B. Set point & ), and process value-J-of the glucose feeding
rate andC. Optical density ¢), and fit to the data-¢ ) to calculate averagecdic growth rate are
shown.

In comparison with the cultivation at faster growtite, scFvOx production profile was
steadier and significantly more sustained. Theifpgroduct concentration obtained in this

cultivation was approximately 2-fold higher thanthe cultivation at higher growth rate.
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scFvOx activity suddenly dropped after 38 h. Intcast to cultivation at a higher growth rate,
the production phase was prolonged to 16 h. Thaah&verage growth rate during the
production phase, before product degradation setas found to be 0.0221{Fig. 3.7, C).
This was considerably lower than the set paiat= 0.06 1. Thus, the specific growth rate
had a pronounced effect on the production of schu@y 2-fold increase in activity and

prolonged production phase as compared to cultinatt a higher growth rate were achieved.

Product localisation during feebatch cultivation

ELISA detects only active and soluble material. Floe quantification of total product
including inactive conformations, immuno-detectiohthe produced protein on a Western
blot is a suitable tool. It is specific for the duzt and highly sensitive. Periplasmic and
cytoplasmic fraction samples at indicated time fduring the cultivation were analysed by

this method. These samples were from the batchpaith 0.12 K.

No scFvOx was detected in pre-induction samplesrelsed amounts of scFvOx were
observed with increasing time after induction (F&8). It was found that the product
concentration increased for up to 8 h, in both ptasimic and cytoplasmic fractions.
Apparently, the amount of scFvOx in the cytosalacfion was higher than in the periplasmic
fractions. Possibly under fed-batch conditions, #teess on the cells was higher and
translocation less efficient. After 8 h of cultivat the product concentration decreased,
which was in agreement with results described al§bige 3.6 and 3.7). Possible reasons for
this are proteolytic degradation of the product| death or growth of non-producing cells.
Thus, scFvOx was obtained as a mixture of solutiizeaand aggregated material in cytosol

during the periplasmic expression of the protein.

Std.| O 2 4 g 810| 12| 14| 31

CF
- R . LY aee—

Fig. 3.8: Analysis of product during fed-batch culivation. Periplasmic fractions and pellet taken at
indicated intervals of time from fed-batch cultieett were examined. Renatured and purified protein
from IB’s served as standard. For analysiuiP®f PF prepared out of 1 mL of culture correspoidi

to ODspp 1 (cf. section 2.4.1), and for CF, sonicated galllet homogenate from 200 pL culture
volume were applied. Samples were separated by 3R%%-PAGE and Western blotted using amnti-
myctag antibodies.
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During this study, periplasmic expression of biddadly active scFvOx was achieved under
the control of lac promoter. However, expressiomiamthe control of strong promoter
resulted in a very high but un-regulated producti©a-expression afina¥Ywas found to be
beneficial for the production of scFvOx. Co-expi@ssof DsbA and its active site variants
was not beneficial for the enhancement of periplasproduction of scFvOx. During
bioreactor-scale cultivation studies at lower gtovate, an enhancement in the production of

scFvOx and a prolonged production phase were obgderv

In addition to the periplasmic expression of scFv@e namely production as cytoplasmic
IB’s and itsin vitro-renaturatuion was also investigated. The objedbekind these studies
was to compare both systems and identify the bestlugtion protocol for antibody

fragments.
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3.2 Cytosolic production, preparative renaturationand purification of scFvOXx
Production of scFvOXx inclusion bodies

IB’s predominantly contain the over-expressed pnotand therefore serve as a one of the
rich source of recombinant product needed for avadend industrial applications. This
section describes studies on isolation of scFvOm(fiB’s, investigation of protein stability

and various strategies explored for improvememématuration yield.

kDa M 1 2 3
97 | we—— %‘"""
66 ‘ &
45 | -
e | scFvOx
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Fig. 3.9: Production and isolation of scFvOx IB’s:IB's were expressed irE. coli BL21
(DE3):pUBS520:pET15b(+)scFvOx. Proteins were aralyby 12% SDS-PAGE and staining with
Coomassie Blue. M, low molecular weight marker;eldn whole cell extract from wimduced cells;
lane 2, whole cell extract from induced cells (pbst-induction); lane 3, IB preparation. For ekte
the pellet of 200 pL culture volume was applied.

scFvOx was produced i&. coli. Cells were harvested 4 h post induction and [B&pared
according to section 2.4.2. Pre-induction, postitbn and 1B samples were analysed by
SDS-PAGE (Fig. 3.9). No scFvOx production was obseiin the pre-induction sample (Fig.
3.9, lane, 1). Post-induction, the crude cell esttshhowed strong expression (Fig. 3.9, lane,
2), corresponding to ~30-50% of the total cellydestein. Apparently, the stronid/ promoter
drove very high protein production. scFvOx was pictl as insoluble IB’s, as described in
section 2.4.2 and the preparation contained ~ 8Qx polypeptide (Fig. 3.9, lane, 3).
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Preparative renaturation of scFvOx from IB’s

20 g of Biomass

'

1.12 g of IB’s

!

267 mg of reduced protein in 126 mL

'

Preparative renaturation batch, 1.9 L

’

Concentrated to 400 mL, total protein 288§

;

Dialysed before purification, 45 mg

'

Final yield of scFvOx after IEX separation
was approximately 13 mg

Scheme 3.1: Production of IB’s, preparative renatuation and purification of scFvOx

Isolation of IB’s was done from 20 g of cell biomgscheme 3.1), resulting in 1.12 g of IB’s.
After reduction, denaturation and dialysis, 267 ahdB solubilisate in a total volume of 126

mL was obtained (scheme 3.1). From this reduceteproa 1.9 L renaturation experiment
was performed (cf. section 2.5). After cross-flomncentration, 400 mL of renatured sample
was obtained, corresponding to 255 mg of proteitégme 3.1). This concentrated protein
was dialysed and clarified by centrifugation to o aggregates, resulting in 45 mg of
protein (scheme 3.1). Purification by ion exchangematography (IEX) resulted in 13 mg

of pure scFvOX, corresponding to 5% of the appiidl IB protein (scheme 3.1).

Purification of scFvOx

After production, preparative isolation and renatian of scFvOX, the protein was purified
by IEC, using a Hi-Trap SP-Sepharose column. Thatueed protein applied for purification
was relatively pure (Fig. 3.10 B, lane 4). 45 mdlwf protein was loaded on the column. No
scFvOx was detected in the unbound and washingdrec(Fig. 10, B, lanes, 5 and 16).
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Fig. 3.10: Purification of scFvOx by ion exchangehromatography: Protein was applied to a Hi-
Trap SP-Sepharose column (1 mL) and eluted withadignt of 10 mM (0%) to 2 M (100%) NaCl in
25 mM of sodium phosphate, pH 64.Chromatogram - Absorption at 280 nm-{-), and 260 nm-¢-

), and salt gradient-). B. SDS-PAGE analysis 20 uL of respective samples were analysed by 12 %
SDS-PAGE and silver staining. 1, LMW markers; 20olehcell extract; 3, IB preparation; 4, protein
applied to column (after dialysis); 5, flow-throygh6, wash fraction, 20, early eluates and 23 -31,
elution fractionsC. scFvOx antigen binding activity - Antigen binding activity was determined by
ELISA.

Bound protein was eluted with a gradient of inciegadNaCl concentration. Eluted scFvOx
protein was found in the fractions 23-31 (Fig. 3.B) corresponding to NaCl concentrations
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between 0.23 and 0.6 M. The protein eluted in tlegrlapping peaks. All peak fractions
contained an apparently homogeneous pure protain avielative molecular weight of 29
kDa as observed by silver stained polyacrylamide Tee activity assay by ELISA revealed
scFvOx antigen binding activity in all peak fractio(Fig. 3.10, C), with specific scFvOx
activities between 0.16 to 0.19 mg tlLCharacterisation by CD spectroscopy, analytical
SEC, RP-HPLC and mass spectroscopy (cf. section failéd to detect any differences
between the protein in the different elution fran8. This indicates that the observation of
three overlapping elution peaks was not due torbgémeity of the purified protein. Instead,
it is conceivable that scFvOx adopted differentfoomations with different elution properties
upon binding to the ion exchange matrix, in agregnweith conformational flexibility of

antibody fragments reported in the literatwrag(,Dumoulinet. al.,2002).

3.3 Characterisation of purified scFvOXx
3.3.1 Reversed-phase HPLC
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Fig. 3.11: Analytical RP-HPLC of scFvOx: Retention profile of scFvOx monitored by optical
absorption at 280 nm-(). Separations were performed on a di-phenyl col@19TP54, VyDac) in a
gradient from 20 to 60% acetonitrile in 0.1% TFAeov5 min. The flow rate was maintained at 0.5
mL min™. The experiment was performed at 60°C.

The purity and homogeneity of isolated purifiedtpmo was further assessed by RP-HPLC.
Different RP-HPLC column materials (C18, C8 and @#y buffer systems (acetonitrile,
methanol and acetone) were tested, but the obseegetution and reproducibility were not
satisfactory. A reversed phase di-phenyl solid ptadumn (219TP54, VyDac) was found to
produce good resolution with acetonitrile / TFA fenfsystem, when the experiment was

performed at 60°C (Fig. 3.11). Under these conaitiadhe separation of purified protein
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samples gave rise to single sharp peaks, indicdtiag the protein had been purified to

homogeneity.

