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ABSTRACT

Rationally designed anticancer agents targetingscelace antigens or
receptors, such as Immunotoxins, represent a prugnegpproach for treating
cancer patients. The Immunotoxin IL4APE40 derives aictivity to induce
apoptosis from the 40 kDa PE fragmeRséudomonagxotoxin A) and its
specificity from the permuted form of interleukindL4PE40 produced ik. coli
was extracted from inclusion bodies and purifiedalfiynity chromatography, in
its active form. However, the clinical translatiasf therapeutic molecules
produced inE. coli is often difficult, due to endotoxin contaminatiolasd
laborious protocols of inclusion bodies purificatiothat make hard the
reproducibility of the isolation procedures. To m@mne these disadvantages, |
cloned the IL4APE40 gene into a yeast expressiotovdor use in thePichia
pastorisyeast. In the literature it is reported tRatpastoriscan secrete grams per
liter of foreign proteins in a protein-poor mediuthat is inexpensive and
chemically defined. The presence of a signal pepétitlthe N-terminus of the
recombinant protein allows the secretion of nafpretein within the culture
medium. In addition, the low level of endogenoust@ins secreted in the culture
medium facilitates the purification steps of theafiproduct. In my work the yield
of IL4PE40 produced by yeast was optimized by yeadbn usage and by testing
different induction conditions. After optimizatidhe yeasP. pastoriswas able to
produce 120 pg of full-length Immunotoxin from feti of culture, which is far
from results obtained with non-toxic proteins byhest workers. Moreover,
although after optimization the yield increasedtgins obtained from optimized
cultures ofP. pastorisshow a considerable level of degradation. Thestoaation
of toxic fusion proteins in the cytosol during brathesis may lead to such low
protein production. Additionally, it appears thatofeases cleaving the
recombinant molecules cold be present in the yeasium. Preliminary cleavage
assays with native PE and literature data sugdestdeveral proteases (serine
proteases and subtilisins) could cooperate in tEPE40 cleavage. Planned
experiments to overcome these limitations are @¢scribed in my thesis.



RIASSUNTO

L’ideazione di farmaci antitumorali che riconoscorezettori 0 antigeni
della superficie cellulare, come le Immunotossirspresentano un approccio
promettente per il trattamento di pazienti affdticancro. La capacita di indurre
I'apoptosi dellimmunotossina IL4APE40 deriva dahrfimento di 40 kDa della
tossina PERseudomonassotossina A) e la sua specificita dalla formameata
dell'interleuchina-4. ILAPE40 prodotta da coli e estratta dai corpi d’inclusione
e purificata nella sua forma attiva tramite crongeafia di affinita. Comunque, la
translazione clinica di molecole terapeutiche pttada E. coli € spesso
difficoltosa, a causa di contaminazioni da endabase di protocolli laboriosi per
la purificazione dei corpi d’inclusione che renddtifficile la riproducibilita della
procedura di isolamento. Per superare questi sygntao clonato il gene di
ILAPE4O0 in un vettore d’espressione per il lieWastoris pastorisin letteratura
e riportato cheP. pastorisé in grado di secernere grammi per litro di pratein
eterologhe in un terreno povero di proteine, ecanora chimicamente definito.
La presenza di un peptide segnale all’N-terminaddadproteina ricombinante
permette la secrezione della proteina nativa me¢rte di coltura. Inoltre il basso
livello di secrezione di proteine endogene nekteordi coltura, facilita | passaggi
di purificazione del prodotto finale. Nel mio lawola resa di IL4PE40 prodotta
dal lievito e stata ottimizzata dal utilizzo delotton usage” del lievito e
dall'analisi di diverse condizioni di induzione. pm|'ottimizzazioneP. pastorise
in grado di produrre 120 pg di Immunotossina dalitro di coltura; questo
quantita e lontana dai risultati ottenuti in alavori con proteine non tossiche.
Inoltre, benché dopo I'ottimizzazione la resa simantata, le proteine ottenute da
colture ottimizzate diP. pastoris mostrano un considerevole livello di
degradazione. La translocazione della proteinaidaseel citosol durante la
biosintesi potrebbe portare ad una dminuzione geitauzione. Inoltre, sembra
che nel terreno del lievito siano presenti proteagrado di degradare la molecola
ricombinante. Saggi di degradazione con la PE aa#ivdati della letteratura
suggeriscono che diverse proteasi (serine e siba)i potrebbero cooperare nella
degradazione di IL4APE40. Nella mia tesi sono ieolttescritti esperimenti

pianificati per superare queste limitazioni.



INDEX
1. INTRODUCTION

1.1 PRODUCTION OF RECOMBINANT PROTEINS: HISTORICAL
OUTLINE
1.1.2 General strategy of gene cloning and recoamiprotein
Production

1.2 IDENTIFICATION OF INTEREST GENE: THE IMMUNOTON

1.2.1 DEFINITION OF IMMUNOTOXINS

1.2.1.1 Immunotoxins compared with other surfacgeted therapies

1.2.1.2 Production of Immunotoxins

1.2.1.3 Immunotoxins and clinical trials

1.2.2 TOXIC DOMAIN

1.2.2.1.Plant toxins

1.2.2.1.1 Mechanism of action of plant toxins

1.2.2.1.2 Attempts to construct fusion toxins ugtent toxins

1.2.2.2 Bacterial Toxins

1.2.2.2.1 Mechanism of Action of Bacterial Toxins

1.2.2.2.2 Mechanism of intoxication of PE

1.2.2.2.3 Mechanism of intoxication of DT

1.2.2.2.4 Mutated bacterial toxins for fusing tgainds

1.2.3 THE BINDING DOMAIN

1.2.3.1 Antibodies and its fragments

1.2.3.2 Cytokines and growth factors

1.23.211L4

1.2.3.2.1.1 IL4-Receptor (IL4R)

1.2.4 RECOMBINANT FUSION PROTEIN BETWEEN
INTERLEUKIN-4 AND PseudomonaBXOTOXIN (IL4-PE)

1.2.4.1 Clinical trials of IL4-PE recombinant imnaiaxin

1.2.5 PROBLEMS AND OPPORTUNITIES IN
IMMUNOTOXIN DEVELOPMENT

1.2.5.1 Immunogenicity

1.2.5.2 Unwanted Toxicity

1.2.5.3 Difficulty in Production

1.2.5.4 Potential for Future Development

1.3 IDENTIFICATION OF THE APPROPRIATE EXPRESSION SYEM
1.3.1 PROKARIOTIC EXPRESSION SYSTEM

1.3.1.1 The key parameters for thecoli proteins expression
1.3.1.1.1 Expression level optimization

1.3.1.1.2 Improving protein solubility

1.3.1.1.3 Expression of a protein toxic to thetlstrsin

1.3.1.2 Two approaches to optimize the protein@sgion irk. coli
1.3.1 EUKARIOTIC EXPRESSION SYSTEMS

1.3.1.1 PROTEINS PRODUCTION IN PLANT CELL SYSTEMS
1.3.1.2 PROTEINS PRODUCTION IN MAMMALIAN CELLS
1.3.1.2.1 Immunotoxins produced with mammalian sgdtems



1.3.1.3 PROTEINS PRODUCTION IN INSECT CELLS

1.3.1.3.1 Immunotoxin produced with insect cellteys

1.3.1.4 PROTEINS PRODUCTION IN YEAST SYSTEMS

1.3.1.4.1 STEPS FOR THE RECOMBINANT PROTEINS PROOUWGN IN
THE YEAST SYSTEMS

1.3.1.4.1.1 Introduction of foreign DNA and itslstay in yeast cells

1.3.1.4.1.2 Efficient expression

1.3.1.4.2 Recombinant protein production with Eehia pastoris
Expression system

1.3.1.4.2.1 Th®ichia pastorishistory

1.3.1.4.2.2 Comparison betweEncoliandP. pastorisexpression systems

1.3.1.4.2.3F. pastorisEXPRESSION STRAINS

1.3.1.4.2.4 AOX pathways

1.3.1.4.2.5 Expression vectors

1.3.1.4.2.6 Expression plasmid transformation/irggn into the yeast genome

1.3.1.4.2.7 Choice of promoter

1.3.1.4.2.8 Rare codons and truncated transcripts

1.3.1.4.2.9 Multi-copy integration number

1.3.1.4.2.11 Intracellular expression

1.3.1.4.2.12 Folding pathway and the use of sigaguences

1.3.1.4.2.14 Choice of culture condition for exgien

1.3.1.4.2.15 Glycosylation

1.3.1.4.2.15.1 Thermostability

1.3.1.4.2.15.2 O-linked glycosylation

1.3.1.4.2.15.3 Immunogenicity

1.3.1.4.2.15.4 Culture conditions to prevent glytatson

1.3.1.4.2.16 Immunotoxins produced wWiRlthia pastorisexpression system

Aim’s work
2. MATERIALS AND METHODS

2.1 GENERAL MOLECULAR BIOLOGY AND BIOCHEMICAL TECNQUES
2.1.1 PCR amplification of specific DNA fragments
2.1.1.1 Site-specific mutagenesis

2.1.2 Colony-PCR screening

2.1.3 Plasmid DNA extraction froi. coli cultures
2.1.4 DNA digestion with restriction enzymes
2.1.5 Ligation

2.1.6 DNA sequencing

2.1.7 Western blotting analysis

2.1.7.1 Denaturing polyacrylamide gel electrophisréSDS-PAGE)
2.1.8 Immunoblotting

2.1.8.1 Transfer of proteins on PVDF membrane
2.1.8.2 Immunodetection

2.1.9 Protein quantification

2.1.9.1 Spectrophotometric quantification
2.1.9.2 Coomassie staining



2.1.9.3 Bicincininic Acid Assay — BCA - (SIGMA)

2.2 RECOMBINANT IMMUNOTOXIN PRODUCTION AND PURIFICAION
BY E. coliSYSTEM.

2.2.1 Bacterial strains and culture media

2.2.2 Bacterial expression plasmid

2.2.3 Cloning and construction of bacterial expmssectors

2.2.4 Expression and purification of recombinamt@ins

2.2.5 Cell growth conditions and optimization prot@duction

2.2.6 Subcellular localization of recombinant pnaseby SDS-PAGE analysis

2.2.7 Inclusion bodies extraction through refoldamgl immunotoxin purification
by IMAC (Ni Sepharose 6 Fast Flow - GE Healthcare)

2.2.7 Immunotoxin purification by IMAC and refoldjrof inclusion bodies

2.3 PRODUCTION OF RECOMBINANT IMMUNOTOXINS BY. pastoris
SYSTEM AND PURIFICATION

2.3.1 Yeast strains and culture media

2.3.2 Yeast expression plasmids

2.3.3 Cloning and construction of yeast expressemtors

2.3.3 Sequence optimization

2.3.4Pichia pastorigransformation and screening of transformantsesging
immunotoxin

2.3.5 Optimization of the induction conditions

2.3.6 Expression in shake flask cultures

2.3.7 Protein purification by IMAC (Ni Sepharos&#&st Flow - GE Healthcare)

2.3.8 Study of the glycosylation of non optimizéd PE40 immunotoxin
producted irP. pastoris

2.3.9 NativePseudomonasxotoxin A (PE) cleavage test

2.4 CELL CULTURE TECHNIQUES
2.4.1 Cell lines and growth media
2.4.2 Flow-cytometry analysis

2.4.2.1 Expression of IL4R by cell lines
2.4.2.2 Binding of ILAPEA40 to cells
2.4.3 Cell proliferation assay (XTT)

3. RESULTS
3.1 EXPRESSION OF IL4R IN DIFFERENT CELL LINES

3.2 CLONING, EXPRESSION AND CHARACTERIZATION OF 11(38-
37)PE40 IMMUNOTOXIN OBTAINED IN THE BACTERIA
3.2.1 Amplification and expression of IL4(38-37)RE4
3.2.2 Immunotoxin extraction: refolding and purdimn under native conditions
3.2.3 Immunotoxin extraction: purification undemndéuring conditions and
refolding

3.3 CHARACTERIZATION OF IMMUNOTOXINS PRODUCED B¥. COLI
3.3.1 Binding assay



3.3.2 Cytotoxicity assay

3.4 CLONING OF IL4(38-37)PE40 IMMUNOTOXIN IN THE YEST
SYSTEM

3.4.1 Amplification of 1L4(38-37)PE40 and cloninge pPICZalpha plasmid

3.4.2 Screening d®?. pastoristransformed with ILAPE40 construct

3.4.3 Purification and quantification of IL4APE4@rm 1L of culture

3.4.4 ILAPEA40 optimization for the productionRnpastoris

3.4.4.1 ILAPE40 codon optimization for productiorPi. pastoris

3.4.4.1.1 Screening &f. pastoristransformed with ILAPE40-opti construct

3.4.4.2 ILAPE40 production optimizationf pastoris

3.4.5 Purification of IL4APE40-opti by affinity chmatography

4. DISCUSSION

4.1 Gene codons optimization

4.2 Optimization of the induction conditions
4.3 Toxicity of ILAPE4O0 in the host cells
4..4 Other assay conditions

4.5 The cleavage of ILAPE40 By pastoris
4.5.1 Degradation

4.5.2 Preventing the IL4APE40 degradation

BIBLIOGRAPHY



ABBREVIATIONS

IPTG: isopropyl$-D-thiogalactoside.

h: hours

min: minutes

PBS phosphate-buffered saline

Sec seconds

r.t.: room temperature

0.Nn... over night

Fv: Variable fragment

scFv. single chain variable fragment

mADb: monoclonal antibody

CLL : chronic lymphocytic leukaemia

VLS: Vascular leak syndrome

PE: Pseudomonasxotoxin A

PE38 38 kDa fragment dPseudomonasxotoxin A
PE4Q 40 kDa fragment dPseudomonasxotoxin A
IL-4 : interleukin-4

CP-IL4: circularly permuted interleukin-4

EF-2: Elongation factor-2

DT: diphtheria toxin

RIP: ribosome inactivating protein
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1.1 PRODUCTION OF RECOMBINANT PROTEINS: HISTORICAL

OUTLINE

Recombinant DNA is a form of DNA that does not éxigturally, in which a
DNA fragment, such a gene, is introduced into arsteg DNA, such as a
bacteria plasmid [Jeremy Mgt al.,2007]. A recombinant protein is a protein that
is derived from recombinant DNA.

The recombinant DNA technique was first proposedPeyer Lobban, and
then realized by Cohen and others [Cohen @M.al., 1973]. This technique
foreseed the gene isolation and amplification aedeginsertion into bacteria.
Recombinant DNA technology was made possible bydtbeovery, isolation and
application of restriction endonucleases by Werdyer, Daniel Nathans, and
Hamilton Smith, for which they received the 1978o&bPrize in Medicine.

1.1.2 General strategy of gene cloning and

recombinant protein production
The procedure to express the recombinpnt \1/
proteins foresee three steps: N\ PCR

1) Identification of interest genethe gene

coding for the protein object of study can corpe 1

from genomic DNA or from a preexisternt

1l
S

plasmid construct. Through a polymerase chpin

reaction (PCR) the gene is amplified and t[_+ W
restiction endonuclase sites are inserted into fthe ransfor mgrf"
sequence. )
2) Identification of the appropriate
expression systenthe gene is inserted into the
expression plasmid and the new construct] is 0 ce
transfected into the host cells. lTrmmion
3) Production of the recombinant

4) protein: the protein expression can I:Ie Ba,

constitutive or induced. The recombinant proteirkig. 1.1 Schematic diagram of

the strategy applied for
recombinant protein production.

is then purified and used in appropriate tests.
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1.2 IDENTIFICATION OF INTEREST GENE: THE IMMUNOTOXI N
Cancer remains the second most common cause tf oleaur society,
and advanced disease is often refractory to surgateemotherapeutic, and
radiologic interventions. Conventional therapiese aoften ineffective in
eradicating the neoplastic disease, particularlgase of relapse. New biologic

therapies may complement established therapeutiegtes.

1.2.1 DEFINITION OF IMMUNOTOXINS

The concept of Immunotoxins can be derived from wwek of Paul
Erlich in 1906 The Immunotoxinsare protein toxins connected to a cell binding
ligand of immunologic interest (Fig. 1.2). Clasdigdgmmunotoxins were created
by chemically conjugating an antibody to a wholetein toxin, or, for more
selective activity, by using a protein toxin devaflits natural binding domain
[Moolten FL, et al., 1970; Krolick KA, et al., 1980]. Proteins smaller than
monoclonal antibodies (mAbs), like growth factonsl a&ytokines, have also been
chemically conjugated and genetically fused togirotoxins [Cawley DBet al.,
1980].

BINDING DOMAIN TOXIC DOMAIN

Antibody - derived Bacterial toxins
molecules

Growth factors Plant toxins

(RIPs)

Cytokines Other ligands

or enzymes

(RNase)

Fig. 1.2: Schematic diagram showing the Immunotoxirganization.

1.2.1.1 Immunotoxins compared with other surface-taeted therapies

One type of surface-targeted biologic therapye@esented by the use of
“naked” monoclonal antibodies (mAb) (i.e. mAb usexisuch without any other
therapeutic compound). Examples include rituximakhfar S,et al.,2002] and
alemtuzumab [Keating MJget al., 2002], which Kkill cells after binding.
Humanized mAbs are clinically effective in up tolfhaf the patients via
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mechanisms of apoptosis induction, antibody-depandeytotoxicity, and
complement-dependent cytotoxicity.

Patients with malignant cells resistant to apdptoand patients whose
immune system will not perform antibody- or compém dependent
cytotoxicity, may be resistant. To kill cells ditlgcwithout relying on these
mechanisms, a second type of surface-targetedpihaesaused, one in which
mADbs are conjugated to radionuclides. These agedtge responses in patients
who are resistant to unlabeled mAbs [ChesoneB,al., 2002]. However,
radioimmunotherapy is limited by the potency of thdionuclide and the small
number of radionuclide molecules that can be adoledch mAb molecule.

A third type of surface-targeted therapy involvesonjugating
chemotherapy molecules to mAbs, which in many casesmore potent and
cause less non-specific damage than radionuclidesamples include
gemtuzumab ozogamicin, a conjugate of an anti-CB2® and calicheamicin
[Nabhan C,et al., 2002], which is approved for the treatment of acut
myelogenous leukaemia (AML), and the anti-CD30-mmathyl auristatin E
conjugate (cCAC10-vcMMAE), under development for Ilgkith’s disease (HD)
and non-Hodgkin’s lymphoma (NHL) [Francisco J&,al.,2003]. In the case of
gemtuzumab ozogamicin, cells that are multi-drugistant are, as would be
expected, resistant to the target chemotherapddlato K, et al., 2000].
Currently under development is a fourth type offae-targeted therapy, which
employs ribonucleases conjugated to mAbs [Hursegthd].,2002].

Immunotoxins which are distinct from these appheasg target the surface
of cancer cells with considerable potency, usirggin toxins capable of killing a
cell with a single molecule [Yamaizumi M al., 1978; Eiklid K, et al., 1980].
Irrespective of the cell cycle or cellular divisidmmunotoxins can inactivate 200
ribosomes or elongation factor-2 (EF-2) molecules pinute. [Hall, W. A. and
Fodstad, 1992; Hall, W. A. 1997These potent proteins include plant toxins and

single-chain bacterial toxins.[Carroll S#t,al., 1987].
1.2.1.2 Production of Immunotoxins

Chemical conjugates of carrier portion and toxémeyally involve either
reducible disulfide (S-S) or non-reducible thioetf®-C) bonds [van Oosterhout
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YV, et al., 2001]. A thioether bond is appropriate if theahgl is conjugated to a
toxin in the part that does not translocate to ¢igwsol, such as the binding
domain [Pai LH,et al., 1996]. Otherwise, a disulfide bond is commonly used
Derivatization of the toxin requires only reductim the case of ricin toxin
A-chain (RTA) and its mutants, and also in the aalsPE35, since both contain
only one cysteine each. Derivatization of the ldyaequires care to produce
sulphydryls without harming the molecule, unless tigand also has a single
cysteine. Once the ligand and toxin are derivatitieely must be conjugated and
the correct toxin-ligand ratio must be purified.eTdifficulty and cost of these
multiple steps have pushed development of recombitaxins, which may be
produced in Escherichia coli transformed with a plasmid encoding the
recombinant toxin. A common method of producingenat for clinical trials is
harvesting recombinant protein from insoluble baate inclusion bodies
[Kreitman RJ,et al., 1996; Kreitman RJet al.,2000; Buchner Jet al.,1992].
The insoluble protein can be washed extensivelyh vadetergent to remove
endotoxin, solublized, denatured, and reduced. réeembinant protein is then
renatured and purified by a chromatography colunopgr at the protein features.
Other published methods of producing recombinaxins fromE. coli involve
harvesting the protein from cytoplasm or cell lgsgBhao Y,et al., 2001] and
then using an affinity column to capture the ditlpeotein. Eukaryotic expression
systems normally fail with recombinant toxins sirekaryotic EF-2 is highly
susceptible to the toxin. However, insect, plard geast cells can produce active
toxin [Choo AB, et al.,2002; Woo JHet al.,2004] because during biosynthesis
the toxin is driven in the secretory pathway anehtlaccumulated in the culture

medium.

1.2.1.3 Immunotoxins and clinical trials

Hematologic malignancies are optimal for treatimgh Immunotoxins,
since malignant cells are often intravascular andessible to intravenously
administered drug, and since patients often ladkcgent immunity to make
antibodies against the toxin. That said, only adfidnof antigens have been used
to target Immunotoxins to hematologic malignanciespatients. These are

summarized in table 1.1.
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Targeting solid tumors with Immunotoxins is muclore difficult than

targeting hematologic tumors. Not only are theutatl junctions tighter and the

tumor cells more tightly packed, but the patients lass immunosuppressed and

more likely to make neutralizing antibodies to thgin. Below, recent published

information regarding solid tumor Immunotoxin tdal along with recent

preclinical development, is discussed. The findiagssummarized in table 1.1.

Chemical Conjugates

Truncated Basic
Agent Antigen Ligand Toxin Toxin Dizeases
RFT5-dgaA CD325 MAb dgi Ficin HD
RFB4-dgA CcD322 MAb dghA Ricin B-WHL, CLL
RFB4-Fab'-dgh CD22 Fab’ dgA Ricin B-NHL
HD3T7-dgh CD19 MADL dgi Facmn B-NHL
Ant-CD7-dgd D7 MAb dgi Facin T-MHL
K;-4dgh CD30 MADb dgh Ficin HD
LMEBE-1 La¥ MAb Lys-PE3E PE Carcinoma
TF-CEMI07 TFR TE CRM107 DT Glioma
B43-PAP CD1g% MAb PAP PAP ALL
Ant-B4-bRicin CD19 MAL bR Ricin B-NHL
Ber-H2-5apb CD30 MAb Saph Saporm HD
Anti-My9-bRicm CD33 MAb bR Facin AML
454A124RA TFR MAB rRA Ricin CSF cancer
HNo0l-bR CD56 MADb bR Ficin SCLC
Becombinant toxins

Truncated Basic

Agent Antigen Ligand Toxin Toxin Dizeaszes
Ontak ILIR IL-2 DAH;50 DT CTCL; CLL,NHL
BLZ? CD22 dsFv PE38 PE HCL,CLL, NHL
LME-2 CD235 scFv PE3s8 PE NHL, leukemias
DT388-GM-CSF GM-CSF GM-CSF DT338 DT AML
Bi{F+)-PE38 Le¥ scFv PE38 PE Carcmoma
B3{dsFv)-PE38 Le¥ dsFx PE3S8 PE Carcinoma
TP40 EGFR TGFa PE4(% PE Biladder cancer, CIS
TP38 EGFR TGFa PE3S8 PE Glichlastoma
BR96{scF+)-PE40 Ler scFv PE40Q PE Carcmoma
erb3ig erbB2 dsFv PE3S§ PE Breast cancer
NBI-3001 IL4R IL-3{38-3T) PE3SKDEL PE Glioma
ILI3-PE3SQOQE IL13R IL-13 PEISQQE PE Fenal cell
551(dsFv)-PE38 Mesotheln dsFv PE38 PE Mesothelioma
DAR EGEF EGFR EGF DAB g0 DT Carcinoma

Table 1.1: Immunotoxins tested clinically in recentears.
(modified from Pastan,dt al, 2007).

Toxins include recombinant ricin A chain (rRA), bked ricin (bR), deglycosylated ricin A chain
(dgA), pokeweed antiviral protein (PAP), truncatdgbhtheria toxin (DT388 or DAB 389),
truncatedPseudomonasxotoxin (PE38 or PE40), and mutated diphtheriant¢€ RM107). Non-
monoclonal antibody (mAb) ligands include interlauR, -4, and -13 (IL-2, IL-4, and IL-13);
granulocyte-macrophage colony stimulating factoM(GSF); epidermal growth factor (EGF);
transforming growth factor (TG#; and transferring (Tf). PE40is PE40 with alanine substituted
for cysteine at positions 265, 287, 372, and 3EBIDQR is PE38 with 2 glutamine residues and
1 arginine replacing the 3 lysine residues of P&3gositions 590, 606, and 613. Diseases include
non-Hodgkin’'s lymphoma (NHL, B- or T-cell), cutanenT-cell lymphoma (CTCL), Hodgkin's
disease (HD), chronic lymphocytic leukemia (CLLyr@noma in situ (CIS), acute myelogenous
leukemia (AML), metastatic tumor involving the cerespinal fluid (CSF cancer), renal cell
carcinoma (renal cell), small cell lung cancer (8FLAcute lymphoblastic leukemia (ALL) and
hairy cell leukemia (HCL).
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1.2.2 TOXIC DOMAIN

The toxins that have been used to construct Immoxnes are natural
products of plants, bacteria, and fungi that aciivate protein synthesis through
different mechanisms (Table 1.2)

Toxins Mechanisnf

Plant
Ricin Inactivates ribosomes
Abrin Inactivates ribosomes
Ricin A-chain Inactivates ribosomes

Bacterial
Diphtheria toxin Catalyzes transfer of ADP-ribogeEf-2
Cross-reacting material 107 Catalyzes transfer@PAibose to EF-2
Pseudomonas aeruginosaotoxin A Catalyzes transfer of ADP-ribose to EF-
Pseudomonas aeruginosaotoxin Catalyzes transfer of ADP-ribose to EF-2

fragments (PE38, PE40)

Fungal

a-sarcin Inactivates ribosomes

# ADP: adenosine diphosphate; EF: elongation factor.

Table 1.2: Immunotoxin mechanisms of action.
(Modified from Hall W. A., Methods in Molecular Bliogy, vol. 166:
Immunotoxin Methods and Protocoldumana Press IncTotowa, NJ)

1.2.2.1.Plant toxins

Plant holotoxins (also referred to as class lbsiime-inactivating proteins
—RIPs II) include ricin, abrin, mistletoe lectimdamodeccin. Hemitoxins, or class
I ribosome-inactivating proteins -RIPs I- , includ®P, saporin, bryodin 1,
bouganin, and gelonin [Bolognesi A&t al., 2000]. As shown in figure 1.3,
holotoxins contain both binding and catalytic donsai whereas hemitoxins

contain only catalytic domains.

S-S bound

Translated

o
e Catalytic domain o= [l IS

form

m Maure and | Catalytic domain | Binding domain

form

RIP | RIP 1l

Fig. 1.3 Schematic diagram showing the RIP | and RIP Il orgaization.
Holotoxins (RIP II) contain catalytic and bindingrdains disulfide-bonded together,
while hemitoxins (RIP I) contain only catalityc daimn.
The toxin inactive precursor is translated in thdaplasmic reticulum of plant cells.
The loss of the signal peptide and the C-termmakes the RIPs toxic.
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1.2.2.1.1 Mechanism of action of plant toxins

The plant toxins have been shown to prevent thecaation of elongation
factor-1 and -2 (EF-1 and EF-2) with the 60s rioabsubunit by removing the
A*?*in 28s rRNA [Endo Y,et al., 1987]. Apoptosis has been shown to be
involved in cell death induced by plant toxins [Bghesi A,et al.,1996; Hughes
JN, et al.,1996; Bergamaschi @&t al.,1996]. Only the enzymatic domain of both
holo- and hemitoxins translocates to the cytosol,ttee binding domains of
holotoxins must be removed by reduction of the lfd® bond prior to
translocation. Exactly how plant toxins move frame tcell surface to the cytosol
is unknown; the process probably differs for ealemfptoxin.

The intracellular transport of ricin is dependent sorting receptors that
cycle between the endoplasmic reticulum (ER) ardtéhminal compartments of
the Golgi [Wesche Jet al., 1999]. It has been shown that glycolipids thaidbin
ricin may be transported from endosomes to the iGoid that the Lysine-aspartic
acid-glutamic acid-Leucine (KDEL) ER retention seqce, if added to ricin,

enhances the delivery of this plant toxin to thiosygl [Tagge Eet al.,1997].

Ricin i
55 >*—'"‘4/-\
—N—N—L B4 S-S
B chain " n

Glycoprotein
or glycolipid

Plasma
membrane

Trans-Golgi network Clathrin-

coated
vesicle

Retrotranslocation Endoplasmic

by endoplsic et '
reticulum-associa e it
Dissociation

Early
endosome

Ricin A subunit cleaves an adenine residue
80S (A4324) near the 3' end of 288 RNA in the 60S
BERer subunit, which causes a failure of elongation

408 J factor-2 to bind. This blocks ribosome function
and blocks protein synthesis.

80 S Eukaryotic
ribosome

Fig. 1.4: Mechanism of ricin internalization and ntoxication.
From www.ncbi.nlm.nih.gov/bookshelf/
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1.2.2.1.2 Attempts to construct fusion toxins usinglant toxins

The cytotoxicity of both plant and bacterial toxirs optimal when the
catalytic domain alone translocates to the cyt@glmhanraj D,et al.,1995] . A
binding domain can be translocated to the cytdsplaced within the catalytic
domain, but cytotoxic activity is significantly neded [Kreitman RJ.get al.,
1992].

In the ‘90s several recombinat toxins were coms$éal using portions of
plant toxins such as the A-chain of ricin (RTA) [gkoJP,et al.,1993] or whole
toxins such as PAP [Dore JMt al., 1997] or SAP [Fabbrini MSet al., 1997;
Tetzke TA, et al., 1997]. For these molecules, it is not known wheiti¢ the
recombinant toxin enters the cytosol of targetscaitact, or (2) the ligand is
unstable after internalization, permitting the bata domain alone to translocate
to the cytosol. The ability of even stable ligatdgredictably separate from the
catalytic domain is an important feature of recamabt toxins [Kreitman RJ,
1997] and a unique feature among all toxins pravibg the bacterial toxins PE
and DT.

1.2.2.2 Bacterial Toxins
1.2.2.2.1 Mechanism of Action of Bacterial Toxins

Both the Pseudomonagxotoxin A (PE) and the diphtheria toxin (DT)
enzymatically ADP-ribosylate EF-2 in the cytosobfell SF,et al., 1987]. They
each catalyze the ADP-ribosylation of histidine-680 EF-2, which is post-
translationally modified to a diphthimide residighpn LD, et al.,1993]. Despite
their similar action, PE and DT differ greatly metr amino acid sequence, and in
fact PE’s enzymatic domain is near the carboxyhieus, while DT’s is near the
amino terminus. Conversely, PE’s binding domaineaar its amino terminus, and

DT’s is near its carboxyl terminus (Fig.1.5).