3.3.2 Mass spectrometry

28958.002

<«— ScFvOx

|
|
|
|
|
.1

28978.002

002

28030.002

28487.002

0|
it K I

28000

28463.002._ [ l

I"LU\ ».I»“im.\! A 1 |ll J
T

28500

|

\ 29101.002 29665 002

l ‘ 29928002

4!4‘ ‘

\r;. »-\ spthan WL\“}W
g |

29000

' 20500

30000

Fig. 3.12: ESI-TOF mass spectrum of scFvOx

The mass of the recombinantly expressed and pdirfet-vOx was determined by Electro
Spray lonisation-Time-of-Flight (ESI-TOF) mass dpemetric analysis of the collected peak
fractions from the RP-HPLC runs described in sec8@.1. The analysis was performed by
Dr. Angelika Schierhorn (Max Plank Research Unit Enzymology of Protein Folding,
Biozentrum, Halle). The mass of the protein wastbto be 28,958 Da (Fig. 3.12). This was
in good agreement with the theoretically expectaedsrof scFvOx (28,960 Da).

3.3.3 Spectroscopic characterisation

Fluorescence spectroscopy

Fluorescence emission spectra of renatured-puriiglvOx were recorded in phosphate
buffer, with or without GdnHCI (Fig. 3.13, A). Wheaxcited at 280 nm, the protein showed
an emission maximum at 348 nm in the absence o&tdeant. Upon exposure to 6 M
GdnHCI, the emission maximum shifted to 359 nm, levlthe emission intensity at the

maximum increased by almost three-fold (Fig. 3A)3,These changes are in agreement with
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an increased solvent exposure of aromatic amirdsagion unfolding, and therefore indicate

that the renatured purified scFvOx assumes a dkfilded structure in phosphate buffer.
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Fig. 3.13: Spectroscopic characterisation of scFvOxA. Fluorescence spectra of renatured
purified scFvOx (7.5 ug mLY) in 50 mM in sodium phosphate, pH 7.0, contairBogmM NaCl (o-),
or 6 M GdnHCI (e-) at 280 nmB. Far UV CD spectrum of native scFvOx(0.15 mg m[*) in 25
mM phosphate, pH 7.6« ), containing 50 mM NacCl.

Circular dichroism

Far-UV circular dichroism (CD) is generally usedestimate the secondary structure content
of proteins. The far-UV CD spectrum of scFvOx iropphate buffer was recorded between
190 and 260 nm (Fig. 3.13, B). An atypical CD spgutwith a relatively shallow minimum
of the molar ellipticity at 218 nm (-530 deg tdmol™) and a pronounced maximum between
195 and 200 nm was obtained. Atypical CD specteaaafeature commonly observed with

immunoglobulins and antibody fragmengsd., Tetinet al.,2003). The large positive peak in
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the CD signal at 200 nm supports the notion thatrématured purified scFvOx assumed a

defined, natively folded structure.

Secondary structure analysis using algorithms SENE&QDSSTR and CONTIN contained
in the CDpro package (Sreerama and Woody, 200@jigtesl B-sheet, helix and turn-like
elements of 18+5%, 0.7+0.1%, and 22+1%, respegtivEhis observation was consistent
with literature that antibody fragments drsheet structure-containing proteins (Tedtral.,
2003).

3.3.4 Analytical size exclusion chromatography

Analytical SEC on a TSK Gel 3000 HPLC column waspkyed to probe the
oligomerisation state of purified scFvOx (Fig. 3.1Mo aggregates were detected (Fig. 3.14,
A). The molecular weight of the protein, as estedaby comparison with a calibration curve
obtained with a low molecular weight gel filtrati@alibration kit (Amersham Biosciences)
(Fig. 3.14, B), was found to be 37.6 kDa (log MW7), which was in reasonable agreement
with the expected 28.7 kDa (log Mw 1.45). The vadugpected for a dimer would be 57.4
kDa (log Mw 1.75), so the data suggests mainly mmeric scFvOx. Pronounced peak tailing
was observed, indicating interaction of the proteiith the silica based material of the
column, which makes the size determination queabitm(Fig. 3.14, A). Therefore, in order
to determine the in-solution status of scFvOX, @il ultra-centrifugation was performed

as discussed in section 3.3.5.
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Fig. 3.14: Analytical SEC of scFvOx:A. Retention profile of scFvOx — The experiment was
performed using a TSK Gel 3000 column, in 25 mMisadphosphate, pH 7.0, containing 50 mM
NaCl. Ten pg of protein were applied for analyftetention profile of scFvOx was monitored by
optical absorption at 280 nm-{). B. Calibration curve using low molecular weight geffiltration
calibration markers — For scFvOx, the expected molecular weight is ptbtiggainst the
experimentally observed retention volume.

3.3.5 Analytical ultra-centrifugation analysis of €FvOXx

In an analytical ultra-centrifuge, a sample beipgrscan be monitored in real time through
an optical detection system, using ultraviolet tigibsorption. This allows the operator to
observe the evolution of the sample concentratiofilp versus the axis of rotation as a result
of the applied centrifugal field his experiment was performed with the help of PD0lie.

Since the earlier experiments described in se@i@¥ could not give exact information
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about the status of scFvOx in solution, analytidah-centrifugation analysis was performed.
Under the conditions of the measurement, scFvOx masfound to form aggregates (Fig.
3.15, A).
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Fig.3.15: Analytical ultra-centrifugation: A. Sedimentation velocity experiment - The
sedimentation velocity run was carried out at 40,08 ¢--). Scans were taken every 10 minuts.
Equilibrium sedimentation experiment - The sedimentation equilibrium was established by
centrifugation at 16,000 rpm for 45 h. The equilibr distribution of a monomeric species was fit to
the data (¢-). Lower panel: Residuals of the fit. The analysias performed in 25 mM sodium
phosphate, pH 7.0, containing 50 mM NaCl, at 20°k& protein concentration was 110 pg L
The sedimentation velocity of the native proteimresponded to a sedimentation coefficient
s(app) of 2.16S. This value was consistent with monomeric scFvlhe evaluation of the
equilibrium sedimentation experiment (Fig. 3.15,d3e a molecular mass of 27.4 kDa, in

good agreement with the expected value of 29 kb#&hfmonomeric protein.
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3.3.6 Urea-induced unfolding and refolding

Urea-induced unfolding/refolding transitions at gt and 8.5 were compared (Fig. 3.16) to
evaluate the effect of pH on tlwe vitro-refolding of scFvOx. For unfolding, the proteinsva
incubated in a series of buffers containing thecategd urea concentrations for 24 h. For
refolding, the protein was denatured in 8 M ureebfh, diluted into the urea buffer series and
then incubated for 24 h. Tertiary structure was itooed by measuring the intrinsic

fluorescence at 360 nm (Fig. 3.16).
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Fig. 3.16: Urea-induced unfolding and refolding transitions: A. Unfolding (--) and refolding (e-)

of scFvOx in 0.1 M sodium phosphate, pH 7.0, atQ®. Unfolding (-e-) and refolding (e-) of
scFvOx in 0.1 M Tris/HCI, pH 8.5, at 20°C. The miot concentration in the experiments was 7.5 ug
mL™. The fluorescence emission at 360 nm was monitrkd excitation wavelength was set to 280
nm. A two-state equilibrium folding / unfolding trsition (see text) was fit to the data ().
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In each casd,e., for unfolding or refolding at either pH, sigmoidreges were obtained. At
pH 7.0, the midpoints of the unfolding and refolylitransitions were 3.7 M and 3.6 M,
respectively. At pH 8.5, a considerable differefmween the transition midpoints was
noticed (4.35 M and 4.0 M, respectively). The udioy and refolding baselines at pH 7.0
were more coinciding than at pH 8.5 (Fig. 3.16)isTdbservation suggests that the degree of
refolding obtained at pH 7.0 was higher than that+h8.5 (Fig. 3.16, B). At pH 7.0, 80% of
denaturation of the protein was apparently reversidis judged by visual inspection of the
unfolding and refolding baselines (Fig. 3.16), wdzey approx. 60% of denaturation was
reversible at pH 8.5. These results indicate thh7[® is more suitable than 8.5 for refolding
of scFvOx. The effect of pH on the apparent sitgbdf scFvOx was further investigated

over a wider range of pH values as described iticse8.3.7.

Using the data presented in Fig. 3.16, the thermahyc parameters of scFvOx unfolding
were calculated at both pH values, assuming twie-stafolding transitions. Due to the
observed lack of reversibility, the values (Tabl2)&re only estimates. The estimates for the
free energy of unfolding\GUo values fall into the range reported for othigle chain

antibody fragments.

Experiment | AGy, (kJ mol?) m (kJ mol*M™) ICs0(M)
pH 7.0 33+4 -8.9+0.8 3.6+£05
pH 8.5 22+3 -5.0+0.5 44+0.3

Table: 3.2: Fit parameters of urea-getliunfolding of scFvOXx.