Diphtheria toxin (DT) A T B

Fig. 1.5: Schematic structure of Pseudomonas exoioxA (PE) and Diphtheria toxin (DT).
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1.2.2.2.2 Mechanism of intoxication of PE

Full-length 613-amino-acid PE, as shown in figrg, is a single-chain
protein containing 3 functional domains [Hwanget al., 1987; Allured VS, et
al., 1986]. Domain la (amino acids 1-252) is the bmgddomain, domain Il
(amino acids 253-364) is responsible for translagahe toxin to the cytosol, and
domain Il (amino acids 400-613) contains the ADdsylating enzyme that
inactivates EF-2 in the cytosol. The catalytic msx of ADP-ribosylation has
been shown to involve the His440 and Glu553 togsidues [Li M,et al.,1996].
His440 binds nicotinamide adenine dinucleotide (NADRia Adenosine
monophosphate (AMP) ribose. The carboxyl group h& Glu553 side chain,
through a water-mediated hydrogen bond with Tyrd8d Glu546, allows Tyr481
to bind NAD through a ring-stacking mechanism. Thaction of domain Ib
(amino acids 365-399) is unknown. Thus, a curreotieh of how PE kills cells
contains the following steps (Fig. 1.6) :
(1) The C-terminal residue (Lys613) is removed bgaaboxypeptidase in the
plasma or culture medium [Hessler &t al., 1997].
(2) Domain la binds to the a 2-macroglobulin reoephat is present on animal
cells and is internalized via endosomes to thestraticular Golgi [Kounnas MZ.,
et al.,1992].
(3) After internalization, the protease furin cleaxdomain Il between amino acids
279 and 280 [Chiron MFet al.,1994].
(4) The disulfide bond between cysteines 265 and, 28hich joins the 2
fragments generated by proteolysis, is reduced [d4cKIL, et al.,1999].
(5) Amino acids 609 to 612 Arginine - glutamic acidaspartic acid - leucine
(REDL) bind to an intracellular sorting receptorathtransports the 37 kDa
carboxy terminal fragment from the trans-reticuaolgi apparatus to the ER
[Chaudhary VK et al.,1995; Kreitman RJet al.,1995].
(6) Amino acids 280 to 313 mediate translocationthed toxin to the cytosol
[Theuer C, 1994; Theuer C& al.,1993].
(7) The ADP-ribosylating enzyme within amino ac#0 to 602 inactivates EF-2
[Carroll SF,et al.,1987].
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(8) While inhibition of protein synthesis is suffat to induce cell death
eventually, recent experiments indicate that ceditd from toxins is facilitated by

apoptosis [Keppler-Hafkemeyer At al.,2000; Brinkmann Uet al.,1995].

1.2.2.2.3 Mechanism of intoxication of DT

DT is a single-chain protein 535 amino acids imgté. It is composed of
an enzymatic A domain (amino acids 1-193) and alibgy B domain (amino
acids 482-535) [Rolf JMet al.,1990]. A third domain, which is the translocation
or transmembrane (T) domain, is located in thearenitthe molecule [Choe 8t
al., 1992] (Fig. 1.5). Based on DT’s 3-dimensional sute in the presence and
absence of NAD [Bell CEet al., 1996], DT is thought to undergo these steps to
kill cells (Fig. 1.6):
(1) DT is proteolytically cleaved outside the ch#tween Argl93 and Serl94
[Williams DP, et al., 1990], which is within a disulfide loop formed IBys186
and Cys201.
(2) DT binds on the cell surface via residues 48835 to a complex of heparin-
binding Epidermal growth factor (EGF)-like growthctor precursor and CD9
[Rolf JM, et al.,1990].
(3) DT internalizes into an endosome and unfoldewtpH [D’Silva PR, et al.,
1998], and the disulfide bond linking amino aci@®é hnd 201 is reduced.
(4) The TH8 (amino acids 326-347) and TH9 (amin@sad58-376) domains
form a hairpin, which inserts into the membranetled endosome and forms a
channel through which the enzymatic fragment tiaoegks to the cytosol [Kaul P,
et al.,1996], probably from early endosomes [Lemicheettl., 1997].
(5) In the cytosol, NAD binds to the active-siteftlof DT (amino acids 34-52),
and the ADP ribose of NAD is transferred to EF-2ilpéh BA, et al., 1994;
Bennett MJ gt al., 1987].
(6) As with PE, cell death is facilitated by apaso[Brinkmann Ugt al.,1995].
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Fig. 1.6: Mechanism of intoxication of DT and PE

1.2.2.2.4 Mutated bacterial toxins for fusing to jands

The structures of mutated and truncated formsTofBd PE are shown in
figure 1.7. To improve specificity, toxins for ldlvg mAbs are mutated to
prevent their binding to normal cells. DT is muthtey converting Leu390 and
Ser525 each to phenylalanine, resulting in CRM1®Gi&énfield L,et al., 1987].
Truncated forms of PE and DT include PE40, comgramino acids 253 to 613
of PE, and Diptheria toxin A and B domains (DAB $8&ontaining the first 485
amino acids of DT [Hwang &t al.,1987; Kondo Tet al.,1988; Williams DP gt
al., 1987]. Shorter versions more recently used inckRBE88, composed of amino
acids 253 to 364 and 381 to 613 of PE, and DT38BAB 389, containing the
first 388 amino acids of DT [Siegall CBt al.,1989; Kreitman RJet al.,1993;
Williams DP, et al., 1990; Chaudhary VKet al., 1991]. To allow the ADP-
ribosylating domain to translocate to the cytosdhaut the ligand, the ligand is
placed at the amino terminus of PE and at the ggttderminus of DT. Another
form of PE has an altered carboxyl terminus from Arginine-glutamic acid-
aspartic acid-leucine-lysine (REDLK) to the KDELgsence, which binds with
higher affinity to the KDEL receptor and results increased cytotoxicity
[Kreitman RJ,et al., 1995]. Immunotoxins containing mutants of PE endimg
KDEL (ie, PE3SBKDEL or PE40KDEL) are more cytotoxtban comparable
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Immunotoxins where the PE mutant ends in the natiequence REDLK
[Kreitman RJ.et al.,1995; Kreitman RJet al.,1993; Seetharam $t al.,1991].
The translocated fragment of PE38 is 35 kDa in tlermpginning with Gly280,
and since methionine in this position does not attivity, the new mutant PE35
Is produced; it begins with a methionine at positk80 and contains amino acids
281 to 364 and 381 to 613 [Theuer CP, 1993]. Thidenule would not be
appropriate for fusing to ligands, but since itteams a single disulfide bond, it is
ideal for chemically conjugating to ligands.

Pseudomonas Diphtheria toxin (DT)
oooinary . |

Arg?

Lys¥ His24 His2e Leu® Ser®s

G GUH GG Phe® Phes?s

NN

PE38 DAB 389 (DT388)

Fig. 1.7: Schematic structure of mutated bacteriatoxins for fusing to ligands

1.2.3 THE BINDING DOMAIN

In the design of an Immunotoxin a variety of bimglidomains can be used
to selectively deliver the drug to the intended ¢atget; besides monoclonal
antibodies and fragments thence derived, otherlgmatieins are appropriate to
fulfil this function, e.g. growth factors and cytoks. Such molecules impart
specificity to the Immunotoxin by virtue of the eegpression of antigen tumor
associated on the plasma membrane and some rexdptogrowth factors,

cytokines on tumor cells [Kreitman, R. J. 2006].

1.2.3.1 Antibodies and its fragments

Antibodies are oligomeric proteins belonging te timmunoglobulin (Ig)
superfamily and represent the characterizing eléroérthe humoral adaptive
immune system.

The basic structure of an antibody comprises fmlipeptidic chains: two
identical light chains of approximately 25 kDa izesand two identical heavy
chains of 50 kDa. Disulphides and weak molecul#ractions link two heavy

chain — light chain heterodimers yielding the basimcture of a four-chain
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antibody of 150 kDa. The variable domains of thghtli(VL) and heavy (W)
chains together form the antigen binding site; ¢bastant regions of the two
heavy chains constitute the so-called Fragmentt@ligzble (Fc) portion which
is responsible for the effector functions of the¢itzady, and it also contributes to
the in vivo structural stability of the antiboig (Fig. 1.8) [tiKy Immunology b
edition”, Goldsby, R. Aet al, ed. Goldsby, R. A., 2003].

Initially  antibodies were

purified from the serum of animals

e : . . : .
A priorly immunized with an antigen
-
< /gntigen yielding a polyclonal pool of reactive
; binding site

immunoglobulins. Despite their high
binding affinity, polyclonal antibodies

are unsuitable for therapeutic use, due

to their heterogeneous composition.

Fig. 1.8: Diagram of the antibody The production of monoclonal

structure.

[Modified from Goldsby, R. Aet al, 2003].  antibodies (mAbs) was made possible
by the introduction of the hybridoma technologyhiatorical breakthrough for
immunology and the emerging field of immunotherdpsu The direct clinical
employment of murine mAbs is hindered by the shait-life in the bloodstream
and by the strong immunogenicity triggered in humarhe inevitable immune
response of the patient to the mouse protein (afored to as HAMA, “Human
Anti-Mouse Antibody”) leads to a rapid clearance tbE mAb and is often
accompanied by hypersensitivity reactions [Schrdbnat al, 2006].

The drawbacks of murine mAbs have been overcorttetive introduction
of chimeric or humanized mAbs (Fig. 1.9). Chimeti@a involves the linking of
the variable domains from a murine mAb to the camsportions of a human
immunoglobulin. The advances of molecular biologpvén allowed the
construction of hybrid genes that code for antibathyecules in which variable
(V) and constant (C) regions are of murine and huor@jin, respectively [Carter,
P. J., 2006]. To obtain humanized antibodies tlypieseces coding for the sole
murine CDRs are “grafted” onto a human IgG [Carfer)., 2006].
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A growing number of antibodies now in clinicalals are fully human, as
they are generated either

from lgGknockout wg% “ é? % f

transgenic mice bearing the

Murine Antibody Humanized Antibody

genes for human
&
immunoglobulins or from the Y % .

employment of new ol Aol i
technologies like phage- g g

display [Lonberg, N., 2005; Sl s

Konthur, Z., 2005]. Fig. 1.9: Schematic diagram of fully murine,

chimeric, humanized and fully human antibodies.
Alternative  strategies for

generating human mAbs are for instance the obtaibroé hybridomas from
patient’s lymphocytes, the cloning of an immunogiai cDNA from a single
lymphocyte or other methods likdbbosome, mMRNA-, oryeast display[Carter, P.
J., 2006].

The employment of whole immunoglobulins as carneolecules to
deliver a toxin to cancerous cells may imply a aertdegree of non selective
activity for an IT, owing to non-specific bindingf ¢he antibody Fc portion.
Furthermore, the big size of these molecules caddnitheir penetration in tumor
tissue, especially in the case of solid tumors. ésconsequence antibody
fragments were developed. They are smaller molscthat still maintain an
unaltered binding capability and specificity to @atigen [Pluckthun, A., 1992].
In figure 1.10 several examples of different tymésantibody fragments were
reported [Pluckthun, A., 1992; Holliger, P. and dad, P. J., 2005].

Monovalent

Fab Fuv scFv dsFv L i VhH  V-MAR
KX &Y &V 0
& £/
XX
50
55kDa 25 kDa 28kDa 25kDa 15kDa 15kDa 15 kDa 15 kDa

Multivalent

Tetrabody
Diabody Triabody

55 kDa 80 kDa 110 kDa
Fig. 1.10: Schematic representation of different pssible antibody configurations The
domain-based structure of immunoglobulins couldnemnipulated to yield a wide repertoire of
antibody formats ranging from 15 kDa to 100 kDazes[Modified from Carter, P. J., 2006].
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1.2.3.2 Cytokines and growth factors

Other ligands utilized for building Immunotoxinsahe cytokines and the
growth factors; although these bind also to noreells, yours receptors are
overexpressed in several hematological and solwlotu cells.Cytokines and
growth factors are effective targeting agents bseaheir affinity for their cell
surface receptors can be higher than that of monatkntibodies. Moreover the
receptors of these molecules are able to intemgbsirs ligand, and than also the
respective cytokine/growth factors-based Immunatoxith great efficiency by
receptor-mediated endocytosis [Kelley, V. E., et 888]. Furthermore, being of
human origin they are non immunogenic.

Possible drawbacks of using cytokines and grofatftors as carrier
molecules is their rapid clearanicevivo and the agonistic effects often exerted by
these molecules linked to the toxic moiety, witduld promote proliferation of
the targeted cells when the amount of Immunotokmsnd are insufficient to kill
the target cell [Fracasso, G., et al., 2004]. Aher disadvantage is the presence
of circulating ligands or soluble receptors thanpete for the IT [Fracasso, G., et
al., 2004]. The cytokines/growth factors that wesed as targeting agents are IL-
2, IL-4 and IL-6 [Chadwick, D. Egt al.,1993; Ogata, Mgt al.,1989;Walz, G.,
et al, 1989], TNF [Gould, D. Jet al, 1998; Hoogenboom, H. Ret al., 1991],
epidermal growth factors (EGF) [Chandler, L. &t al.,1998;Di Massimo, A. M.,
et al, 1997; Hirota, N.et al, 1989; Matsui, H.et al., 1989; Ozawa, Set al,
1989; Banker, D. Egt al, 1989; Volmar, A. M.gt al, 1987], fibroblast growth
factor (FGF) [Davol, P.et al., 1995; Dazert, S., et al., 1998; Lappi, D.At,al,
1995; Lin, P.H.get al, 1998], granulocyte-macrophage colonise stimudptactor
(GM-CSF) [Lappi D. A.et al, 1993; Burbage, Cet al, 1997], transferrin (Tfn)
[Shannon, K. M et al, 1990; Candiani Cet al, 1992; Chignola, R., Anselmi,
C., et al, 1995; Chignola, R., Foroni, Ret al., 1995; Colombatti, M.get al,
1990; Nicholls, P. Jet al., 1993] and nerve growth factor (NGF) [Benedetti, G.
et al, 1994; Book, A. A.et al, 1992; Rossner, Set al, 1994; Wiley, R. G.et
al., 1995].
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1.2.3.211L4

Interleukin-4 (IL-4) is a pleiotropic Th2-derivecthmune cytokine, which
is predominantly produced by activated T lymphosytaast cells, and basophils
[Paul WE, 1991; Puri RKet al., 1993; Puri RK, 1995]. IL-4 has been shown to
have various activities in many different cell tgpesuch as T cells, B cells,
monocytes, endothelial cells, and fibroblasts [PAlE, 1991; Puri RKget al.,
1993; Puri RK, 1995]. To induce biological actigdj IL-4 must bind to its
specific receptor, which is generally present oa plasma membrane of target
cells. IL-4 by itself has been shown to have modesiproliferative activity on
hematopoietic malignant cell lines and solid turoell linesin vitro andin vivo
[Toi M, etal, 1992; Topp MSet al, 1993].

1.2.3.2.1.1 IL4-Receptor (IL4R)

IL-4 receptors are overexpressed on a variety ofidtelogic and solid
malignant tumor cell lines including malignant medana, breast carcinoma,
pancreatic tumour, ovarian carcinoma, esotheliogimblastoma, renal cell
carcinoma, head and neck carcinoma, and AIDS-associKaposi’'s sarcoma
[Puri, R. K.,et al., 1993; Puri, R. K.,et al., 19%uri, R. K., et al., 1991, Obiri, N.,
et al., 1993; Obiri, N., et al., 1994; HussainRS. et al., 1994; Hoon, S. R., at al.,
1997; Toi, M., et al., 1992; Morisaki, T., et d992; Puri, R. K.,1996; Kreitman,
R. J., et al., 1994; Kawakami, K., et al., 2000¢i PR. K., et al. 1996; Leland, P.,
et al., 2000; Gallizi, J. P., et al., 1989]. Norroells including hematopoietic cells
(e.g. resting T cells, B cells, and monocytes)rolilasts, and endothelial cells
also expressed IL-4R [Paul WE, 1991; Puri RKal.,1993; Puri RK, 1995; Puri
RK, et al, 1994; Puri RK,

et al, 1996]; however, Type I IL-4R Type I1 IL-4R Type Il TL-4R

receptor numbers were "*g i
IL-4Re Y IL-4Rex {L-13Rcel
. . IL.-13Rel
significantly lower
) —_—
compared to most tumor | |U n W
. | | | LR
cell lines.
H T cells Solid tumor cells B cells
Several studies NEK cells including brain tumor cells Monocytes

suggested that the immune Fig. 1.11: Schematic model of IL4R subunits.
cells express type | IL-4R Modified from Kawakami Mgt al, 2003.
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(IL-4Ra and IL-2Ry chains) [Russell SMet al, 1993; Kondo Mt al., 1993;
Murata T,et al., 1995], and tumor cells express type Il IL-4R (IR&dand IL-
13Ruxl chains) [Kawakami Ket al., 2000; Murata Tet al.,1995; Obiri Nl,et al.,
1995; Obiri NI, et al., 1994]. Some cells instead express all three (lk;4IR-
2Ry, and IL-13Rx1) chains (type Il IL-4R), however, whether alkek chains
form an IL-4R complex in immune or tumor cells @ glearly known as yet (Fig.
1.11).

Although the significance of overexpression ofdlR-on solid tumor cell
lines is still not known, the advantage of overesgion of these receptors has
taken by designing a receptor targeted cytotoxenafpr possible cancer therapy.
A recombinant fusion proteins comprised of IL-4 d&skudomonasxotoxin has
producedfor possible treatment of recurrent human glionRur{ RK, et al.,
1994].

1.2.4 RECOMBINANT FUSION PROTEIN BETWEEN INTERLEUKI N-4
AND Pseudomona&XOTOXIN (IL4-PE)

In 1989, Ogata Masato and colleagues first clomedecombinant
Immunotoxin in witch the cell binding domain of RE&s replaced by murine IL-4
(IL4-PE40) [Ogata M., et al., 1989]. The fusion ggmroduct, was found to be
highly toxic to a murine T-cell line (CT.4R) but kmve no effect on human cell
lines lacking receptors for murine IL-4. In additjca chimeric protein composed
of a mutant form of PE40 that had very low ADP-ghlating activity (PE40
asp553) had displayed mitogenic activity similar tt@t of IL-4 rather than
cytotoxic activity, showing that ADP-ribosylatingctavity was essential for
cytotoxicity. Moreover an excess amount of IL4 oneutralizing monoclonal
antibody to IL-4 blocked the cytotoxicity of IL4-BB [Ogata M. gt al,, 1989].

In 1991, Puri Raj K. and co-workers demonstratesl presence of IL4
receptor on murine solid tumors of nonlymphoid orignd the 1L4-PE40 ability
to inhibit the protein synthesis in these cells.e T$pecificity of action was
demonstrated through the IL4 receptor blocking iFRiIK., et al, 1991].

Because murine IL4 does not bind to the humanRLHorrison, B.,et
al., 1992], it was not possible to evaluate the @gtiof these chimeric toxins on

human cells. In 1993, Debrinski Waldemar and cokers constructed the
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chimeric toxin with the human IL-4 fuses to a geonding a mutant form of PE in
which 4 amino acid residues (1/sHis**®, Arg?*’ and Hi$*%), all in domain la of
PE, are changed to glutamates (PE4E). This mutatiotishes the binding of PE
to its receptor [Chaudhary VK, et al., 1990]. Uselifferent type of IL4R+ target
cells (i.e. carcinomas of the lung, kidney, ovdieast,colon [Obiri, N. 1., et al,
1993; Puri RK, et al., 1993; Tungekar, M. F., et &B91], malignant stomach,
liver, prostate, adrenal, and cervix as well as ameina and epidermoid
carcinoma [Debinski W,et al, 1993]) has demonstrated that [L4-PE4E
cytotoxicity is mediated by the presence of theRLDther works documented
the ability of hlL4 to eradicate tumors in immunagoetent animals [Golumhek,
P. T.,etal.,1992; Tepper, R. let al.,1989].

IL4 has been originally identified as a B cell gtb factor and it has been
shown to affect a variety of hematopoietic celisshrsas T lymphocytes [Yokota,
T., et al.,, 1986]. The activation of peripheral blood lymphi@s increases the
number of hIL4R on blood cells. hiL4-PE4E was veytotoxic to PHA-activated
peripheral blood lymphocytes, indicating the posisytof the use of this chimeric
toxin for intervention in some specific immune respes. Furthermore, hiL4-
PE4E may diminish antibody responses against it&sif targeting cells
participating in the immune response [Debinskiat/al, 1993].

The Immunotoxin design proceeded with the carréfinity and
specificity optimization and the development ofatgkic activity of toxin. Often
fusion of one protein to another impairs the attiaf one or both proteins. This
can occur if one or both proteins require one ahlermini free for optimal
activity. Alternatively, connection of one protdim another can impair the ability
of either protein to properly fold. It has beenaogpd that transforming growth
factor a, 1L2, IL3, IL4, IL6, GM-CSF, and insulin-like groth factor | all bind
with 20- to 250-fold reduced affinity after fusiom another protein [Curtis, B. M,
et al, 1991; Edwards, G. Met al, 1989; Debinski W.et al, 1993; Williams DP
, et al, 1990; Prior, T. l.et al, 1991]. At the beginning, the options availatde f
improving the function of a fusion protein were iied to switching the order of
the two proteins, attaching linkers in betweentthe proteins, or mutating one of
the proteins to decrease junctional effects [Edsa@. M., et al, 1989;
Brinkmann, U.et al, 1992]. When the hiL4 is fused with the fragment or whole
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PE, the chimeric proteins bind to the ILAR withyrl1% of the affinity of native
IL4 [Debinski W.,et al, 1993;]. Several studies have indicated thatcdrdoxyl
terminus of IL4 is important for binding [Le, H. V1991; Ramanathan, L , 1993];
therefore, it is likely that the large toxin moléeuattached to the carboxyl
terminus blocks the binding of IL4 to the IL4AR. A&w strategy for fusing the two
proteins is developed, in which the toxin is fusedhe new carboxyl terminus of
circularly permuted forms of IL4. A circular pernedt protein is a mutant protein
in which the termini have been fused and new termrieated elsewhere in the
molecule. Several circularly permuted proteins hiawen made but none of these
have been fused to other proteins [Pan, T. & UhdekpO. C.,1993].

The strategy for construction of the DNA encod@ig-IL4 was to amplify
the first and second parts of IL4 sequence, sothtiead' end of the first fragment
and the 3' end of the second fragment are idenéindl encode the GGNGG
linker. The two fragments therefore anneal in regesrder to form a template for
the final PCR step with the final PCR product CR-I\With this strategy two
differets CP-I1L4 were constructed: 1L4(38-37) ahd(lL05-104). [Kreitman RJ,
et al.,1994] (Fig. 1.12).

B B

EEEE Primer la é‘m& EEEE Primer 1b J‘-‘mﬁﬂa
Primer 2a WF— Primer 2b Wﬂ_
PCR 1 l PCR 2 PCR 1 PCR 2

mm mm

Overlapping Overlapping

m m m‘ ﬁ
Primer 2a Primer 2b

PCR 3 PCR 3
B A B A
IL4 (37-38) IL4 (105-104)

Fig. 1.12: Construction of circularly permuted forms of IL4 (CP-IL4)
The circularly permuted IL4 (CP-IL4) was fused doPE so that the
junction would be in an entirely new location atidw the IL4 to bind in a more

31



native fashion [Kreitman R&t al., 1994]. The CP-IL4-PE38 study showed that
IL4(37-38)-toxin bound the IL4AR positive cells kaattthan IL4(105-104)-toxin.
Moreover the toxin fused to the new carboxyl temmsiamino acid 37) of CP-I1L4
improved binding about 10-fold over a molecule ihiet the toxin was fused to
the native carboxyl terminus (amino acid 129) ofl.IlThe new junction site
decreased the impairment in IL4R-binding. [KreitnkRhet al.,1994].

1.2.4.1 Clinical trials of IL4-PE recombinant Immunotoxin

The first attempts to use the CP-IL4-PE38 in chhirials are described in
1993 by Theuer C.P. and Pastan I. [Theuer &Pal, 1993]. With the first
chemical Immunotoxin produced clinical results welisappointing. But the
recombinant Immunotoxins circumvented problems aglmmunogenicity that
may limit the clinical usefulness.

Afterwards, in 2000, Rand R.N. described the totreoral administration
of CP-IL4-PE38 Immunotoxin in patient with high-dea glioma based on the
consideration that human glioblastoma cells but maimal brain cells express
numerous receptors for IL4 [Rand R.Ht al, 2000].

Several studies were conducted in the phaselifical trials to CP-IL4-
PE38 as treatment against glioblastoma tumor,nigstne maximal tolerated
concentration, the better volume administrated fR&N., et al, 2000], the
administration way (intratumoral or intravenoudl§arland L.,et al, 2005], the
infusate viscosity to increase the volume of dmttion [Mardor Y,et al.,2009].
These studies showed the efficacy of Immunotoximetducing or remitting the
glioma solid cancer [Kawakami, Ket al, 2001; Kawakami M.get al, 2002;
Weber F.W,et al, 2003; Kawakami M.get al, 2003; Garland L.et al, 2005;
Shimamura T.et al, 2006, Rainov N.Ggt al, 2006; Mardor Y et al.,2009; Puri
S.,et al.,2009].

In 2009, Oh S. described the possibility to udsspecific targeted toxin
simultaneously recognizing human epidermal growdhtdr and interleukin-4
receptors to treat the metastatic breast carcinoraamouse model. [Oh Sf al,
2009]. This bispecific molecule was also mutagethize reduced the toxin
immunogenicity. The bispecific ligand-directed 1@XBLT) was created cloning

both human epidermal growth factor (EGF) and ietgtin-4 cytokines onto the
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same single-chain molecule with truncated Pseudaserotoxin (PE(38)). Site-
specific mutagenesis was used to mutate amino actiseven key epitopic toxin
regions that dictate B-cell generation of neutrafizantitoxin antibodies. The
BLT Immunotoxin was significantly effective agairedtablished systemic human
breast cancer and prevented metastatic spread oivréhe mutagenesis reduced
immunogenicity by approximately 90% with no appatess in in vitro or in vivo
activity [Oh S. et al, 2009].

1.2.5 PROBLEMS AND OPPORTUNITIES IN IMMUNOTOXIN
DEVELOPMENT
The problems, including immunogenicity, unwantexiidity, difficulty in
production, limited half-life, and resistance, Wik considered below, along with

potential opportunities for improved developmentromunotoxins.

1.2.5.1 Immunogenicity

Based on a wide range of clinical trials, the diecice of immunogenicity
after a single cycle of Immunotoxin ranges from 5@/d00% for solid tumors,
and from 0% to 40% for hematologic tumors [Olsertzl.,2001]. The immune
response against the Immunotoxins leads to theaappee of measurable of
neutralizing anti-IT antibodies. These antibodiesdr the levels of biologically
active Immunotoxin and compromises efficacy. Sewvaparoaches can be used to
prevent immunogenicity. The method most usefulE&ation, which not only
blocks immunogenicity but also prolongs half-lif©r{da M, et al., 2003;
Tsutsumi Y,et al., 2000]. Immunologic studies have found a large Inemnof B-
cell and T-cell epitopes oRseudomonagxotoxin [Roscoe DMgt al., 1997;
Roscoe DMegt al.,1994; Nagata St al.,2004]. The mutagenesis of 7 amino acid
contained in 7 key epitopic toxin regions that aliet B-cell generation of
neutralizing antitoxin antibodies reduced immunagén by approximately 90%

with no apparent loss in vitro orin vivo activity [Oh S. et al, 2009].
1.2.5.2 Unwanted Toxicity

A variety of toxicities have been observed withmomotoxins that have

limited the dose and hence the efficacy. The mostroon toxicity is the vascular
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leak syndrome (VLS) that is characterized by ameiase in vascular permeability
resulting in tissue edema and, ultimately, multiptgan failure [Baluna R. and
Vitetta E.S., 1997].

Studies have shown that RTA binds directly to ¢nelal cells, while
truncated PE requires a ligand that cross-readts the endothelium [Kuan &t
al., 1995]. Such studies led to a mutant form of Rfat shows less VLS in an
animal model [Kreitman R&t al, 1993].

Hepatotoxicity, a typical side effect of recomlihdmmunotoxins, is
attributed to the binding of basic residues onRia¢o negatively charged hepatic
cells [Schnell R,et al, 1998, Onda Mgt al, 2001]. Renal toxicity due to
Immunotoxins is less well defined and could be spaeific at least in part
because the kidneys are the dominant route of ®&ewreof recombinant
Immunotoxin [Huston JSt al, 1988].

1.2.5.3 Difficulty in Production
Originally, chemical conjugates were made for ichh trials since

manufacturers of recombinant toxins faced problefmendotoxin contamination
and low yield. Advances in the production of otliecombinant proteins for
clinical use have solved many of these problems leanee allowed large-scale
production of recombinant toxins in prokaryotic t&ys with high purity and
reasonable cost. The optimization of an eukarysgstem to Immunotoxin
expression could exceed the endotoxin contamingiroblem with reduction of
production time maintaining low the production st

1.2.5.4 Potential for Future Development

For many types of disease, Immunotoxins are ulylike work by
themselves. Their half-lives may be too limited &ffusion to occur into solid
tumor masses. It is possible that combination witter therapeutic agents having
non-overlapping toxicities will result in bettersponses. Similarly, treatment of
microscopic disease may be useful after cytoredadiy surgery, chemotherapy,
or radiotherapy.
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1.3 IDENTIFICATION OF THE APPROPRIATE EXPRESSION SY STEM

1.3.1 PROKARIOTIC EXPRESSION SYSTEM

The recombinant expression of genes is of gre&rast for both
biotechnology and basic research in the contextratein function and structure.
The prokaryotic expression system was the firstleyga to recombinant protein
production Bervice R. F., 200Z hristendat, et al.,2000].

The most commonly used expression systefasisherichia coli Protein
production in bacteria offers several advantages @¢her hosts such as short
doubling times, well-established methods for genatanipulation, and simple,
inexpensive cultivation. However, the overexpregsedeins often accumulate in
insoluble and inactive deposits called inclusiordibs Marston, F. A., 1986;
King, J, et al., 1996]. It has been shown that proteins tend to aggregéte
increasing concentration, whereas low protein cotragons favour the formation
of the correctly folded proteirnzZgttimeissl, Get al, 1979] Thus, a decrease in
protein synthesis rate will lead to an increasehim yield of functional protein.
This was confirmed experimentally by recombinanbt@in expression under
suboptimal conditions, i.e., the reduction of thétigation temperature from 37 to
30°C inE. coli[Schein, C. H. and Noteborn, M. H. M., 1988pwever, inclusion
bodies also offer some advantages, as the oversquerotein is often highly
enriched and protected from proteolytic degraddiitimeng, Y et al.,1981].

1.3.1.1 The key parameters for th&. coli proteins expression
1.3.1.1.1 Expression level optimization

Sometimes the levels of protein expression inbéheterial system are low
despite the use of strong transcriptional and lséiosal signals. The following
approaches can be used to optimize expressiorslevel

The variation of induction conditiorsich as the time, the temperature of

induction and the concentration of the inducer.

Examining the codon usage of the heterologous imroiot all 61 mMRNA

codons are used equally. Each organism bears tjoz amal the rare codons.
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Usually, the frequency of the codon usage reflects

the abundance of their cognate tRNAs. Therefore, Codon Residue

when the codon usage of your target protein differs AGG Arginine
AGA Arginine
CGG Arginine
CGA Arginine
GGA Glycine
termination of transcription and/or translationeth  aAya Isoleucine

significantly from the average codon usage of the
expression host, this could cause problems during
expression such as mRNA instability, the premature

frameshifts, deletions and misincorporatioresg( CUA Leucine
lysine for arginine) or the inhibiton of protein ~ CCC Proline
synthesis and cell growth. As a consequence, tggvourabg‘g'oediﬁom. .
expression levels is often low.
The expressed levels can be improved by the repacodons that are rarely
found in highly expresseH. coli genes with more favourable codons throughout
the whole gene (Table 1.3)

Moreover it is possible co-expressing the genesding for a number of
the rare codon tRNAs. There are several commekciabli strains available that

encode for a number of the rare codon genes. (Tlab)e

Strain Rare codon tRNA encoded
BL21 (DE3) CodonPlus-RIL  arginine (AGG, AGA), isolaicine
(AUA) and leucine (CUA)
BL21 (DE3) CodonPlus-RP  arginine (AGG, AGA) and prdine
(Cco)
Rosetta AGG/AGA (arginine), CGG
(arginine), AUA (isoleucine)
Rosetta (DE3) CUA (leucine)CCC (proline), and

GGA (glycine)

Table 1.4:
E. coli strains that encodethe rare codon tRNAs.