3.3.7 pH dependent stability of scFvOXx

The influence of pH on the structural stabilitysef~vOx was investigated at pH between 2.0
and 10.0 (Fig. 3.17, A). For this purpose, purifiscFvOx samples were incubated in a

combined buffer system at the desired pH value2#bh. In order to assess pH-induced

structural changes, the fluorescence emissioneftbmatic residues was measured at 350
nm (Fig. 3.17, A).
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Fig. 3.17: pH dependent stability of scFvOxA. pH transition of scFvOx - For analysis7.5 pg mL

! protein was incubated at 20°C in a buffer contajr.1 M citric acid, 0.1 M phosphoric acid and 0.1
M boric acid adjusted to the indicated pH valuEgcitation was done at a wavelength 280 nm.
Fluorescence emission at 350 nm was monitorad).(The solid line is meant to guide the eRe.
Fluorescence emission spectra of scFvOx at differepH values -at pH 2.0 (e-), at pH 4.0 (e-), at

pH 7.0 (-¥-), and at pH 9.5y -) respectively. Normalised fluorescence data from figure B.
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Protein was found to be stable in between pH 6.8.@0 Apparently, acid and base-induced
denaturation occurred below pH 5.0 and above pHr@gpectively (Fig. 3.17, A). Below pH
4.0, an apparent second acid-induced transitiosetha strong increase in the fluorescence
signal at 350 nm (Fig. 3.17, A). The maxima of therescence emission spectra of scFvOXx
at pH 4.0 and pH 9.5, respectively, show a redt,shifilar to the spectrum of GdnHCI-
denatured protein at pH 7.0 (cf. section, 3.3.8, Bil3, A and Fig. 3.17, B and C).

The overall fluorescence intensity of the acid- drade-denatured protein was decreased
compared to that of the native state, while chehdeaaturation (cf. section, 3.3.3, Fig. 3.13,
A and Fig. 3.17, B and C) had led to a strong iaseein maximum fluorescence intensity. In
contrast, the fluorescence emission spectrum of@gFat pH 2.0 showed a significant blue
shift of the emission maximum to 341 nm (Fig. 3.B7and C). The maximum fluorescence
emission intensity was approximately 30% highentti#at of the native protein at pH 7.0
(Fig. 3.17, B and C). The data have been normalis€dy. 3.17, C.

These observations suggest the sequestration @rtimeatic amino acids within the interior
of the protein and therefore some degree of stradarmation of scFvOx polypeptide at pH
below 3.0. Acid-induced alternatively folded or meol globule-like conformational states
have been described for a series of proteins, divedu immunoglobulins and antibody
fragments (Buchnest al., 1991 and 2001).

3.3.8 Characterisation of the acid-induced state

GdnHCI-induced unfolding of the acid-induced state

The putative acid-induced state of scFvOx was @&urttharacterised. For this purpose, the
fluorescence spectra of scFvOx were recorded aP fHn the presence or absence of the
denaturant GdnHCI and compared to the spectratvienand denatured protein at pH 7.0 (cf.

section 3.3.7) (Fig. 3.17, A and B). As describédwe, scFvOx exhibited an increase in
fluorescence emission intensity and a blue shifthef emission maximum to 343 nm (Fig.

3.18, A, B) at pH 2.0. This blue shifted fluorescerspectrum was clearly distinguishable

from that of the native as well as from that of @@nHCI-denatured spectrum at pH 7.0.

After addition of 6 M GdnHCI at pH 2.0, a red shiftthe fluorescence emission maximum of
scFvOx to 359 nm was observed (Fig. 3.18 B), thisesponds to fluorescence maximum of
the GdnHCIl-denatured protein at pH 7.0. These fligslisuggest that the acid-induced
conformation at pH 2.0 and the GdnHCI-induced confitions represent distinct protein

states.
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Fig. 3.18: Spectroscopic characterisation of aciditluced state: A. Fluorescence spectrand B.
Normalised data of the fluorescence spectra A For analysis native 7.5 ug nilof protein was
incubated in 50 mM sodium phosphate, pH 7.0, caimgi50 mM NaCl (e-), or 6 M GdnHCI (e-).

50 mM sodium phosphate, pH 2.0, containing 50 mMMCN&A -), or 6 M GdnHCI (A-). C.
Denaturant-induced unfolding transition - For analysis 7.5 pg mtLof protein was incubated in 50
mM sodium phosphate, pH 2.0, containing the in@idatoncentrations of GdnHCI. After incubation
for 16 h at 20°C, fluorescence emission spectreeweeasured after excitation at 280 nm. The solid
line is meant to guide the eye.
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In order to investigate the conformational shifinfr the acid-induced state to the GdnHCI-
induced state at pH 2.0, scFvOx was incubated foa6pH 2.0 and subsequently transferred
to buffers containing increasing concentrationsGifnHCI at pH 2.0. After additional
incubation for 24 h, fluorescence spectra of tlegin samples were measured. Formation of
aggregates at pH 2.0 precluded a quantitative atiatu of the transition between acid-
induced and GdnHCI-induced state (cf. section 3.3#wever, when the maxima of the
fluorescence emission spectra were plotted agdmestconcentration of denaturant, a co-
operative transition with a midpoint at approx. #6GdnHCI was observed (Fig. 3.18, C).
This suggests that the acid-induced state contamtiary contacts that have to be disrupted

simultaneously upon unfolding, and defines an aétgve folded state of the protein.

Circular dichroism

The far-UV CD spectrum of the acid-induced statesafvOx was recorded at pH 2.0 (Fig.
3.19). Interestingly, the spectrum at 220 nm shosigdificantly higher amplitude than that
of the native protein and indicated a significaohtent of ordered secondary structure
elements. The content @sheet, helix and turn was 22.07% 7.2, 1.9% (+18)0and
23.21% (£ 0.019), respectively. These observatmnsort the idea that the acid-induced
state of scFvOx assumes an alternative, orderedoroation with a high content of

secondary structure elements.
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Fig. 3.19: CD spectra of scFvOxRecorded ir25 mM sodium phosphate, containing 50 mM Nacl,
adjusted to pH 2.6¢ ), orpH 7.8 ( ) respety.
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Ultra-centrifugation analysis of the acid-inducedate

During the GdnHCIl-induced unfolding of scFvOx at @D (cf. sub-section above), a
guantitative analysis of the results was preclugebtbss of signal during the incubation of the
samples, possibly due to protein aggregation. ldemro evaluate oligomerisation of
aggregation status, scFvOx was subjected to a sethtion velocity ultra-centrifugation at
pH 2.0 (Fig. 3.20). Unlike the native protein at g0 (Fig. 3.15, A), the protein rapidly
settled down in the measurement cell, clearly i@iing aggregation. A quantitative

determination of sedimentation velocities for tloedanduced state of scFvOx at pH 2.0 was

therefore not possible.

The very limited solubility of the acid-induced dommation of scFvOx also precluded its
thorough biophysical characterisation. Althoughlrhatks of a proper alternatively folded
state could be observed spectroscopically, defipit@of for the existence of a distinct

thermodynamic state remained elusive.

0.7 A

A280 nm

r (cm)

Fig. 3.20: Analytical ultra-centrifugation of scFvOx at pH 2.0: The analysis was performed in 25
mM sodium phosphate, pH 2.0, containing 50 mM N#GI). Protein concentration was 110 pg L
The sedimentation velocity run was carried out@0@0 rpm and 20°C. Scans were taken every 10
minutes.

3.4 lonic Liquids as renaturation additives

Renaturation of proteins is often limited by a kioeompetition between productive folding
and irreversible off-pathway reactions such aseggfion. In case of scFv’'s, the formation of
two disulfide bonds is required for correct foldingurthermore, scFv's are vulnerable to
aggregation. In the absence of additives, renabmrayields are typically close to the

detection limit. Although functional scFvOx coul@ Isuccessfully renatured vitro in the
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presence of L-arginine, an improvement of renaibmatyields would be desirable. In
addition, testing novel additives for the furtheprovement in renaturation yield remains one
of the areas of interest in research. In ordertudysthe renaturation of scFvOx, a series of
N’-alkyl and N’-(o-hydroxyalkyl) N-methylimidazolium chlorides, withlkyl chain lengths

varying between two and six carbon atoms, weresitigated.

3.4.1 Influence of N'-alkyl N-methyl imidazolium cHorides on renaturation of scFvOx

The inclusion body solubilisate of scFvOx as ddésadiin the section 2.4.2 served as starting
material for these renaturation experiments. Theatie renaturation of scFvOx was first
performed at concentrations of IL's ranging frond M to 4.0 M. Renaturation in the
presence of L-Arg/HCI served as reference for #xperiment. Renaturation yields were

determined by the antigen binding activity by ELISA

The results are represented in Fig. 3.21. An L4A€)/concentration 1.0 M resulted in 3.5%
renaturation yield (Fig. 3.21). Significant enhameat in renaturation yield was observed in
the presence of EMIM-CI (Fig. 3.21) - up to 4.5%9& M EMIM-CI (Fig. 3.22). This was an
increase of 28.6% in the renaturation yield in carigon to L-Arg/HCl. Compounds OH-
EMIM-CI and OH-PMIM-CI were also found to promotenaturation of scFvOx, but only
slightly compared to that with L-Arg/HCI. Up to 2@2and 2.3% renaturation yields were
obtained in the presence of 1 M OH-EMIM-CI and M50H-PMIM-CI, respectively (Fig.
3.21, B). For the IL’s that did promote renaturatitower concentrations were also evaluated
(Fig. 3.22). Maximum renaturation yields were oledrin the presence of 0.5 M EMIM-CI
(Fig. 3.22, A). The combination of least concempratind highest renaturation yield were 0.8
M and 0.3 M and 2.5% and 2.4% in case of OH-EMIMa@t OH-PMIM-CI, respectively
(Fig. 3.22, B and C). Concentration of the IL's liieg than 1 M was counterproductive to the
yield of renaturation. The salts carrying longekyhlside chains at the substituted
methylimidazolium cations did not act as effectigaaturation enhancers for scFvOx, and the
detrimental effect at higher concentrations wasenqmonounced with such compounds. In
the presence of compounds PMIM-CI, BMIM-CI, and GINHM-CI, up to 0.8%, 0.7% and
1.2% recovery, respectively, of the denatured pmoteas seen in the presence of 0.5 M salt
concentration (Fig. 3.22, A), and this was closthedetection limit of the assay. No scFvOx

was recovered in the case of HMIM-CI.