Examining the second codoihe most used bf. coli is AAA lysine

(13.9%) while a number of other codons are not asedl [Loomaret al., 1987].
Minimizing the GC content at the 5'-erl high GC content in the 5'-end

of the gene of interest usually leads to the foromabf secondary structure in the
MRNA. This could result in interrupted translatemd lower levels of expression.

Thus, higher expression levels could be obtainedhaynging G and C residues at
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the 5'-end of the coding sequence to A and T resiauthout changing the amino
acids.

The addition of a a highly-expressed fusion partofen results in high

level expression.

Using protease-deficient host strai(es.g. BL21) can sometimes enhance

accumulation by reducing proteolytic degradation.

1.3.1.1.2 Improving protein solubility
In many cases the expressed protein is accumuilateelusion bodies.
Several strategies are available to improve thabddly of the expressed protein.

Reducing the rate of protein synthesis or chandgireggrowth medium.

Co-expression of chaperones and/or foldasdse best characterizdgl.
coli systems are: GroES-GroEL, DnaK-DnaJ-GrpE , ClpB.

Periplasmic expressiorsecretion of the target protein to the peripléss

a number of distinct advantages:

- the oxidizing environment of the periplasm alloves the formation of
disulfide bonds, which does not occur in the redgcenvironment of the
cytoplasm,;

- the periplasm contains two foldases, disulfide oseductase (DsbA) and
disulfide isomerase (DsbC), that catalyze the foionaand isomerization of
disulfide bonds;

- reduced proteolysis (since less proteins are ptesen

- allows for the accumulation of proteins that arddan the cytoplasm.

Secretion is achieved by the addition of a leadguence (signal peptide) to the

N-terminus of the target protein. Most used lea#Euences angelB andompT

Unfortunately, expression yield are usually muciwvdo and not all expressed

protein is secreted into the periplasm but is d®maond in the medium, the

cytoplasm and the cytoplasmic membrane.

Using specific _host strainsTwo strains are commercially available

(Novagen): AD494, which has a mutation in thioradoreductase (trxB) and
Origami, a double mutant in thioredoxin reductaseB) and glutathione

reductase (gor). These strains have a more oxgl@itoplasmic environment.
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The addition of a soluble fusion partneften improves the solubility of

the recombinant protein.

1.3.1.1.3 Expression of a protein toxic to the hostrain

Low expression levels or no expression at all eso be caused by
toxicity of the target protein. Many promoters au@ very tightly regulated and
show some degree of expression before the addiiotihe inducer. Different
approaches can be used to give a more tightly a&epil expression [Suter-
Crazzolara, C. and Unsicker, K., 1995].

Constitutive expression of a protein repessingniecible promote leaky

Use a more tightly requlated promoter

Use a lower copy number plasmid.

Constitutive expression of phage T7 lysosynom a compatible pLysS or

pLysE plasmid. Lysozyme binds to T7 RNA polymerasel inactivates the
enzyme. After the addition of IPTG the expressivrel of the polymerase will be
much higher than that of lysosyme and this willroeene the repression.

Use of elevated levels of antibiotics

Use the "plating" method for inoculating culturésultures are inoculated

by scraping off agar plates. A single colony of spiéd-containing cells is
suspended in 200 ul water and vigorously shakers Jispension is plated on a
agar plate containing the appropriate antibiotid arcubated over night at 37°C.
All colonies are scrapped-of and suspended in 4D@frmedium (ORy=0.4).
The culture can be grown to the desiredgg@and induced to start expression
[Suter-Crazzolara, C. and Unsicker, K., 1995].

Some proteins are so toxic for the cells that dh@yot only inhibit growth
but also kill them. Several approaches are posdidldecrease the effects of
protein toxicity through the periplasmic express(tre proteins that are toxic in
the cytoplasm is secreted in the periplasm or i mimedium culture) or the
inclusion bodies accumulation (the proteins mistdidare not toxic in the
cytoplasm).
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1.3.1.2 Two approaches to optimize the protein expssion inE. coli

To produce a recombinant protein the interest geuast be inserted into
an expression plasmid. This plasmid must have plication origin 6ri), a gene
for the antibiotic resistance, an promoter to iretl¢he protein production, a
multi cloning site to insert the recombinant geaeyeriplasmic signal sequence
and the tags for the purification can be present.

To speed up protein production, a strategy of ljghraxpression of a
protein from a variety of vectors containing diffat tags and/or fusion partners,
and a variety oE. coli host strains can be adopted. This approach smaldnly
gain us a lot of time but also result in a largemiber of successfully expressed
proteins.

1. The expression of a protein in a basic E. coli heishin from a variety

vectors with different tags and/or fusion partnefur first screen is to

express a protein in a single host strain (e.g. B(RE3)) from several
vectors with different tags as fusion partners.

2. The expression of a protein from a standard vediora number of

different E. coli host strainsThe choice of the host strains depends more on

the nature of the heterologous protein.
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1.3.1 EUKARIOTIC EXPRESSION SYSTEMS

To overcome the prokaryotic system limits, as #iesence of post-
traslational modifications or the ardous refoldprgtocols, the recombinant DNA
technology was applied with different eukaryotiqeession systems as the plant
cell or transgenic plants systems, mammalian getkesns, insect cell systems and
yeast cell systems. The first three systems wilréated briefly; our attention will
be focused in the widening of the yeast expressi@mtem, the host cells chosen

for the optimization of immunutoxin production img work.

1.3.1.1 PROTEINS PRODUCTION IN PLANT CELL SYSTEMS

The development of methods for the introductionfaking genes into
plants has led to a revolution in plant research@ant breeding. Nowadays large
areas are in use for the cultivation of such crapduding genetically modified
cotton, corn and soybean [Hooykaas P.J.J., 20@ijefs with novel colours or
prolonged vase life [Suzuki Set al.,2007; Yu YX.,et al., 2004], potatoes with
optimized starch composition [Zhang Ekt,al.,2008], rice grain with pro-vitamin
A to prevent vitamin A-deficiency in the diet [NEsM., 2001], and plants that
can be used as edible vaccines [GomezeE.al., 2009; Tacket CO, 2009;
Mestecky Jet al.,2008]. Plant transformation relies on the totipateof certain

plant cells. In figure 1.13 several methods to teé@nsgenic plants are shown.

Transformation

and selection Fig. 1.13:
Transformation and
. regeneration of
Y il . U< plants. Many plant
(>N - T T T ot organs, tissues or cell
| o prooplet [ : ““77 types can be used for
/“ -l\,‘;h - y - B 7r - — <7\ == transformation. The
Sl 4 targets for plant

i B } o transformation are: 1,
W A WSS chemical treatment; 2,

(N \ 18) electroporation; 3,
M ‘ , whiskers; 4, particle

5 — | E bombardment; 5,
q & + Agrobacterium.
. Al Jf P A [Modified by Crouzet
e = P. and Hohn B., 2002;
Hooykaas P.J.J., 2001]

Embryo

After plant cells have been transformed, it iseasial that the transformed
cells can be recognized, isolated or specificatlyppgated through the bacterial

antibiotic resistance genes converte into plantesged forms or through the
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genes that confer tolerance at the herbicidesanktlat the visible markers as the
B-glucuronidase (GUS) gene [Jefferseinal, 1987], the firefly luciferase genes
[Ow et al, 1986] and the jelly fish green fluorescent protgFP) [Haseloffet
al., 1997].

Plants are an attractive host for synthesis of ynarmdustrial and
pharmaceutical proteins, offering significant adeges in safety and cost over
alternative foreign protein expression systems [fag et al., 2003; Maet al.,
2005; Streatfield, 2007]. The main advantages @s®ocwith plants include the
low cost of agricultural biomass production, eliation of downstream
processing requirements for vaccines expresseddiiblee plant tissues, post-
translational modification and production of cothgcfolded and assembled
multimeric proteins, low risk of contamination wifathogens and endotoxins
such as those occurring in mammalian and bacwysdéms, and the avoidance of
ethical problems associated with transgenic anisadsanimal materials.

Table 1.5 show an example of foreign protein poadiin whole plants.

The products that are currently being producepglamts include bioactive
peptides, vaccine antigens, antibodies, diagnostimteins, nutritional
supplements, enzymes and biodegradable plasties.etanomic driver that is
burgeoning this industry includes the ability to#hesize animal proteins, cost
benefits, safety issues (lack of pathogen contatmomeand easy scale up [Fischer
et al., 2004; Lalet al, 2007; Rybicki, 2009; Sharmet al, 2004; Spok, 2007,
Stogeret al.,2002; Twymaret al.,2003]. Apart from many advantages, there are
some problems associated with plants for theirasséioreactors which include
differences in glycosylation patterns in plants &wehans, inefficient expression
and environmental contamination. However the thandgenic plant-based
products commercially available in the market amel products in phase 1l / | or
pre-clinical trials were produced successfully (€abl.6 and 1.7) but none of

these is an Immunotoxin.
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Vector Recombinant protein Production system Significant result Expression Reference
T™MV Single-chain of bFSH (sc- Nicoriana Expressed native-like structure of sc-bFSH, similar N- sc-bFSH: 3% of TSP Dirnberger et al,
bFSH) benthamiana glycosylation to mammalian origin, in vivo bioactivity (2001)
™V Murine zona pellucida (ZP) 3 Nicoriana tabacum Generated immune response in mice Virus: 2.5 mg g~ ' leaf Fitchen et al.
protein (1995)
T™MV Core neutralizing epitope Nicotiana tabacum cv.  Recombinant COE gene with modified codon usage partern  Recombinant COE protein: Kang et al,
(COE) of PEDV Havana and removal of mRNA destabilising motifs gave a protein 130 pg g~ leaf or 5% of TSP (2004)
yield =30 times higher than the native COE gene
™V scFv of immunoglobulin from  Nicotiana Generated effective immune response and scFv protein: 123-30.2 pg McCormick et al.
38C13 mouse B cell lymphoma benthamiana immunoprotection against tumour challenge in mice g~ " leal (1999)
T™MV BHV-1 protein glycoprotein D Nicotiana Generated effective immune response and protection gDc: 20 pg g ' leaf Pérez Filgueira
(gDc) benthamiana against viral challenge in animal models et al (2003)
TMV Structural protein VP1 of Nicotiana Generated effective immune response in rabbits, native VP1: 6-8 pg g ' leaf Pérez-Filgueira
FMDV and HIV-1 p24 benthamiana antigenic properties were mostly preserved p24: 0.1 mg g~ ' leaf et al (2004)
nucleocapsid protein
T™V Antigenic peptides from Nicotiana tabacum cv.  Similar yield of the virus particles to wild-type; foreign Virus: 0.8-2 mg g~ ' leaf Sugiyama et al.
influenza virus HA and HIV-1 Samsun peptides of 21 amino adds were presented on the particle (1995)
surface of TMV
TMV Structural protein VP1 of Nicotiana Generated effective immune response and protection VP1: 50-150 pg g~ ' leal Wigdorovitz et al.
FMDV benthamiana against viral challenge (1999)
T™MV Two immunogenomic Nicotiana tabacum Generated effective immune response and protection TMVF11 or TMVFI4: 5 mg Wu et al. (2003)
dominant epitopes of FMDV ~ Xanthi against viral challenge in most immunised animal models g~ leaf
serotype O (TMVF11 and
TMVFI4)
PVX HBV nucleocapsid pratein Nicotiana More than five-fold higher HBcAg yield using transient HBcAg: >50 pg g~ ' leaf Mechtcheriakova
(HbcAg) benthamiana rather than stable expression using CPMV in Vigna et al. {2006)
unguiculata
PVX scFv against herbicide diuron  Nicoriana PVX vector used as a presentation system for expressing  Virus: 200-500 pg g~ " leaf  Smolenska et al,
benthamiana scFv scFv-CP fusion protein: 100~  (1998)
250 pg g~ ! leaf (4 dpi)
CPMV Epitopes derived from MEV Vigna unguiculata var  Generated protection against viral challenge Virus: 1-1.2 mg g~ ' leaf Dalsgaard et al.
blackeye (1997)
cPMV Epitopes derived from HRV-14  Vigna unguiculata var  Exhibited the antigenic properties of inserted sequence;  Virus: 12-15 mgg ™ ' leaf Porta et al
and HIV-1 blackeye generated effective immune response in rabbits when (1994)
immunised with HRV-14 epitope containing virus
ZYMY GFP and Dermatophagoides Cucurbita pepo Lvar  Inhibited synthesis of specific IgE and airway inflammation GFP:3.7 pgg™ ' leaf Hsu et al. (2004)
pteronyssinus group 5 allergen  Zucchini (squash) in animal studies immunised with Der p 5 Der p5:15 pg g ' leaf
(Der p 5) with histidine tag (8-10 dpi)
ORSVand Neuropepride nodstatin Nicotiana Complete pepride without additional amino acid sequence ORSV-mNST: 2.05 pg g~ ' leaf Lim et al. (2002)
™V benthamiana and N.  was expressed TMV-mNST: 5.2 pg g~ ' leaf
tabacum cv. Turkish, (14 dpi)
respectively
TBSV HIV-1 p24 nucleocapsid Nicotiana Bound specifically to anti-p24 antibody, confiming p24 fusion protein: 5% of Zhang etal
protein benthamiana maintel e of antigenic d nants soluble leaf protein (2000)

Abbreviations: bFSH, bovine follicle stimulating hormone: BHV-1, bovine herpes virus type 1: CP, coat protein; CPMV, cowpea mosaic virus; dpi, days post-inoculation; FMDV, foot-
and-mouth disease virus; GFP, green fluorescent protein; HBV, hepatitis B virus; HIV-1, human immunodeficiency virus type 1; HRV-14, human rhinovirus type 14; IgE
immunoglobulin E: MEV, mink enteritis virus: ORSV, odontoglossum ringspot virus: PEDV, pordine epide mic diarrhea virus; PVX, potatovirus X; scFv, single-chain variable fragment;
TBSV, tomato bush stunt virus; TMV, tobacco mosaic virus; TSP, total soluble protein; ZYMY, zucchini yellow mosaic virus.

Table 1.5: Example of foreign proteins produced iwhole plants using plant viral vectors.
[Modified by SharmaA. K., Sharma M. K .,2009]

Product name

Company name

Plant system

Commercial name

Catalog no./URL

Avidin

P-Glucuronidase

Trypsin
Recombinant
Recombinant
Aprotonin
Recombinant
Recombinant

human lactoferrin
human lysozyme

lipase
human intrinsic factor

Vaccine purification antibody

Prodigene
Prodigene
Prodigene

Meristem Therapeutics, Ventria Bioscience

Ventria Bioscience
Prodigene

Meristem Therapeutics
Cobento Biotech AS
CIGB, Cuba

Corn
Corn
Corn
Corn, rice
Rice

Corn, transgenic tobacco

Corn

Arabidopsis

Tobacco

Avidin

GUS
TrypZean™
Lacromin™
Lysobac™
AproliZean
Merispase®
Coban

#A8706, Sigma-Aldrich

#G2035, Sigma-Aldrich

#13568, Sigma-Aldrich

#14040, Sigma-Aldrich

#L1667, Sigma-Aldrich

#A6103, Sigma-Aldrich
http://www.meristem-therapeutics.com®
http://www.cobento.dk/?id=76

Kaiser, 2008

2 MERISTEM Therapeutics & SBH Sciences has announced an agreement for joint development of animal-free recombinant proteins.