Apart from these imidazolium chlorides, other Igth varying cations and anions were

tested as renaturation additives, which are desttiilelow (section 3.4.2).
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Fig. 3.21: Renaturation of scFvOx in the presencef &. N'-alkyl N-methylimidazolium chlorides

and B. N'-(o-hydroxyalkyl) N-methylimidazolium chlorides: Reduced scFvOx at 80 ug thiwas
diluted into renaturation buffer (80 mM Tris/HCIH8.7, containing 2.5 mM GSH, 2.5 mM GSSG, 1
mM EDTA) containing organic salts as indicated. &enation was allowed to proceed for 96 h at
15°C. Renaturation in presence of L-Arg/HCl wadluded as a reference. Renaturation yields were
determined by ELISA. Bars are colour-coded and ewrkvith the molar concentrations of the
respective organic salts. Error bars indicate thedard deviations of four independent experiments.
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Fig. 3.22: Renaturation of scFvOXx at lower concenation of IL's that showed yield enhancement:
Renaturation was performed as described in thentbgef Fig. 3.21. Renaturation yields were

determined by ELISAError bars indicate the standard deviations of fodependent experiments.
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3.4.2 Effect of other lonic Liquids
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Fig. 3.23: Effect of IL's with varying cations on te renaturation of scFvOx:A. Renaturation in

the presence of various IL's and B. Screening of lower concentration of OH-EPY-CI-
Renaturation was performed as described in thentbgef Fig. 3.21. Renaturation yields were
determined by ELISA. Renaturation in presence &rgfHCI was included as a reference. Bars are
marked with the molar concentrations of the respeatrganic salts. Error bars indicate the standard
deviations of four independent experiments.

Renaturation screening experiments in this setuded N-(2-hydroxyethyl) pyridinium
chloride (OH-EPY-CI), N,N’-dimethylimidazolium dintieylphosphate (ECO-ENG-1111P)
and cocoasalkyl pentaethoxymethyl ammonium methylfate (ECO-ENG-500). The
remaining conditions for the renaturation experitamere the same as described above in

section 3.4.1. OH-EPY-CI was found to enhance ématuration yield of scFvOx compared
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to L-Arg/HCI. Up to 3.8% renaturation yield was aioted at a salt concentration of 0.5 M
(Fig. 3.23, A), and the compound was most effeditv®.3M, when > 5.2% of the protein was
recovered (Fig. 3.23, B). The highest renaturatias an increase of about 50% as compared
to renaturation obtained in the presence of L-Afg)/HHowever, as observed in case of other
IL’'s (cf. section 3.4.3), increased concentratiaisOH-EPY-CI were not helpful for the
renaturation of scFvOx. The other two compounds, N;dimethyl imidazolium
dimethylphosphate (ECO-ENG-1111P) and the quatgrm@amonium methylsulphate (ECO-
ENG-500) were not beneficial for the renaturatibsavOx (Fig. 3.23, A).

In conclusion, IL’'s EMIM-CI, OH-EMIM-CI, OH-PMIM-Cland OH-EPY-CI promoteth
vitro-renaturation of scFvOx, and their effects werghdly higher or equivalent to that of the
widely used additive L-Arg/HCI. In certain cases, iacrease of 28-50% renaturation yield

over that of L-Arg/HCI was observed. Compound OH¥EE was the most effective.

3.5 Renaturation from the mixed disulfide of scFvOxand GSH

The applicability of the mixed disulfide of scFv@ith glutathione as starting material for
vitro-renaturation was explored in order to establigitaocol for the screening of aromatic
thiol compounds. The mixed disulfide was prepargdréacting the reduced-denatured
protein with an excess of glutathione, as descrilvedsection 2.9.2. Renaturation was

performed in the presence of GSH concentrationgimgrfrom 0 to 10 mM.
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Fig. 3.24: Optimisation of GSH concentration for tle renaturation of glutathione modified mixed
disulfide species:One hundred forty pg mt glutathione modified mixed disulfide species were
diluted into the renaturation buffer containingr@® Tris/HCI, 1 mM EDTA, pH 8.7. 1 M L-Arg/HCI
was included as additive in all experiments. Renadion yields were analysed by ELISA after 96 h of
renaturation at 15°C. Error bars indicate the saashdeviations of three independent experiments.
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The optimum concentration of GSH for renaturatidnttee glutathione modified mixed
disulfide of scFvOx was 0.2 mM (Fig. 3.24). Howevabroad GSH concentration optimum,
between 0.2 mM and 1.0 mM was observed. A furthereiase in concentration was not
helpful forin vitro-renaturation. Therefore, GSH or aromatic thiolsemased at 0.2 mM in

further experiments.

3.6 pH-dependence of scFvOx renaturation and GSH

Thermodynamic factors like pH and temperature haw@nsiderable influence on protein
stability and therefore on tha vitro-renaturation of proteins. The pH dependence ofirthe

vitro-renaturation of scFvOx was investigated using figatireduced-denatured scFvOx as
well as its mixed disulfide with glutathione asri8tey material. This experiment was

performed in the presence of L-Arg/HCI as additiwénile GSH and GSSG were used as

redox buffer components.

The renaturation of scFvOx was highly dependenttten pH (Fig. 3.25). In case of the
reduced-denatured-protein (Fig. 3.25, black bas)pptimum renaturation yield of 11% was
obtained at pH 7.0. At pH 8.5, the renaturatiorpged to below 8%. Thus, renaturation yield
obtained at pH 7.0 was up to 37.5% higher tharHa85. At pH 6.0, only 7.3% renaturation
yield was obtained. Below pH 5.0 and above pH #&,amount of active protein was close
to the detection limit of the assay. Incidentatlye renaturation pH optimum correlated with
the stability of scFvOx observed in the pH-dependimaturation experiment, as discussed

in section 3.3.7.

In a parallel set of experiments using mixed didalfwith glutathione (Fig. 3.25, gray bars),
reduced glutathione was used at a concentratiof.2fmM to catalyse the formation of
disulfide bonds. The pH optimum was lower compdcethat for reduced-denatured-protein.
The highest renaturation yield of 12% was obseedH 6.0. At pH 8.5, the renaturation
yield was below 7% (Fig. 3.25). Thus, renaturatygeid obtained at pH 7.0 was 70% higher
than at pH 8.5. Below pH 5.0 and above pH 8.5, ttemtion yields were close to the
detection limit of the assay. Importantly, since thiighest renaturation yield was at pH 7.0,
well below the thiol K, of pH 8.7 for glutathione, these results indictite stability of
SscFvOX.
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Fig. 3.25: Effect of pH on the renaturation of IB slubilisate and of the mixed disulfide with
GSH: Renaturation was performed in buffers containin M. acetic acid/NaOH for pH values 4.0-
5.0, Bis-Tris/HCI for pH 6.0, Tris/HCI for pH valser.0-8.5 and boric acid/NaOH for pH values 9.0-
9.5, in the presence of 1 mM of EDTA. Experimenesevperformed at concentrations of 140 pg’mL
starting material. For renaturation of reduced girot{black bars), GSH and GSSG were applied at a
concentration of 2.5 mM. The mixed disulfide of 8€& with glutathione was refolded in presence of
0.2 mM GSH, (gray bars). 1 M L-Arg/HCI was includad additive in all experiments. Renaturation
yield was analysed by ELISA after 96 h of renaioratat 15°C. Error bars indicate the standard
deviations of four independent experiments.

These observations revealed two important poirits:eérlier renaturation experiments (cf.
section, 3.2.1 and 3.2.2) were performed underoftioral conditions, and (2) an alternative
redox buffer system which functions more effectjvat lower pH is desirable. In addition to
information concerning the pH optima for the remnation of scFvOX, the results described
here also indicated that renaturation using theethidisulfide is a suitable system for

studying the effect of various thiol compounds logii vitro-renaturation of scFvOX.

3.7 Aromatic thiols as redox buffers

3.7.1 Effect of aromatic thiols on the renaturationof the mixed disulfide of scFvOx with

glutathione

The effects of four aromatic thiol compounds, thiaylic acid (ThioSA), 4-

mercaptopyridine (4-MPYN), 2-mercaptopyrimidine NIRYMN), and 2-mercaptopyridine

N-oxide (2-MPYN-ox) (cf. section, 2.1.2) as redaxffers on than vitro-renaturation of the
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mixed disulfide of scFvOx with glutathione weretegsin comparison to GSH over the pH
range of 4.0 to 8.5 (Fig. 3.26). The thiol compamere used at a total concentration of 0.2
mM. Therefore, the relative concentrations of tmetgnated and the active thiolate form,
respectively, were not fixed but varied as a functof thiol (K, and solution pH. These

experiments were performed in the presence of LHEH as additive.
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Fig. 3.26: Renaturation of the glutathione-modifiedmixed disulfide of scFvOx in the presence of
aromatic thiols: Renaturation was performed in buffers containin M acetic acid/NaOH for pH
4.0-5.0, Bis-Tris/HCI for pH 6.0, Tris/HCI for pH.0-8.5 and boric acid/NaOH for pH 9.0-9.5 in the
presence of 1 mM of EDTA. Glutathione modified nibaisulfide was used as starting material at 140
pg mL*, and aromatic thiols or GSH were applied at 0.2.rM L-Arg/HCI was included as additive
in all experiments. Renaturation yields were aredysfter 96 h at 15°C. Error bars indicate the
standard deviations of six independent experiments.

The tested aromatic thiols were found to have Baant effects on the renaturation of
scFvOx (Fig. 3.26), with similar pH dependencellrcases. The pH optima ranged from 6.0
for TihoSa to 7.7 for 4-MPYN. Presence of GSH leslin 12% renaturation yield. In
comparison, for three of the four tested compousidgificantly enhanced renaturation yields
were observed at least at one pH value, while télel yas significantly reduced above pH
6.0 with 2-MPYN-ox (Fig. 3.26).
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Enhanced renaturation yield was observed in cadeMPYN, with up to 21% at pH 7.7, an
increase of up to 75% compared to renaturatioherpresence of GSH. Inclusion of ThioSA
resulted in 18% vyield, with the renaturation optimghifted to pH 6.0. A pH optimum of 7.0-
7.7 was observed in the case of 2-MPYMN, with raeraton yield around 18%, a 50%
increase over that in the presence of GSH. 2-MPXN}ial not enhance renaturation of
scFvOx, as 11% renaturation yield was observedda.p, which was comparable to that in

the presence of GSH.

Importantly, the overall effect of all three compds on the final renaturation yield was not
marked, as in all three cases renaturation maximas 18-21%, an increase 50-75% over
ranaturation in the presence of GSH. However, tbetnmportant finding was that, all these
compounds showed renaturation pH optima lower ®&n At pH 5.0, some recovery of
scFvOx was observed in all cases, with up to 108atreation yield obtained in the presence
of ThioSA. At pH 4.0, no recovery of scFvOx coulel detected above the background signal
of the ELISA analysis.

In conclusion, three of the four tested compourigsificantly enhanced renaturation yields
of scFvOx in comparison to glutathione. The compgb@rmercaptopyridine N-oxide did not

enhance the renaturation of scFvOX.

3.7.2 Effect of aromatic thiol compounds on renatuation kinetics of the mixed disulfide

of scFvOx with glutathione

For proteins containing disulfide bonds, the reratan rate is usually limited by thiol-
disulfide exchange reactions. These reactions oetthin the protein itself or between the
protein and the redox buffer, which consists of iatume of a thiol and the corresponding
disulfide. Therefore, the reactions were allowedal® place between the mixed disulfide of
scFvOx on the one hand, and glutathione or arontatms on the other. Renaturation
kinetics in the presence of the aromatic thiolsenempared with that of the reaction in the
presence of GSH, under identical experimental ¢mmdi. After starting the assay, samples
were withdrawn at defined time intervals and aredyisy ELISA (Fig. 3.27). Although it may
be assumed that renaturation follows complex kisetit was not possible to distinguish
kinetic phases within the uncertainty of this atiaht method. Thereforejn vitro-
renaturation of scFvOx from its mixed disulfide wadescribed with a single apparent time

constantk,p, When reasonable fits of data could be obtainegl @27, A).
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Fig. 3.27: Effect of aromatic thiols on renaturatia kinetics: A. Renaturation kinetics at pH 7.0-
Renaturation was performed in 0.1 M Tris/HCI, pl9,ontaining 1 mM EDTA. Mixed disulfide of
scFvOx with glutathione was used as starting meltati 140 ug mt* and renaturation was performed
in the presence of 0.2 mM of GSHe{), 4-MPYN (-0-), ThioSA ¢V¥-), 2-MPYMN (-<7-) and 2-
MPYN-Ox (-m-), respectively. 1 M L-Arg/HCI was included as addi in all experiments.
Renaturation yields were analysed by ELISA. Sdled represent single-exponential fits to the data.
B. Apparent rate constants- Apparent first-order rate constarkg, for the renaturation of the mixed
disulfide of scFvOx. Error bars indicate the stadd#eviations of three independent experiments.

Although the adopted method of analysis was redatierude, considerable differences in the
kinetics of renaturation could be resolved in thespnce of the tested thiol compounds (Fig.

3.27). The apparent rate of renaturation in thegmee of 4-MPYN was the same as that in
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the presence of GSH. The compounds 2-MPYMN and ¥INHDX significantly affected the
apparent rate of the renaturation reaction. Higlasgiarent renaturation of scFvOx was
observed with thiosalicylic acid,, = 0.16 i (Fig. 3.27, B), a rate approximately twice that
in the case of glutathione.

In conclusion, a 2.5-fold enhancement in the regoved scFvOx was achieved in the
presence of aromatic thiols by performing renatonateaction at the pH where protein was
most stable. In addition, renaturation kineticsdsts revealed that time required for the

completion of reaction could be reduced from 96 48 h.
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4. Discussion

The bacterial expression of antibody fragmentsiie®en a primary driving force behind the
rapid expansion and major successes of antibodynesgng in the past two decades.
Antibody library screening by phage display, whismow a relatively routine procedure for
the de novo isolation of mAb fragments and for improving awoilly properties by
evolutionary approaches, is contingent upon exjes®f properly folded. Antibody
engineering and bacterial expression provide a @aewt means of generating antigen
binding fragments for evaluation, isolation, anaduction of antibodies, alleviating any
concerns about the use of animals for such purp@s$estonet al., 1988, 1991, 1993 and
1996; Holliger and Hudson, 2005; Schirrmaatral.,2008).

As applications for mAb’s and their derivatives tione to increase, it is likely that bacterial
expression will continue to play a role in their mafacture. However, it is unlikely that
bacterial expression of whole antibodies will beeopnactical because of the difficulties in
expressing such large molecules in bacteria andettpgirements for glycosylation. For full
length mAb’s mammalian cell and sometimes yeastlaehost of choice, but for antibody
fragments,E. coli remains one of the most attractive host organisAihough some
information is available about the factors influggc antibody yield inE. coli, it is not
possible to identify general conditions that wileygood expression of a particular antibody
format. Studies have shown that antibody sequeecwins the key factor in determining
yield and various engineering and expression gfiedemay have to be investigated for each
individual molecule in order to achieve acceptaiieduct yield (Hustoret al., 1988, 1991,
1993 and 1996; Holliger and Hudson, 2005; Schirmretral.,2008). Antibody expression is
influenced by intrinsic factors such as transooiptand translation efficiencies, toxicity o
coli, amino acid sequence, stability and susceptibitity proteolytic degradation, and
spontaneous protein folding. Extrinsic or physidtatjfactors such as translocation inside the
cell, processing, protein degradation, assistedejrofolding, aggregation and limited
renaturation yields have so far been shown to &ffgoduction of antibody fragments
(Wulfing and Plickthun, 1994; Worn and PluckthudQ2; Oelschlaegest al.,2003). In line
with some of these established facts, productioantibody fragment by means of secretion
into the periplasm and recovery by means of reatitur of IB’'s were investigated in this

work.
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4.1 Periplasmic production of scFvOx

The periplasmic strategy imitates the natural foddi process and secretion of
immunoglobulins in eukaryotes. In bacteria, theat®ecy machinery directs proteins carrying
specific signal sequences suchpa#B, phoA and ompA to the periplasmic space (Pugsley,
1993; Georgiou and Segatori, 2005). The periplagpéce is a more oxidising environment
than the cytoplasm and is equipped with a numbeprofeins (DsbA and DsbC) which
catalyse disulfide bond formation and rearrangen@rd periplasmic chaperones such as Skp
or FkpA (Bothmann and Pluckthun, 2000 and 2004)iclwlare important for folding and
assembly of recombinant proteins. However, theppesmic production of recombinant
proteins in native, active form still presents aliénge today (Choi and Lee, 2004; Georgiou
and Segatori, 2005).

Results of scFvOx expression studies here showatdatBignificant fraction of scFvOx was
trapped inside the cytosol, although higher prodewetls were obtained in periplasm (Fig.
3.1). This suggests that although the&B signal sequence was successful in translocating
scFvOx across the inner membrane, possible preregpgregation led to a fraction of the
protein being retained in the “cytosolic” cell ftamn (Fig. 3.1). On the other hand, no
inclusion body formation was observed in the peagpt (Fig. 3.2), similar to the observation
with scFv for E-selectin (Casalvillet al., 1999), and with fragment of antibody for hepatitis
B surface antigen (Ayal&t al., 1995). Further, periplasmically produced scFvOxswa

biologically active (Fig. 3.3).

The position of protein bands during Western bloggested that scFvOx was properly
processed (Fig. 3.1) by the periplasmic export nmeel. Regrettably, the amount of
available product was not high enough for a sudakgsurification of periplasmically

expressed scFvOx. Thus, an N-terminal sequencigctbuld have definitely confirmed the

correct processing of the periplasmic export seceigpelB leader) was not carried out.