Table 1.6: Transgenic plants-based products commeiadly available in the market
[Modified by SharmaA. K., Sharma M. K .,2009]

Product name

Company/institute name

Plant system

Reference/URL

Human serum albumin (HSA)

38C13 (scFv)
RhinoX™

Alpha inteferon 2b

DoxoRX™

«a-Caries MAD (CaroX™)

Aprotonin
Collagen

Lipase
Lactoferrin

Lysozyme

BLX-301 (anti-CD antibody)

GLA rich safflower oil

DHA rich safflower oil

Human intrinsic factor

Human glucocerebrosidase
Parvovirus vaccine

Anti-F4 fimbriae of ETEC antibody

Protein A reagent (Stratocapture™)

Chlologen Inc.

Large Scale Biology Corp.
Planet Biotechnology Inc.
Biolex Therapeutics Inc.
Planet Biotechnology Inc.
Planet Biotechnology Inc.
Large Scale Biology Corp.
Medicago Inc.

Meristem Therapeutics
Meristem Therapeutics
Meristem Therapeutics
Ventria Bioscience
Ventria Bioscience

Biolex Therapeutics Inc.
Sembiosys Genetics [nc.
Sembiosys Genetics Inc.
Cobento Biotech AS
Protalix Biotherapeutics
Large Scale Biology Corp.
Novaplant

Sembiosys Genetics Inc.

Tobacco
Tobacco
Tobacco
Lemna
Tobacco
Tobacco
Tobacco
Alfalfa
Tobacco
Maize
Tobacco
Rice, maize
Rice
Lemna
Safflower
Safflower
Arabidopsis
Carrot suspension cells
Nicotiana

Pea (field trials completed 2007)

Safflower

Currently technology is with Dow AgroSciences

http://www.Isbc.com®

http://www.planetbiotechnology.com/

http://www.biolex.com/

http://www.planetbiotechnology.com/
http://www.planetbiotechnology.com/

http://www.lsbc.com®

http://www2.medicago.com/en/product/
hltp://www.merislem—lherapeutics.com"
http://www.merislemvlherapmlics.mmb
http://www.meristem-therapeutics.com®

http://www.ventriabio.com/

http://www.ventria.com/;

http://www.biolex.com/blx301.htm

http://www.sembiosys.com/
http://www.sembiosys.com/

http://www.cobento.com/

http://www.protalix.com/glucocerebrosidase.html

http://www.Isbc.com®

http://www.novoplant.de/fileadmin/redaktion/seitenspezifische_inhalte/

news/pr_FieldTrial_210907.pdf
http://www.sembiosys.com/

2 LSBC filed bankruptcy in 2006.

b Meristem Therapeutics & SBH Sciences has announced an agreement for joint development of animal-free recombinant proteins.
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1.3.1.2 PROTEINS PRODUCTION IN MAMMALIAN CELLS

Cultivated mammalian cells have become the donmisgstem for the
production of recombinant proteins for clinical Apgtions because of their
capacity for proper protein folding, assembly andtgranslational modification.

In 1986 human tissue plasminogen activator (tPétjvase; Genentech, S.
San Francisco, CA, USA) became the first therapquibtein from recombinant
mammalian cells to obtain market approval. The mdmoant proteins are
expressed in immortalized Chinese hamster ovaryQCe¢lls, cell lines derived
from mouse myeloma (NSO0), baby hamster kidney (BHikjman embryo kidney
(HEK-293) and human retinal cells. The developnwrd manufacturing process
for a recombinant protein in mammalian cells uguidllows a well-established
scheme (Fig. 1.14).

Initially, the recombinant gene with the necessargnscriptional
regulatory elements is transferred to the cellsngBid, G., et al., 1981,
Gopalkrishnan, R.Vet al, 1999]. In addition, a second gene is transfethed
confers to recipient cells a selective advantagethé presence of the selection
agent, which is applied a few days after gene teanenly those cells that express
the selector gene survive [Balland, &t al, 1988]. The most popular genes for
selection are dihydrofolate reductase (DHFR), azyer involved in nucleotide

metabolism, and glutamine synthetase (GS).

Gene transfer Screening Process development

) i Protein o, = _
Linearize | Sostiarzralitiadie s | Transfect PV y |

!
. “
— selector  o— e a'a'a a'ataral e T =

otein & aeciar,
Pl AN ATV

\ { \

"'\ /-' J Select
e - S PNV

Clonal
cell lines

Minimum 12 months

Fig 1.14: Cell line generation and development fozell culture processes for the generation of
recombinant proteins of interest (0.i.).The wavy lines indicate subcultivations of individwell
lines that are in a screening program to obtainfithed producer. Vials indicate banks of cells
frozen in liquid nitrogen. Spinner flasks represscdile-down systems for process optimization,
and bioreactors represent large-scale productioogsses. [Modified bwurm F M., 2004]

Following selection, survivors are transferredsasgle cells to a second

cultivation vessel, and the cultures are expandedroduce clonal populations
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[Barnes, L.M., 2004; Jones, [t al., 2003]. Eventually, individual clones are
evaluated for recombinant protein expression, \lid highest producers being
retained for further cultivation and analysis. Frtmse candidates, one cell line
with the appropriate growth and productivity chaeaistics is chosen for
production of the recombinant protein.

Although the basic concepts have not changed dimeanid-1980s, the
productivity of recombinant cell lines has increhasamatically in the past two
decades. Overall, efforts have led to improvementsvectors, host cell
engineering, medium development, screening metlaods process engineering
and development [Wurm F M., 2004].

Two main formats have been employed for the lagpe production of
recombinant proteins in mammalians cells: cultwkadherent cells [Loumaye,
E. et al 1998; Spier, R. & Kadouri, A., 1997] and suspenstultures [Barnes,
L.M., et al 2000; Bbodecker, B.G.Det al 1994; Wurm, F.M. & Bernard, A.R.,
1999; Jones, et al, 2003]. The latter is by far the most common.

1.3.1.2.1 Immunotoxins produced with mammalian cebystems
In the table 1.8, some Immunotoxins produced in riieanmalian cell

system are summarized.

Immunotoxin Description Reference
ImmunoRNase The IT is expressed in myeloma cells. Krauss Jet al.,2009
VEGF165-PE38 Vascular Endothelial Growth Factor

165 fused to PE38.

The IT is expressed to mesenchymal
stem cells that were used as a vehicles
for delivery the drug. Hu CC,et al.,2009

The IT is expressed in HEK293 cells.  Hu CC,et al.,2010

Gb-H22 (scFv) Granzyme B fused to the scFv anti- Stahnke Bet al., 2008
CD64. The IT is expressed in human
293T cells

Ki4-angiogenin C-term The anti-CD30 scFv (Ki4) fused to  Stdcker M. et al.,2003
Ki4-angiogenin N-term  the C- and N- terminal of angiogenin.
These ITs are expressed in human
293T cells

Table 1.8: Some Immunotoxins produced in the mammaéln cell systems.
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1.3.1.3 PROTEINS PRODUCTION IN INSECT CELLS

The introduction of the functional expression @ambinant proteins, the
use of baculovirus vectors to produce proteingfaification has become one of
the most widely-used viral gene delivery systemstefsSive engineering to
simplify and accelerate the process of recombinaunt construction has made
this system accessible to virtually any moderndgaal laboratory.

Viruses are a natural choice for exploitation eseggtransfer vectors due to
their inherent ability to package nucleic acids asiver them to susceptible
cells. Because of several unique features, suaxtsmely high levels of gene
expression, accessibility, and an excellent bidgabeofile, baculoviruses have
been one of the most popular viral vectors for egpion of recombinant proteins
since their introduction in 1983. The majority obnemercially-available
baculovirus vector systems are based on the butlled of the Autographa
californica multiple nucleopolyhedrosis virus (AcMNPV) [Funk,.JG et al.,
1997]. Baculovirus vectors are generally propatjatecells originally isolated
from Spodoptera frugiperddSf9 or Sf21) [O’Reilly, D.R.et al., 1992]. These
cells are commonly used for production of recombinaoteins such as enzymes,
nuclear receptors, G protein-coupled receptors cliannels, cytochrome P450s,
secreted proteins, etc. that have been expresseflinctional form.

Insect cell over-expression has the advantagelmaterial expression that
since the cells are eukaryotic post-translationadlifications of a protein are in
many respects identical to those carried out in mahan cells [Jarvis, D.L.,
1997]. The major difference between proteins predua insect and mammalian
cells is in the composition of carbohydrate modifions added post-
translationally [Kost, T.Agt al.,2005].

To construct a baculovirus vector the recombingaehe expression
cassette must be inserted into the viral genomés lariginal conformation (Fig.
1.15A) [Smith, G.E.,et al., 1983; Pennock, G.D.et al., 1984] this was
accomplished by subcloning the viral polyhedrintgio gene locus into a plasmid
vector and inserting the gene of interest into plé/hedrin gene such that its
expression is controlled by this highly active lateal promoter. This plasmid is

transfected into insect cells along with baculosirDNA and homologous
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recombination is allowed to bring the recombinaehe into the viral DNA
[Smith, G.E. et al.,1983; Pennock, G.Det al.,1984].

In figure 1.15 four major themes in constructiohrecombinant viral

genomes are illustrated.
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Fig. 1.15: Methods of insertion of transgene exprs®n cassettes for construction of
recombinant baculovirus genome(A) Homologous recombinantion in insect cells [KifSA.,

et al., 1990; Kitts, P.A. and Possee, R.D., 1998tommercially-available system was developed
by Oxford Expression Technologies and is termeshl®AC™. 8) Site-specific transposition in
bacterial cells [Luckow, V.A.et al.,1993]. This system has been commercialized ureiename
Bac-to-Bac™ by Invitrogen Q) Directedin vitro cloning of restriction fragments into viral DNA
[Ernst, W.J.et al., 1994; Lu, A. and Miller, L.K., 1996]. A commerdilavailable system was
developed by InvitrogenD| Site-specific recombinationin vitro.[Modified by J. P. Condreay
and T. A. Kost, 2007].

In addition to its role as an insect cell protempression system,
baculovirus mediated gene delivery into mammalialkschas recently evolved
into a particularly useful research tool [Kost, T.ét al.,2005; Hofmann Cgt al.,
1995; Boyce, F.M. and Bucher, N.L., 1996].

In summary, the versatile baculovirus system coas to be widely used
in pharmaceutical discovery research programs.appdications of this powerful
viral vector system will evolve with further advascin the understanding of

baculovirus biology and the interaction of modifigtlises with mammalian cells.
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1.3.1.3.1 Immunotoxin produced with insect cell sysm
In the table 1.9 two Immunotoxins produced in thgect cell system are

reported.
Immunotoxin Description Reference
scFv-mel-FLAG Recombinant melittin-based cytolytic Choo AB.,et al.,2002
Immunotoxin
DTctGMCSF The human granulocyte-macrophage Williams MD., et al. 1998

colony stimulating factor (GMCSF)
fused by truncated form of DT lacking
the binding domain.

Table 1.9: Immunotoxins produced in the insect cebystems.
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1.3.1.4 PROTEINS PRODUCTION IN YEAST SYSTEMS

Yeasts are among the earliest-domesticated mgaosms. They are
unicellular, eukaryotic fungi, the cells having @mbrane-bounded nucleus and
membrane bounded mitochondria. Yeasts occur in mhalitats, usually
associated with numerous other living things. Tregseapproximately 700 known
yeast species in 100 genera [Spencer A.I.R andc8pdr. T, 2002]. Most of the
ascomycetous yeasts are in the gePighia (91species), and the nonsporulating
forms inCandida(163 species)CryptococcusandRhodotorula(34 species each)
(Kurtzman and Fell, 1998).

Humans have cultivated yeast since the dawn ofwgire to make beer,
bread, and wine. As a domesticated microorganisth saxual eukaryote, the
budding yeasSaccharomyces cerevisia® the most commonly used industrial
yeast and has emerged as a remarkably tractabéyetic model system. Other
widely studied unicellular fungi, particularly tfiesion yeasSchizosaccaromyces
pombeand the orange bread mowkurospora crassashare many of the traits
that makeS. cerevisiaeattractive to investigate and are useful for asiaty
numerous genetic phenomena with no parallel irbtideling yeast. Yeasts belong
to the kingdom of fungi, along with moulds, smwasd mushrooms. They share a
common cellular architecture and rudimentary lifgcle with multicellullar
eukaryotes such as plants and animals [Mell J.@. Burgess S.M., 2002]. As
nonpathogenic, nonmotile microorganisms, yeasts easly propagated and
manipulated in the laboratorn important theme of yeast biology is the use and
study of homologous recombination, a process bychvii broken piece of DNA
uses a homologous DNA template as a substrat@pair Yeast use this process
to fix DNA damage, to switch mating types, and tgregate homologous
chromosomes during meiosis.

Like all eukaryotes, yeast cells have numerous bnane bound
organelles, including a nucleus, endosymbiotic atmdria, the peroxisome, and
the organelles of the secretory pathway. The bupgeast carries its genome of
nearly 6000 genes in 12 megabase pairs of DNA dim&ér chromosomes in the
nucleus. The genome is very compact for a eukarybte number and size of
genes are relatively small and the density of geselatively high. Genetic

redundancy in the yeast genome is low, facilitatimg analysis of gene function.
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The life cycle of the budding yeast is rudimentagimilar to that of any sexual
eukaryote, alternating between haploid and diptdades, containing one and two
sets of chromosomal complements, respectively.sCeivide by budding; a
mother cell buds to produce a genetically identidalghter cell. Before the
daughter is released, copies of each chromosonledcaister chromatids)
segregate by mitosis. In a haploid, there is oneeaxth chromosome in the
complement. When two haploid cells mate and fulsey tyield a diploid cell,
which contains two of each chromosome. These paescalled homologous
chromosomes. A diploid can either grow by buddingrmdergo meiosis, a double
round of cell division yielding four haploid sporesld together in an ascus. As in
other eukaryotes, yeast cells age. A mother celtyres a limited number of
daughter cells. Life span in yeast is under theérobof a genetic programme that
shares features in common with multicellular ansnfMell J.C. and Burgess
S.M., 2002].

1.3.1.4.1 STEPS FOR THE RECOMBINANT PROTEINS PRODUQION
IN THE YEAST SYSTEMS

The protein expression irEscherichia coli or in yeast such as
Saccharomyces cerevisiae Schizosaccharomyces ponties been preferred for
investigations where a high yield of expressed tional protein is the main goal.
Among the various yeast expression systems usedféinufor the production of
foreign proteins, the baker's ye&ccharomyces cerevisiaad the fission yeast
Schizosaccharomyces pomaecount for the most commonly used forms. The
choice of one over the other or even the seleatibother yeasts likéPichia
pastoris, Hansenula polymorpha, Kluyveromyces $actiarrowia lipolitica or
Candidautilis will depend on the scope of the investigationedpective of the
host used, successful expression includes thedunttmn of the foreign DNA into
the yeast cells, the maintenance of the foreign DiNthe host, and the assurance

of efficient expression.
1.3.1.4.1.1 Introduction of foreign DNA and its sthility in yeast cells

The genetic transformation of yeast was first maabessible by the

development of methods in which foreign DNA, in firesence of calcium and
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polyethylene glycol, was introduced into spheroslgsroduced by enzymatic
removal of the cell wall. Meanwhile, various newgme and transformation-
efficient methods, like the lithium acetate methfitb et al., 1983], or
electroporation techniques [Becker and Guarent®lll%have also ensured the
successful transfer of DNA into host cells thaare&an intact cell wall.

Successful translation of foreign DNA in yeast elggs on the vectors
used as well as the species or strain of host fi€ilgsmanet al., 1985; Stearns
et al.,1990; Rose and Broach, 1990].

For selective growth in yeast, all plasmids areigoed with selectable
markers — yeast genes that complement specifictenptoes of the host strain
used. Thus, yeat#uZ mutants can grow in media lacking leucine only witeey
are transformed with plasmids bearing the LEU2 gé&he other most commonly
used selectable markers are HIS3, URA3, TRP1 orAd.¥&nes, which confer
auxotrophy to strains incapable of synthesizingidirse, uracil, tryptophan or

lysine, respectively.

1.3.1.4.1.2 Efficient expression

Efficient transcription can be achieved by thenpoter and terminator
sequences that flank the foreign DNA. A series f#iicient promoters for
expression irS. cerevisiaesuch as the GAL4, ADH, PGK or GAPDH promoters,
are derived from the 5’ flanking regions of glydibtygenes of this organism.
Terminator regions are fragments often derived fitbm PGK, PHO5 or TRP1
genes and are in general not as well characteraedoromoters. Careful
consideration of all these factors, however, does mecessarily guarantee
successful expression of the foreign protein. Imesaases, instability is due to
degradation by yeast endogenous proteases, ange¢hef yeast strains deficient
in some of the proteases might help to overcometblelem.

Yeast cells have been used for the production asfous proteins of
clinical or other commercial interest. In many &asgroteins are produced by
using a secretion system involving the prepro-dsfadeader region ofS.
cerevisiae[Zseboet al., 1986; Woodet al., 1985; Bitteret al., 1988; Barret al.,
1988].
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1.3.1.4.2 Recombinant protein production with théPichia pastorisexpression
system

The production of a functional protein is intimgteelated to the cellular
machinery of the organism producing the proteine VeastPichia pastorisis a
useful system for the expression of milligram-tesgr quantities of proteins for
both basic laboratory research and industrial nastufe. The fermentation can
be readily scaled up to meet greater demands, araineters influencing protein
productivity and activity, such as pH, aeration aadbon source feed rate, can be
controlled [Higgins DR and Cregg JM , 1998]. Congghwith mammalian cells,
Pichia does not require a complex growth medium or cultcoaditions, is
genetically relatively easy to manipulate, and aasukaryotic protein synthesis
pathway. Some proteins, such as G protein-coupteeptors, that cannot be
expressed efficiently in bacterigSaccharomyces cerevisiaer the insect
cell/baculovirus system, have been successfullgymed in functionally active
form in P. pastoris[Cereghino GPLgt al2001; Cereghino GPlet al.,2002; de
Jong LAA, et al.,2004]. This methylotrophic yeast is particulanlyted to foreign
protein expression for a number of reasons, inolydiease of genetic
manipulation, e.g. gene targeting, high-frequendyADiransformation, cloning
by functional complementation, high levels of pnotexpression at the intra- or
extracellular level, and the ability to perform Iy eukaryotic protein
modifications, such as glycosylation, disulphidendbdormation and proteolytic
processing [Cregg JMet al., 2000]. Pichia can be grown to very high cell
densities using minimal media [Veenhuis #&1,al.,1983; Wegner G., 1990] and
integrated vectors help genetic stability of theorabinant elements, even in
continuous and large scale fermentation procef®em@nos M., 1995]. Simple
purification of secreted recombinant proteins isgiiole due to the relatively low
levels of native secreted proteins [Cregg &Wal.,1993]. Therefore, the powerful
genetic techniques available, together with itsneocay of use, makPE. pastorisa

system of choice for heterologous protein expressio
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1.3.1.4.2.1 ThePichia pastorishistory

The Phillips Petroleum Company was the first toveli@p media and
protocols for growingP. pastorison methanol in continuous culture at high cell
densities ¥130 g/dry cell weight [Cereghino JL and Cregg JMO@). During
the 1970sP. pastoriswas evaluated as a potential source of singlepreliein
due to the ability of this yeast to utilize metharas sole carbon source.
Unfortunately, the oil crisis of the 1970s causattamatic increase in the cost of
methane (the source of the methanol). Simultangptis® price of soybeans, the
major alternative source of animal feed, fell. Hoer in the following decade,
Phillips Petroleum, together with the Salk InsgtuBiotechnology/ Industrial
Associates Inc. (SIBIA, La Jolla, CA, USA), studiBd pastorisas a system for
heterologous protein expression. The gene and georfar alcohol oxidase were
isolated by SIBIA, who also generated vectors, irstraand corresponding
protocols for the molecular manipulationmf pastoris What began more than 20
years ago as a program to convert abundant methanal protein source for
animal feed has developed into what are today tmportant biological tools: a
model eukaryote used in cell biology research, andecombinant protein
production systemPichia has gained widespread attention as an expression
system because of its ability to express high kweélheterologous proteins. As a
result, recombinant vector construction, methodstfansformation, selectable
marker generation, and fermentation methods haea beveloped to exploit the
productive potential of this system [Rosenfeld S&, al., 1999]. Research
Corporation Technologies (Tucson, AZ, USA) are therent holders of the
patent for thd®. pastorisexpression system, which they have held since 1298,
the P. pastoris expression system is available in kit form from itrogen
Corporation (Carlsbad, CA, USA).

1.3.1.4.2.2 Comparison betweeR. coli and P. pastorisexpression systems

Over the past three decadEsgcherichia colihas been extensively used as
a cellular host for protein expression. Howevee tiroad application of this
system with proteins derived from eukaryotic gensntbat require post-

translational modifications has been problematicicc@ssful expression of
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recombinant proteins i&. coliis thus very dependent on the primary, secondary,
tertiary and functional characteristics of the pnotof interest. AE. coliis a
prokaryote, the inability to correctly fold the &gn protein and perform other
post-translational modifications limits the typdspeoteins that can be expressed.
Since the protein product may be typically obtairsdinsoluble, miss-folded
inclusion bodies, subsequent solubilization anébléing steps are required and
the folding conditions need to be carefully optiedz[Makrides SC., 1996;
Marston FA. 1986;Majerle A, et al.,, 1999; Chen BP and Hai T. 1994;
Koganesawa Net al., 2001] . Development of such folding conditions may be
difficult to achieve and time consuming [WangeR,al., 2000; Tsujikawa Mgt

al., 1996] and these factors can result in signifidasses, lower productivities
and increased costs of manufacture of the expregssedin. MoreovelE. coli
expressed proteins also tend to retain their art@noinal methionine, which may
affect protein stability [Chaudhuri Tket al., 1999; Takano Ket al., 1999] and
cause immunogenicity. Singe coli has no capacity to glycosylate recombinant
proteins, this constraint is an important fact@ttban alter the function of certain
proteins [Meldgaard Met al.,1994; Jenkins Ngt al.,1996].

A large variety of the proteins that cannot beregped irE. coli at the
correct level of post-translational maturation haubsequently been produced in
the methylotrophic yeastRichia pastoris[Monsalve RI, et al., 1999]. For
example, this trend can been exemplified from tlengarative studies by
Lueking et al. [Lueking Aet al.,2000], where expression vectors trcoli and
P. pastoriswere constructed and tested by cloning various AHNom a human
fetal brain expression library. From the 29 diffareDNA clones that were in the
correct reading frame, all were found to produdelsde proteins inP. pastoris
With theE. coli expression system on the other hand, only ningesloesulted in
soluble proteins, 15 were detected as inclusiondsoahd five were not expressed
at all. This outcome is undoubtedly due to diffeesin the protein folding
environment and the inability ofE. coli to perform post-translational
modifications [Lueking Agt al., 2000]. Other proteins, generated as mis-folded,
insoluble inclusion bodies through expressiorEincoli but obtained as soluble
and correctly folded proteins when expressedPimpastoris include antigen 5

(Ag5) from the yellow-jacket, paper-wasp and wh#dee hornet wasp species
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[Monsalve Rl,et al.,1999; King Te Pet al.,1995], herring antifreeze protein [Li
ZJ,et al.,2001; Ewart KV et al.,1996], prourokinase [Holmes WEt al., 1985]
and human transferring [Hershberger @t.al.,1991; Mason ABet al.,1996].

P. pastorisexpression systems therefore offer significantaatkges over
E. coli expression systems for the production of manyrbktgous eukaryotic
proteins. As noted above, this feature is partityleelevant for target proteins
containing multiple disulphide bonds or requiringogsylation, phosphorylation,
the absence of an amino-terminal methionine or ligomer formation for the
correct assembly of the mature protdh.pastorisexpression systems, besides
permitting the authentic protein to be secretedsatuble form, also has the
capability of producing large quantities of theaeibinant protein. Developments
with this system include the choice of variduspastorisstrains and vectors that
enable a wide choice of promoters, secretion sggaatl selectable markers to be

made.

1.3.1.4.2.3F. pastorisEXPRESSION STRAINS

Numerous strains d®. pastoriswith a wide range of genotypes are now
available. The choice of a specific strain is deiaed by the required application.
The genotype and phenotype characteristics of éorunf the more useful strains

are summarized in table 1.10.

Strain Genotype Phenotype Reference
'SMD1168  His4, pep4 ~ Mut’, His, pep4  White CE, etal., 1995
GS115 his4 Mut®, His Cregg JM et al., 1985
KM71 His4, aox1:ARG4, arg4 Mut’, His,
X-33 wild type - Li ZJ et al., 2001
MP-36 - - Paifer E, et al., 1994
SMD1165 His4, prbl Mut®, His, pro Abdulaev NG et al., 1997
SMD1163 his4, prbl, pep4 Mut®, His, pep4, Sreekrishna K, et al., 1997
prb
MC100-3 Arg4 his4 aoxU:: Mut’, His, Gellissen G., 2000
SARG4 Inan M and Meagher MM,
aox:: Phis4 2001

Table 1.10: Genotype and phenotype d?. pastorisstrains.
[Modified by Daly R. and Hearn M.T.W., 2005]
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The SMD1168 and SMD1168H strains, for example,dafective in the
vacuole peptidase A (pep4). This enzyme is resptnsior activating
carboxypeptidase Y and protease B1 and, hences 8/d®1168 and SMD1168H
strains are also defective in these proteases pACH, et al.,1994]. Strains such
as KM71, GS115 and SMD1168 are defective in thedme dehydrogenase gene
(his4). Their use allows transformants to be setbbiased on their ability to grow
in non-histidine containing media. The strains SMBA and GS115 both contain
a functional copy of the alcohol oxidase 1 gene XAD responsible for
approximately 85% of the utilization of methanol thye alcohol oxidase enzyme.
These strains therefore have a wild-type methantlization phenotype
designated as Mut[lnan M and Meagher MM. 2001]. The KM71 strain,
however, contains a non-functional AOX1 (aox1l) ametfles on the alcohol
oxidase enzyme being produced from an alternatmeegcalled AOX2. The
AOX2 enzyme has the same specific activity as AQXit has a much lower
expression level (weaker promoter) and can onlyseore methanol slowly,
hence the phenotype of these strains are termetthamel utilization slow’ (Mud)
[lnan M and Meagher MM. 2001; Cregg JMgt,al.,1993].

1.3.1.4.2.4 AOX pathways
Methylotrophic yeasts such & pastoriscan use methanol as a sole

carbon source. The

. ™
) R Cytosol methanol is oxidised to
e 0:'”-“*:“ A formaldehyde by alcohol
HyOg . .
12 HCHO—— HCHO '!]S—l':l-lgl:)ll3 HO‘DOH4 COz OXIdase in the
J‘(}Q-FHU NﬂD NAD . .
L XusP NAGH NaDH peroxisome (Fig. 1.16)
GAP DHA tearrangement .
reactions gl [Tschopp JFet al., 1987;
DHA;—E‘{DIL‘\P ’ S C hi JL dC
Aol )1!:9?%%? ereghino an regg
L—\ GAP Pi JM., 2000; Couderc R
S i

Fig 1.16: The methanol pathway irP. pastoris and Baratti J. 1980].

1. alcohol oxidase; 2. catalase; 3. foemaldehyde Alcohol oxidase is
dehydrogenase; 4. formate dehydrogenase; 5.

dihydroxyacetone synthase; 6. dihydroxyacetone séna7. an  oligomeric  flavo-
fructose 1,6-biphosphate aldolase; 8. fructose 1,6- ) .
bisphosphatase. [Modified by Cereghino J.L., Crehyl. protein and contains an

2000]. FAD and the analogue

55



mMFAD non-covalently attached to accomplish electransfer. AOX is strongly
repressed by many alternate carbon sources suglu@sse and glycerol and is
induced by carbon starvation and methanol. WiRepastoriscultures are grown
on methanol as a carbon source, it has been shioatrtiie AOX mRNA can
comprise up to 5% of the total polyA-RNA pool [CgedM and Higgins DR.
1995]. The reaction catalysed by AOX requires &d forms HO, and
formaldehyde. The alcohol oxidase is not specificrhethanol and can oxidize
other primary alcohols; however, as the number afbans in the alcohol
increases, the activity of the enzyme decreases.H@, produced by the AOX
reaction is converted to 0@ by peroxisome catalase [Gellissen G. 2000]. The
conversion of methanol to formaldehyde is the habéing step in utilizing
methanol and is regulated by increasing the amouAOX enzyme in the cells.
This is demonstrated by the observation that whenmethanol concentration is
increased suddenly, the growth of the cells isbitéd [Couderc R and Baratti J.
1980]. The formaldehyde produced in this reactothen further oxidized either
through a cytosolic dissimilatory pathway, whicklgs energy, or an assimilatory
pathway for the generation of biomass [Gellissert@J., 1992]. The first step in
the assimilatory pathway is the activation of DHA&ich is present in the
cytoplasm and is under the control of a methandl:oed promoter [Gellissen G.
2000; Tschopp JF.,et al, 1987] The formaldehyde is converted into
dihydroxyacetone and glucose 3-phosphate [Gellis§&&n 2000]. In the
dissimilatory pathway, the formaldehyde is conwtteformate by FLD and then
to CO, by FMDH [Gellissen G. 2000]. Peroxisome proteinghs as AOX are
thought to undergo rapid turnover [Tschopp &F,al, 1987]. This turnover,
combined with the enzyme’s low affinity foroOmeans that the AOX protein
levels can be high, e.g. up to 30% total cellulaotgan (TCP), and the
peroxisomes can occupy up to 80% of the cell volwhenP. pastorisis grown
on methanol as a sole carbon source [GellisserD@]2As FMDH and DHAS
are required for methanol utilization their levelsn comprise up to 20% TCP
[Gellissen G. 2000; Cereghino JL and Cregg JM. 2000
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1.3.1.4.2.5 Expression vectors

There are many commercially available vectors thatbe used to express
foreign proteins irP. pastoris

Since some vectors do not contain a vector-copy @kecretion signal
upstream from the multiple cloning sites, thesetarsccan be used for either
intracellular expression or for extracellular exgsien by cloning the protein
together with its own native secretion signal.

Other vectors contain a vector-copy of a signgusace such as the alpha-
mating factor pre-pro leader sequencéF) prior to the cloning site, resulting in
secretion of the desired gene product.

The first generation dP. pastorisexpression vectors, such as pHIL-D2 or
pPIC9 (Fig. 1.17), contained the functional histeldehydrogenase gene (HIS4),
which can be used as a selectable marker followiagsformation into his4
(histidine dehydrogenase-deficient  strain) P. pastoris by the
integration/transformation method of choice. In esrdo obtain high protein
expression levels with these Hisansformants, further analysis to detect tandem
multi-copy integration events of the expressiorse#te is required.

Subsequently, a gene conferring resistance to &%Kdnamycin) was
added to these vectors to produce the pPIC9K esipresector (Fig. 1.17).

Fig 1.17: Vector diagrams of pHIL-D2, pPIC9 and pPC9K.

This approach allows transformation and selectiwrHis’ transformants
that are resistant to high levels of GS418 (kanamyyand therefore can contain
multiple copies of the expression vector. Severablems have, however, been
documented with the use of the above-mentionedredEirstly, the large size of

these vectors (9.0-9.3 kb) makes in vitro clonitegps more difficult [Sears IBat
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al., 1998], and integration of such large vectors tgltycresults in transformants
that are genetically less stable [Romanos btAal., 1992]. Secondly, as not all
applications require specific targeting for genplaeement, the 3'AOX1 gene
region in the vector is not required. As the us¢éhefHIS4 gene does not directly
select for multi-copy integrants (and the genelfitselarge), these constraints
have led to efforts to find alternate selection kees in order to directly obtain
multi-copy integrants, as well as to decrease vesiae, resulting in the
generation of vectors based on the ability of 8feblegene product to confer
resistance to the antibiotic zeocin (Fig. 1.18).e3éh zeocin-resistant vectors
contain only the 5’AOX1 promoter region and the ADKanscription terminator
as well as thesh blegene. Although these vectors cannot be used bjirtat
AOX1 gene replacement, transformants can be sdléatenyper-drug resistance
containing multiple copies of the expression cassd@the Mut phenotype (aox1)
may still result if the AOX1 gene is disrupted [gdsva A, et al.,2001]. In these
zeocin-based vectors (3.3-3.6 kb), the expressassette is also flanked by
unique BamH1 and Bglll sites that enable constomciof a vector containing
multiple, tandem expression cassettes (in vitratimets).