When scFvOx was expressed under the control cdttbeg promotei 7, there was very high
production of scFvOx (Fig. 3.4), but this led tdilsition of cell growth 2-3 h after induction
and to increased protein accumulation in the cyto8werload of the cellular export
machinery by high expression levels might hindesppr protein processing, as has been
observed with the periplasmic production of peliiccylase (PAC) under the control B
promoter (Xuet al.,2006). Upon induction with IPTG, the productionRAAC was limited by
the accumulation of PAC precursors as IB’s, groimthibition and cell lysis. Interestingly,
when arabinose induction was used, the producfi®A€ was significantly enhanced (&t

al., 2006), reflecting the weak induction efficiencytbis system compared to that of IPTG.
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The vector pUBS520 (Brinkmaret al., 1989) carries thdnaY gene encoding the tRNA for
the arginine codons AGA and AGG. These are rare®¢hE. coliand thus often limit gene
expression. Co-expression of pUBS520 enhanceddtiplasmic production of scFvOx (Fig.
3.5). On the other hand, neither co-expressionaiifADnor of its active site mutants C33A of
C33S were found to be beneficial for periplasmigression of scFvOx (Fig. 3.5). By
contrast, co-expression of DsbA enhances the yiklb-cell receptor fragments (Wulfingt
al., 1994), IGF-1 (Jolyet al.,1998) and human leptin (Jeoagal.,2000), and has been used
successfully as a solubilising partner in protaeisidns (Zhanget al., 1998; Winteret al.,
2001). Recently, Sandest al., (2005) reported that co-expressiondsbABCDmoderately
enhanced the periplasmic production of an antibddigment against hepatocellular
carcinoma. In order to significantly improve th@guctivity, the addition of 0.5 M sorbitol to
the culture medium was necessary. Sorbitol is knowistabilise the native state of the
protein. DsbA and its active site variants wereortgdl to mimic protein disulfide isomerases
under n vitro conditions (Wunderlich and Glockshuber, 1993). Régeit was demonstrated
for other scFv fragments as well that the oxidafolding in the periplasm is independent of
the Dsb system. Neither periplasmic and inner mamdybound Dsb enzymebe( DsbC,
DsbG, DsbB and DsbD) nor cytoplasmic thioredoxinsxg and TrxC) were required for the

oxidation of the scFv fragment HIyA (Fernandez ded_orenzo, 2001).

Cultivation at elevated growth rate enabled rapittlsesis of scFvOx, but was followed by a
sudden drop in the level of already formed prodixh after induction (Fig. 3.6). As depicted
in figure 3.7, a slower specific growth rate allalv@ sustainable synthesis of scFvOx. The
slower growth prolonged the active recombinant girotproduction phase by 8-10 h
compared to cultivation at faster growth rate. Hgribe specific growth rate played a very
important role in improving yield of scFvOx. Theesgffic growth rate has been shown to be
one of the most important process variables chenaotg the state of micro-organisms
during fermentations. The biosynthesis of many potsl of interest is often related to this
parameter, and both pre- and post-induction spegibwth rates should be closely controlled
in order to achieve maximum productivities for thesired recombinant protein. For example,
an increase in the yields of recombinamil and consensus interferon were observed in
parallel to an increase in pre-induction specifiovgh rate (Siegel and Ryu, 1985; Curless
al., 1990). Such direct correlation between the efficieof production of recombinant fusion
proteins and growth rate was found to be associaitiil changes in cellular ribosomal
content (Shiret al., 1998). At the same time, several groups (Zabriskial., 1987; Bech-
Jensen and Carlsen, 1990) have observed no camelettween the specific growth rate and
specific recombinant product formation. For exampleeduction in yield of recombinaft

lactamase was observed when the growth rate wasased by a change in medium
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composition in chemo-stat cultures (Seo and Baill®85). Riesenberet al., (1990) reported
that the cellular level of human interferei was higher at low growth rates in glucose
limited chemo-stat studies. Taken together, it appethat the characteristics of the
recombinant systeng.g.,the promoter strength, host/vector interaction somdkity of the
product dictate the relationship between recomhimaotein production and growth rate.
Nevertheless, during the fed-batch process, thetbroate is determined by the feeding rate
(Shin et al, 1998), and high cell densities and high volunceproduct activity can be

simultaneously achieved.

In all cultivations for the periplasmic productiohscFvOx at bioreactor scale, a sudden loss
in the cells’ ability to form product was noticetaacertain time point (Fig. 3.6 and 3.7). This
tendency might be due to proteolytic degradatiosadfvOx(Fig. 3.8), as highlighted when
proteolytically stable or the unstable protein wstadied in high cell density cultures
(Schmidtet al., 1999). It was shown that the inhibition of growthcells synthesising the
proteolytically unstable protein was connected toirecreased dissimilation of the carbon
substrate, resulting in a concomitant reductionthaf growth rate and the biomass yield
coefficient with respect to the carbon source.rliteo to overcome the problem of proteolytic
degradation, protease deficient strains have begalaped (Chemt al, 2004). The use of
mutants deficient in all major cell envelope pree=alegP, prc, ptr, ompTresulted in a
drastic decrease in proteolysis of a secreted reamt polypeptide (Baneyx and Georgiou,
1991). However, the growth of various proteaseeifii strains is somewhat impaired
relative to wild-typeE. coli (Haraet al., 1991 and 1996). In addition, tipec-deficient strain
was found to be vulnerable to cell lysis in thenfentor, and mutations iprc lead to cell
envelope defects, rendering cells temperature tsen$dr growth in low salt culture medium
(Haraet al, 1991).

Taking into account the observations from this wankd the published literature, an
optimisation of cultivation conditions offers sudnstial potential to improve the production of

recombinant single chain antibody fragments ingéeplasm ofE. coli.

4.2 Stability of scFvOXx

The relative stabilities of the native protein, mathway folding intermediates, and misfolded
conformations duringn vitro-renaturation of proteins depends on the amino s&iience of
the individual protein and on the renaturation erwinent (De Bernardez Clark, 2001). One
objective of this work was to identify factors whicontribute to the optimisation of tle

vitro-renaturation and stability of scFvOx.
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The results presented in this work gave some itidits that the formation of the native
conformation of scFvOx at slightly alkaline pH wiited by the stability of the protein
(Fig. 3.16). Alkaline conditions were destabilisifuy the protein and pH 8.5 was the upper
limit for the stability of scFvOx (Fig. 3.17). Thefore, the original protocol involving

renaturation of scFvOx at pH 8.7 was sub-optimal.

Under the conditions of the folding / unfolding eximents performed in this study,
equilibrium transitions were not obtained since rgielding process was not fully reversible,
which could potentially be due to the tendency @dfvx to aggregate. A similar situation
was observed by Martineu and Betton (1999) duringdiss on the thermodynamic stability
of scFv’'s. The authors demonstrated the preseneefi@ction of the protein that had high
tendency to aggregate during renaturation, wheme#bker native nor denatured protein was
susceptible to aggregation. However, the estimatedo for scFvOx at pH 7.0 and pH 8.5
are in good agreement with those reported by Dumailal., (2002) for a series of other
scFv fragments, which were estimated by GdnHClautemperature and pressure induced

unfolding.

The acid-induced state of scFvOx

Acid-induced alternatively folded state of scFvgirgents, as observed for scFvOx for pH
below 3.0 in this study (Fig. 3.17, 3.18 and 3.1s not been previously reported. This state
was characterised by a blue shift in the fluoreseeamission maximum, apparent co-
operative folding and a pronounced tendency toeggge (Fig. 3.17, 3.18 and 3.19). CD
spectroscopic observations suggested that theraited state had higher contenBegheet
secondary structures than native scFvOx. This evatiwe unfolding indicates an ordered
conformation with tertiary contacts, which suggehbts formation of an alternatively folded

state of scFvOX.

Incubation of proteins at low pH often leads to libg&s of their native structure. The product
of this denaturation process is often not a ranawoih but an assembly of conformations
termed molten globule (Kuwajima, 1989; Ptitsyn, 89%rai and Kuwajima, 2000). The
molten globule, originally characterised foiactalbumin (Dolgikhet al.,1981; Ptitsyn and
Uversky, 1994; Schulmaet al., 1997; Redfield, 1999), exhibits a significant amouon
secondary structure but only few stable tertiarptacts (Kuwajima, 1989; Ptitsyn, 1996).
The stability of the molten globule is only mardirend unfolding is not a co-operative

process.
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In the case of antibodies and antibody fragmerdb,(E(H)3 domain) however, incubation of
the protein at pH 2.0 appears to lead to a spenific-native structure and not a molten
globule (Vlasovet al.,1996; Welfleet al., 1999; Buchneet al.,2001). This conformation,
termed the alternatively folded state, is chariszdr by co-operative unfolding transition
indicating a stable tertiary fold. A similar confiaation was described for a Fab fragment
(Lilie and Buchner, 1995) and a dimeric C(H)3 domdirhies et al., 2001). Domain
interactions between the two-polypeptide chainthefFab fragment were found to stabilise
the alternatively folded state (Lilie and BuchrE995). Thus, incubation of scFvOx at acidic
pH leads to the formation of an apparent alterestivfolded state of scFvOx. This

phenomenon could be a common feature of the immahaobn fold.

4.3In vitro-renaturation of scFvOx

In order to achieve maximum renaturation yield,teystic optimisation of a series of
parameters such as the denatured protein condenfrat, temperature, time, redox buffers
and effect of different additives is required (DerBardez Clark, 2001; Middelberg, 2002;
Lange and Rudolph, 2005). Certain additives sudiragy (for suppression of aggregation),
sucrose and glycerol (for stabilsation of the reatitate) have been widely used to enhance
renaturation yields of the proteins. Also reduced axidised glutathiones and small
molecular weight thiols are commonly used as redofers for disulfide shuffling (De
Bernardez Clark, 2001; Middelberg, 2002; Lange Badolph, 2005). In order to select the
right low-molecular weight compounds as co-solvdatsrenaturation reactions, it is crucial
to maintain the balance between several factore agcpreservation of the stability of the

native state of a protein and stabilisation of dereal polypeptides and intermediates.

The results of the present work clearly showed tivatiL’'s from the series of N -substituted
N-methylimidazolium chlorides (Fig. 3.21 and Figz3) and N-(2-hydroxyethyl) -pyridinium
chloride promote the renaturation of scFvOx. On dkieer hand, higher concentrations of
these compounds exert a destabilising effect omé#tiwe state of the protein, as loss in the
renaturation yield of scFvOx was observed. Thigeafiwas more pronounced in case of
compounds with longer alkyl side chains. In goodeagent with present findings,
significant enhancement in renaturation vyield ofsogyme compared to arginine
hydrochloride and Triton X-100 was reported by ab&l-methylimidazolium cations with a
short N'-alkyl chain, such as an N'-ethyl or Ntuthain (Yamaguchiet al., 2008).
Importantly, kinetic analyses performed in thisaeo illustrate mechanism how these IL's
function revealed that the effective cations sélett decreased the aggregation rate
constant. This means that IL’'s act as aggregatigpressing agents in a manner similar to

conventional renaturation additives. Similar entegnent in renaturation yields of lysozyme
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were reported with the aid of ethylammonium nitrg&&mmers and Flowers, 2000). In the
same study, butylammonium nitrate and ammoniumataitronly marginally increased

renaturation yield.

The results obtained with the studied IL's were pamad to the amino acid salt L-Arg/HCI,
one of the most widely used additives for prot@naturation. The efficacy of N -substituted
N-methylimidazolium and N-(2-hydroxyethyl) -pyridim chloride was found to be
comparable to, and in some instances even betar that of L-Arg/HCI for renaturation of
scFvOx. L-Arg/HCI has also been shown to suppriesapggregation of unfolded proteins
without destabilising the native state of protgjAsakawa and Tsumoto, 2003; Reddyek
al., 2005). The destabilising effect of IL's as wellthgir ability to suppress aggregation in
this study was clearly correlated with the hydrdphiby of the substituted imidazolium

cations and anions, similar to recent report (Yamhget al.,2008).

Stabilisation of protein activity and structure ther IL’s has been reported (Lozaebal.,
2001; Bakeret al., 2004; de Diegcet al., 2004). IL's with dihydrogen phosphate anion
stabilise cytochrome c (Fujitat al., 2005 and 2006), but dimethyl imidazolium dimethyl
phosphate did not lead to an enhancement of ttegwexion yield of scFvOXx (Fig. 3.23). By
contrast the negligible enhancement of renaturatioh scFvOx by cocoasalkyl
pentaethoxymethyl ammonium methyl sulphate was greement with low to marginal
renaturation of active lysozyme in the presenceetbfylammonium phosphate and bis-
ethylammonium sulphate, respectively (Summers doaveéts, 2000). This could possibly
due to these compounds not imparting a stabilisffect on the native state or lack the ability

to suppress aggregation.

Thein vitro-renaturation of antibody fragments has been leensely studied than that of
other disulfide containing proteins such as RNAsdy8ozyme or bovine pancreatic trypsin
inhibitor. Despite few reports on the systematidirojgation of renaturation of antibody
fragments (Buchner and Rudolph, 1991; &wal.,2002; Umetswet al.,2003), studies testing

systematic effects of small molecule thiols as reolaifers do not exist.

Aliphatic thiols are expected to be more effectiedox buffers for protein renaturation under
alkaline (pH 8.0-8.5) than at neutral (pH 6.0-7cbpditions. Aromatic thiols have recently
been reported as more versatile redox buffers wbarhfunction at lower pH (DeCollo and
Lees, 2001; Gouget al.,2002, 2003 and 2006; Gough and Lees, 2005a arish200
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At a pH 8.5, scFvOx was at its limiting edge ofbdity (Fig. 3.17). The protein renaturation
optimum was pH 7.0 for reduced-denatured proteth @ 6.0 for the mixed disulfide (Fig.
3.25). Therefore, compounds serving as redox sifi¢mpH lower than 8.0 were desirable.
Aromatic thiols have been reported to significantigrease the folding rate and yield of a
disulfide containing protein,e. scrambled RNAse A (DeCollo and Lees, 2001; Goeighl.,
2002, 2003, and 2006; Gough and Lees, 2005a an8b00y promoting the rate of
renaturation kinetics. In agreement with theseifigsl, aromatic thiols functioned as redox
buffers and increased the renaturation yield ofv€oFin comparison to GSH (Fig. 3.26).

Their effect as renaturation enhancers was higHigppendent.

Surprisingly, overall scFvOx renaturation yield didt vary dramatically with three aromatic
thiols (Fig. 3.26). This observation was in agreeimeith renaturation of lysozyme, where,
yield of active protein was similar for four of tfige aromatic thiols and for glutathione at
pH 7.0 as well as for glutathione at pH 8.2 (Gutefieupkaret al., 2008). In addition,
aromatic thiols eliminated the lag phase at lowlfide concentrations, increased the folding
rate constant up to 11-fold, and improved the yieldactive lysozyme relative to GSH
(Gurbhele-Tupkaret al., 2008). A similar enhancement in apparent rendturatate was

observed in this work.

Replacement of GSH with the heteroaromatic thiwisroved renaturation yields but did not
accelerate the apparent rate of ranaturation kimeaif scFvOXx, in contrast to thiosalicylic
acid, the aromatic compound with the least aciklicl foroton. The correlation between thiol
proton @K, and renaturation rate that had been observed bg bad coworkers (2003 and

2005a) did not hold for the renaturation of scF®ihe presence of heteroaromatic thiols.

In addition to the acidic thiolKy, the enhancement effect on renaturation yieldccbel due

to the hidden cysteine residues in molecular cordiron being more accessible to the smaller
size of the aromatic thiols tested. The demongstraféicacies of aromatic thiols at slight
acidic conditions might be helpful in establishirepaturation protocols at physiological or
even lower pH conditions for other therapeuticalyevant proteins. Thus, up to 28-48%
increase in renaturation yield of scFvOx could b&éamed in comparison to L-Arg/HCI by
using IL’s as renaturation additives. Informatiobtaoned from protein stability and pH-
dependent renaturation experiments could be usétttease renaturation yield by 50-75%

by selective use of aromatic thiols and by perfogrthe reaction at lower pH.
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5. Conclusions

New strategies were examined for the productioa single chain antibody fragmeintvivo
and in vitro. Table 5.1 summarises the production of scFvOxthHwy different methods
explored in this work. Periplasmic production adlaiflask level in the presence of pUBS520
co-expression yielded 4.1 L™ of scFvOx (Table 5.1). Bioreactor scale resulted.Qug

L™ of scFvOx (Table 5.1). Renaturation in the presenfciL’s resulted in 4.8 mgt(Table
5.1). The preparative renaturation strategy pravifle8 mg L[* amount of the pure protein
(Table 5.1). However, it should be noted that éxperiment was performed in the presence
of L-Arg/HCI. In addition, both these experimentsre performed using reduced-denatured
protein from IB and used GSH/GSSG as redox bufard, at the sub-optimal pH 8.7. Based
on findings from protein stability and pH dependenenaturation of scFvOx was performed
using glutathione modified mixed disulfide and neadox buffer components. Thus,
renaturation in the presence of aromatic thiols ¥easd to be a better method for the
production of scFvOx, yielding 29.4 mg'lof the product in 48 h of renaturation time. In
essence, periplasmic strategy provided both speaiiil volumetric concentrations whereas
vitro-renaturation produced specific concentration &fv&xx. Therefore, direct comparision

of scFvOx production using different strategies waspossible.

Experiment Quantity Remark, quality
of scFvOx
Shake flask level 4.1pg LT Not pure
Bioreactor scale 40gL*T Not pure
Preparative renaturation batch 6.8mg L Pure
Renaturation in the presence of IL’s 4.8 mg L Relatively pure
Renaturation in the presence of aromatic thiols 4 28y L* Relatively pure

Table 5.1: Smmary of production of scFvOx by diffeent strategies

Recovery of purified scFvOx might be easier ioy vitro-renaturation from IB’'s than
periplasmic expression, since relatively pure proteas subjected to renaturation reaction.
On the other handn vitro-renaturation often involves prolonged reactioneinf.e. 48-96 h)
and usage of relatively large reaction volumes rdurdown-stream operations, whereas
periplasmic production often results in a bioloflicaactive product in a single step.
However, low yields and the risk of protein lossidg purification are the drawbacks in this

case. Therefore, an ideal protocol for scFvOx isige a vector with a promoter to promote
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sustainable periplasmic production over prolongedigds. At the same time, high cell
density cultivations at bioreactor scale should aeld dimensions to the yield. The inclusion
of lonic Liquids as aggregation suppressing ageatsgin vitro-renaturation should further

enhance the renaturation yield of scFvOx. Thissclaiscompounds offers great potential to

engineer a solvent to serve a given individual psiep

Although successful renaturation can be achieveddnyg glutathione as a redox buffer, the
working pH might limit the renaturation yields ofgbeins which are sensitive to slightly
alkaline pH conditions. Aromatic thiols were foutw be possible alternatives to establish
protocols at physiological pH conditions. These poonds lead to higher recovery of
scFvOx in reaction times. Other results also sugtpes renaturation by means of glutathione
modified mixed disulfide is a better protocol theenaturation via reduced protein. The
renaturation yield could also be improved by pemioig renaturation at a pH at which the
protein was apparently more stable. This finding pleasises the importance of

thermodynamic stability of a protein in dictatirfigetconditions for itén vitro-renaturation.

It should be noted that the screening experimerdee vperformed at the test-tube scale.
Expanding to a laboratory scale bioreactor, whitdwas homogenous mixing of renaturation
reaction components, should allow stringent cortfgbarameters like temperature, oxygen

exclusion and pH, resulting in further improvemientoving up to industrial scales.

In conclusion, findings from this thesis may bepifigl for the optimisation of the periplasmic
production of antibody fragments as well as foabkshing optimised renaturation protocol

for IB material at physiological pH.
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7. Appendix

A. Diagrammatic representation of pUBS520DsbA (@sipA3, Dr. Jeannette Winter,
unpublished data) or Cysteine 33 Serine (C33S)ystdihe 33 Alanine (C33A).

ThedsbAgene was cloned between thidel andBamHI restriction sites of pUBS520.

trc promotor (4459)
SS-DsbA C33A
Apa L1 (4295)_ Nde | or

~SS-DsbA C33S (1)

EcoR1(4258)___
_____Pst1(484)

Apa L1 (3843) —_BamH 1 (629)

pUBS520DsbA
or

pDsbA3

4532 bp

lac-repressor (4177) - — dnaY (tRNA)

~ Apa L1(1339)

EcoR1(3051)

R-lactamase (1223)

ApaL1(2585)
origin (2184)

Kanamycin R

Oligonucleotides for mutagenesis and sequencing:

1. FwDsbAC33S: 5 CTTCTGCCCGCAGGCTATCAGTTTGAAGAAGTTCTGC-3

2. RwDsbAC33S:5-GCAGAACTTCTTCAAACTGATAGCTGTGCGGGCAGAAG-3’
3. FWDsbAC33A: 5-CTTCTGCCCGCAGCCTATCAGTTTGAAGAAGTTCTGC-3’
4. RvDsbAC33A: 5'-GCAGAACTTCTTCAAACTGATAGGCGTGCGGGCAGAAG-3’
5. DsbA_Seq_pri_fw:5"-ATGAAAAAGATTTGGCTGGCGCTGGCTGG - 3
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B. Diagrammatic representation of pET15b(+)scF{Dx Claudia Humbeck, unpublished
data).

scFvOx
|Fcrﬁ| 5708)
Aat 1 {5E35) |C|E IIM Xho |[‘3\2A]
sspissi, | | Hind e Nde 1(331)
VL | f“m I3
Sca 5123} = TR Xba 1428
Pwu [i5083) ¥ - Bol li4n4)
— S Sard I£535j|
st l4253) A Sph ez}
“__EcoM I{751)
Bsa lj4774) : N,
Ahd 14713) )
- W Miu ly1218)
Il" ?-.}'_-3_ I"-/Enﬂnzan
f ‘@ il
| i [ \BstE ll1287)
N K42 ET-15b = (A ;
SN L.mml p[S?Dabp] @ | | \ Apa 11427)
| o r
\ ._@mHMWﬂ
},\7% J /—~Hpa {1722
— w2 s
BaplLU11 {2220 g
Sap li2704)
Bst1107 2591) - P=ha lj2081)
Act 1(3580)
o 224
(5 Nru lj2318)
i s v T Bsphd 12208
Epumugzﬁ.l Bsm 112704)
\Msc ljzrat)
T7 promofer primer #53345-3
e e
sgil T lac aparator Xia | Tt
ACA TCTCOAICCOGECAAR T TAA [ACCAC TCACTATACGGCAA ] IQTOACCGOATAAC AL CLECTCIACAAATRATITIECIT TAAL [ :
ool Hla- TBEI Nos| Xho| SamH |
ATACCA T SEGCAGCAGECATCATCATCATCALL CAGEEOCC T BATECCOoACROTAGCEATA TGS T CEAGGAT CE0GE AT TARCARAGECCGA
PatalwSerdardisHIsH a8l aHia cr.-:'-\.|,. eulalProbrgllviarslsbat ul | ulsp® rod a I..;u'--\. '.-.I'll]-‘i"J
Spuiidz2 Lhrnrnbln T7 terminator
ARGETGAGT [GACTOE T GECALCGE [QAGCAATAACTAGCATARIECCT TG 1AAACT 1 TG i
|u'-\.|‘.'| 1. I\.“"IJ\IJI 4| ad |-\..||'|P"'J

T7 termingior primer #85337-3

PET-15b cloning/expression region

The coding sequence for scFvOx was cloned betwseNde | and Xho Il restriction sites.

This scFvOXx gene contained an N-terminal hexaliigijcand a C-terminal-myctag.

His-Tag thrombm ndel
GSSHHHHHHSSGLVPRGSﬁMAEVKLQESGGGLVQPGGSRKLSCAASGFTFSSFGMHWVRQ
APEKGLEWVAYISSGSSTIYYADTVKGRFTISRDNPKNTLFLOMTSLRSEDTAMYYCARD
YGAYWGQGTTVTVSSGGGGSGGGGSGGGGSDIELTQSPAIMSASPGEKVTMTCSASSSVR

YMNWFQOKSGTSPKRWIYDTSKLSSGVPARFSGSGSGTSYSLTISSMEAEDAATYYCQQOW
SSNPLTFGAGTKLELKRAAAEQKLISEEDLNGAA
c-myctag  'xholl
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C. Diagrammatic representation of pET20b(+)scFvOK [§ScPelB, Dr. Brigitte Sohling,
unpublished data).

Xbal(1)
Nde 1 (41)

Ava 1(4387) pelB

— NeoI(107)
Pst1(128)

scFvox

Pst1(571)

ApaL1(3523)_ PET20b(+)scFvOx - Notl-Linker
/ or ‘<R’ c-myc-Tag
( pScPelB ‘

‘ 1 Hind 111 (886)
: 4448 bp eﬂ ’

\ i Ava 1(901)

Apa LI (1777)

bla

Pst 1(2207)
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D. Abbreviations

% (m/v)

% (V/V)

°C
2-MPYN-Ox
2-MPYMN
4-MPYN

A

A
Amp
APS
BSA
CD
Da
DMSO
DNA
dNTP
DTT

E. coli
EDTA
EtOH
Fab

Fc

Fv
GdnHCI
GSH
GSSG

h

HEWL
HPLC
IB’s

IgG

IPTG
L-Arg/HCI
LB

LMW

min
ODgoo
PAGE
PBS

R

mass percent

volume percent

degree centilgra

2- mercaptopyridine Nide
2- mercaptopyrimidine

4- mercaptopyridine
absorbance

Angstrom (=1om)
ampicillin resistance
ammonium pergeifa
bovine serum atbo
circular dichsoi

Dalton

dimethylsulfoxide
deoxyribonucleicié
deoxyribonucle@shl -triphosphate
dithiothreitrol

Escherichia coli

ethylene diamineaeicetic acid
ethanol

antigen bindfragment
cristalline graent

variable fragme

guanidinium hydroamtide
glutathione, reeldic
glutathione, oxadis

hour
hen egg-white lysozym

high-performanceuiidj chromatography

inclusion bodies

immunoglobulin G

isopropfb-thiogalactoside

L-arginine hydrochloié

Luria-Bertani
low molecular weight
minute
optical density = alizmmce at 600 nm
polyacrylamide gédctrophoresis

phosphate buffgh sodium chloride
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PCR polymerase chiaaction
PEG polyethylenglycol
pl isoelectricipi(of a protein)
pO2 oxygen partiadgsure
PVDF polyvinylidene flude
Rf retention facto
rpm rotations penuotie
RT room temperature
r-tPA (rPA) recombinant tissue type plasminogen activator
S second
S Svedbergs’s stant
sckFv single-chain ahfe fragment
SDS sodium dodecyfaal
TAE Tris/acetate/ED bAffer
TCA trichloroaceticiéc
TE 50 mM Tris/HGQImM EDTA, pH 8.0
TEMED N,N,N",N"-tetramethgthylendiamine
TFA trifluoroaceticiec
ThioSA thiosalicylic acid
tPA tissue type plasmgen activator
Tris tris-(hydroxyrhgt)-aminomethane
TS Tris/sodium cliber buffer
uv ultraviolet
UVIVIS ultraviolet-visible
\Y, volume

Additionally, the nucleotides and amino acids wesed with their standard codes.
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