Zeocin-resistant vectors ar

pPICEZ ALB,C (3.3 Kb}

also available with o-MF  (for 25300 i @),
secreted expression), no sign oPICZa A BT (2.6 k)

sequence (for intracellular or nativ

signal extracellular expression) &

well as with the choice of either th 4
_ pPICZ :
AOX1 or GAP promoter. This type and g
. pPPIC o
of multimer cassette vector assemkt AB.C i

has also been applied successfully 1 e &~
gt 1 Bl py it

the co-expression of proteins . _ _
Fig1.18: Vector diagrams of pPICZ A, B, C
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1.3.1.4.2.6 Expression plasmid transformation/integtion into the yeast
genome
P. pastorisis transformed by integration of the expressiogsette into the

chromosome at a specific locus to generate geligtistable transformants
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[Sreekrishna Ket al., 1997; Cregg JM and Higgins DR., 1995]. Chromosomal
integration is more desirable than the use of epgédglasmid expression systems
as episomal plasmids tend to have low copy numéed, this will affect the
amount of product expressed. The size of the pthenaiy also affect the stability
in the host since large episomal plasmids can $tedoring repeated generations
as they are mitotically unstable [Romanos MA al., 1992; Thiry M, and
Cingolani D. 2002]. In addition, transformants @ning episomal plasmids need
to be cultured under continual ‘selection baseddimeconditions in order to
maintain the transformed population of cells [Roo®MA et al., 1992]. This
procedure may require the use of additives su@naiiotics, which in turn result
in increased production costs [Thiry M, and Cingo2. 2002].

Development of genetically stable expression istras therefore highly
desirable [Thiry M, and Cingolani D. 2002] with ae of vector loss less than 1%
per generation in the absence of selectable manksuslly set as the target
[Romanos MA. 1995]. Moreover, such integration wext usually contain
selectable markers that enable detection of timsfibamants.

Integration into the genome can occur via homalsgoecombination
when the vector/expression cassette contains redlat are homologous to the
P. pastorisgenome and hence integration can occur via gesertion or gene
replacement (Fig. 1.19A-C). Integration by geneeiitisn can result in tandem
multiple integration events due to repeated recoation events at a rate of 1—
10% of transformants [Clare J&t al., 1991]. Transformations that target gene
replacement generally result in single copy tramsénmts; however, gene
replacement transformants are usually more gefigtis@able [Romanos MAet
al., 1992; Clare JJet al., 1991]. Gene replacement is achieved by digestieg t
expression vector such that the 5’ and 3’ end$efvector correspond to the 5’
and 3 AOX1 regions of the AOX1l chromosomal locuBansformation,
therefore, results in site-specific eviction of tA®X1 gene (Fig. 1.19C). This
event occurs at a frequency of 5-25% of the transdats [Sreekrishna ket al.,
1997; Romanos MA. 1995]. The other transformangsedther Hi$ conversions
or of the Mut phenotype as a result of gene insertion evergittagr the his4 or
AOX1 locus [Fig. 1.19A,B]. [Romanos MA. 1995].
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The introduction of the expression cassette indoyeast chromosome can
be achieved in a variety of ways including sphespformation, electroporation
and lithium chloride treatments. The spheroplaatdformation method has been
used to generate multi-copy transformants by usexjors such as pPIC9K and
pPIC9 [Greenwald Xkt al.,1998; Berger DHet al.,2002]. This method requires
several steps with the risk that contaminationhef yeast may occur. Also, over-
digestion with the cell-lysing enzyme, zymolyasen creduce cell viability.
Electroporation has become increasingly popular eem be used successfully
with zeocin-resistant vectors. This method requfeger steps and the risk of

contamination is reduced.

A Gene Insertion at his4 B Gene Insertion at AOX1

HISS> 7 IEGDEEEN 5 A0X1 HIS&  vector 5'aox1 INGONEEN 317 HIS4  3'AOX1  5°AOX1

T e

vector

chromosome 0
chromosome

EUHISA 3T GOEEEN 5 AOX1 mg’ 5" A0X1 IENGDINN 3T HISE T 3TAOXL s‘mm»
HIs™ his” HIS® AOX1
C Gene Replacement at AOX1

5'A0X1 IEEGOEEE 3T HISEW 3'aoxa  YeCtor

5@-;@-@ aus>ﬂ<1 T

‘ J’ Fig. 1.19: Integration in the P. pastoris
5'A0X1 EENGONEE ' HIS& 3°A0X1 genome by gene insertion (A and B) and
2 gene replacement (C).

HIS, aox1

1.3.1.4.2.7 Choice of promoter

As mentioned previously, the AOX1 enzyme has ar paffinity for
oxygen and thereforB. pastoriscompensates for this property by up-regulating
the AOX1 promoter to drive expression of the AOXdng and produce larger
amounts of the AOX1 enzyme. In fact, the abundasfcthe AOX enzyme can
reach 30% of TCP content when grown on methanch @®le carbon source
[Gellissen G. 2000; Cregg JMt al., 1993]. This strong AOX1 promoter can
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therefore be used to drive the expression of reamsnb proteins to high levels
even with a single integrated copy of the expressiassette [Cregg JMt al.,
1993; Clare JJet al., 1991]. Other benefits of this promoter are thatah be
switched off, as non-limiting amounts of carbon rees such as glycerol and
glucose repress the AOX1 promoter at the transonal level and minimize the
possibility of selecting non-expressing mutantstaomnants during biomass
generation [Cregg JMet al., 1993; Inan M and Meagher MM. 2001; Cereghino
GPL and Cregg JM. 1999; Katakura et al., 1998]. This characteristic also
allows production of proteins that may be toxi¢hteP. pastoriscells, such as the
anti-T cell Immunotoxin [Woo JHet al.,2002], by growing the cells initially in
repressive media and then inducing the proteinesgion when the biomass has
been well established [Waterham HRal.,1997].

If the transformant used for expression has a’ Mhéenotype, then this can
result in the consumption of large amounts of mabhaluring the induction
phase. Transformants with a Myhenotype can therefore be used to reduce the
amount of methanol required for expression.

Another promoter that has been used successfuith ®. pastoris
expression system is the constitutive YPT1 promatérich is constructed from a
GTPase gene product that is involved in the segrgiathway [Segev Net al.,
1988]. Interestingly when the AOX1 promoter was uoed with mannitol,
significant amounts, 20.3 units/ml, of GUS were duoed even though no

methanol was present.

1.3.1.4.2.8 Rare codons and truncated transcripts

When expressing recombinant non-yeast proteirsctldons of the gene
encoding the protein may not be optimal to accomatetigh expression levels
of protein. Codons that are common in some speueg be rare irP. pastoris
and so expression can become limited to the amaitsailable aminoacyl-
tRNA in the yeast cell [Romanos MAet al., 1992]. Premature termination of
translation can occur when specific aminoacyl-tR&A depleted [Lueking Aet
al., 2000; Clare JJ, 1991; Tull D, 2001; Eckart MR ang®&neau CM., 1996] and
also transcription can be terminated if the DNA adsgh proportion of AT bases
[Sreekrishna Ket al., 1997; Romanos MA., 1995]. Altering the codon bées
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well as increasing the proportion of GC bases en@NA can be used to improve
expression levels. An example of this approachlmafound in the expression of
mouse epidermal growth factor (nEGF)Hn pastoris where the gene was made
synthetically with a codon bias reflecting thattbé yeast.53 The gene for
amylase has also been synthetically made to impood®n usage and to also
increase the percentage of GC bases [TulleDal., 2001] in an analogouB.
pastoris expression system. THeglucanase gene has been similarly enriched
with increased GC content [Olsen €&, al., 1996], leading to higher expression
levels of the corresponding protein, whilst an @ase in GC content of tetanus
toxin fragment gene also resulted in higher expoedgvels [Romanos Mt al.,
1992; Clare JJet al., 1991]. Anti-human anti-T cell Immunotoxin has alseen
expressed irP. pastorisusing the native cDNA sequence where it was faiond
result in a premature termination of the transcdpe to AT-rich sequences.
Optimization of the codons resulted in successandcription and expression of
the recombinant protein [Woo JHt al.,2002].

1.3.1.4.2.9 Multi-copy integration number

It is often desirable to select for transformamntaining multiple
integration events as such clones potentially esgpsggnificantly higher levels of
the recombinant protein. A further advantage ofecélg for multi-copy
transformants is that if there is a mutation in paeticular copy of the expression
cassette, arising from the integration process; the protein that results from
this mutant copy may not contribute as significatdl the total amount of protein
expressed [Eckart MR and Bussineau CM., 1996]. igleltintegration events
occur relatively infrequently at a rate of 1-10%h@d YS.,et al., 2000]. The
number of integrated copies of the expression tissan affect the amount of
protein expressed. As mentioned previously, a seasvay to screen for multiple
integration events is to use selective vectors ¢batain theSh blegene marker,
which confers resistance to zeocin. Resistancegio toncentrations of zeocin
permits clones to be selected for multiple intagraevents as th&h blegene
product binds to and inactivates zeocin in a deggddent manner [Monsalve
RI, et al., 1999; Vassileva Agt al., 2001; Chen YS.gt al., 2000]. In a study

reported by Vassileva et al. [Vassilevaé,al.,2001], for example, the selection
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effects for hyper-resistance to 100, 500, 1000 20@0 mg/ml of zeocin were
examined with the transformants analysed for copmber. It was found that
transformants resistant to 100 mg/ml of zeocin gahe contained one copy,
those resistant to 500 mg/ml had two copies, thesistance to 1000 mg/ml had
three copies and transformants resistant to 200@nhhitad four copies[Vassileva
A, et al.,2001]. In contrast, other studies by Sarramegrad. ¢Barramegna Vet
al., 2002] have found that transformants resistant0@)1Img/ml zeocin had copy
numbers of 15-25.

1.3.1.4.2.11 Intracellular expression

When expressing recombinant proteins in yeast,imhportant to consider
whether intracellular expression or extracellulacrstion is the objective. The
intracellular expression is therefore an alterrativ secretion and usually does
not result in glycosylation, thus in some caseviginog a more desirable method.
Purification of intracellular expressed proteinswever, can be more difficult
than for secreted proteins as the target protgicajly represents less than 1% of
the total intracellular proteins [Rees G&,al., 1999]. However many proteins
have been produced successfully Rn pastorisusing intracellular expression
systems, particularly membrane associated profeimssileva A.et al.,2001].

1.3.1.4.2.12 Folding pathway and the use of sigredquences

The folding of proteins usually begins with thenf@ation of secondary
structures [Hlodan R and Hartl UF., 1994] and thagid generation of disulfide
bonds in the endoplasmic reticulum (ER) [HolsteBal., 1996]. Many proteins,
especially those that are naturally secreted, aomatg@roregion, which is required
for correct folding and in some cases oligomeraatiThe mRNA of the pro-
region can also assist in stabilizing the protelRNA by the formation of local
secondary structures and hence resisting degrad&®mmanos MAet al.,1992].
Although the pro-region is proteolytically removexrelease the mature protein
[Romanos MA. et al.,1992; Holst Bet al.,1996; Oka Cet al.,1999]. The pro-
protein is then transported into the Golgi where gro-region is removed by

dibasic endo-peptidases, such as kex2 or furirmRte Golgi, the recombinant
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proteins are packaged into secretory vesicles lagnl delivered to the surface of
the cell [Romanos MAgt al.,1992].

In order to direct proteins into the secretoryhpaty, a specific signal
sequence is required. The signal sequence is ysaalort amino-terminal pre-
sequence that typically contains a charged amimoit@l region followed by
numerous hydrophobic residues (six to 15 aminosacahd a cleavage site
recognised by signal peptidases [RomanoséilAl.,1992; Paifer E.et al., et al.,
1994]. The use of a native signal sequence canlmsased successful wit.
pastorissecretory expression systems.

When deciding that protein secretion is the preteapproach to be used
for a particular target protein, a choice of thedfic secretion signal must be
made. This selection can be based on the protewrsnative secretion signal (if
it has one), th&. cerevisiaalpha-mating factor pre—pro leader sequene®iF),
the acid phosphatase signal sequence (PHO) ornthextase signal sequence
(SUC2) [Li PZ..et al.,2001].

The most commonly used signal sequende.ipastorissecretion systems
Is the S. cerevisiaeo-mating factor pre— pro leader sequenceMF). This
sequence comprises a 19 amino acid signal pepiréesequence), followed by a
60 amino acid pro-region. In generating the comstrtiis usual for the expressed
protein to be separated from the pre-region by adopeptidase site. Upon
translation, the signal sequence is removed byatigaptidase and pro-region
cleavage site is recognized by the yeast kex2 gsetékex2p), resulting in the
release of the mature, fully processed protein feekers RIJMet al., 1999].
Kex2p is a type | membrane protein, located in ldte Golgi compartments
[Brake AJ, et al., 1984; Henkel MK,et al., 1999]. Kex2p is a serine protease
[Smeekens SP., 1993; Henkel M, al.,1999; Rockwell Nathan &t al.,1998],

a member of the pro-hormone convertase family andynthesized as a pre-
proenzyme [Powner D and Davey J., 1998], which irequactivation to the
mature enzyme via autocatalysis [Daveytlal., 1998]. Kex2p recognizes basic
pairs of amino acid residues such as Lys—Arg o~Arg [Davey J.et al.,1998;
Smeekens SP. 1993; Henkel M&, al., 1999]. Further trimming of the amino-
terminal Glu—Ala residue repeats also occur in @agi by the stel3 gene

product (stel3p). The stel3p is localized to thmeskate compartment as Kex2p
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and is a type IV dipeptidyl aminopeptidase [DaveytJal., 1998; Li PZ,et al.,
2001]. Some of the expressed recombinant prothatdiave been produced using

this system are summarized in table 1.11.

Protein expressed Function Expression level
Bacteria
Clostridium botulinum serotype F [BoNTF(Hc)] heavy Antigen 205 megflkg of cells
chain fragment C
Escherichia coli AppA Use in the animal feed industry to release 1741 WmL
inorganic phosphate
Escherichia coli phytase Use in animal feed industry to improve 6.4 g/l
phosphorus utilization
Gluconoacetobacer diazotrophicus exo-levanase Fructose-releasing potential for high-fructose 046 g/l
syrup production
Thermus aquaticus Y T-1 aqualysin | Heat-stable subtilisin-type serine protease | gl
Fungi
Aspergillus oryzae tannase Hydrolyses the ester and depside bonds of 72 mg/L
gallotannins and gallic acid esters
Candida antartica CBM—CALB fusion protein Lypase 1.3 gL
Candida parapsilosis lipase/acyltransferase Catalyses alcoholysis of esters 5.8 gL
Rhizopus oryzae lipase Catalyses breakdown of triglycerides 19 UfmL
Trametes versicolor cellobiose dehydrogenase (CDH) Oxidation of reducing-end groups of cellobiose 225 UimL
Trametes versicolor laccase (lccl) Phenoloxidase 23.9 UfmL
Trigonopsis variabilis D-amino acid oxidase (DAAQO) Flavoprotein, oxidoreductase |46 U/mg
Invertebrates
Boophilus microplus BM3S5 antigen Protects cattle from B. microplus infestation 550.0 mg/L
Pandalus borealis (shrimp) cathepsin L Cysteine proteinase 60.0 mg/L
Vertebrates (non-human)
Bothrops atrox moojeni venom batroxobin Cleaves fibrinogen a-chain 7 mglL
Bovine enterokinase light chain (EK|) Duodenal serine proteinase 3500 mg/lL
Equine lactoferrin (ELF) Iron-binding protein, family of transferrins 400 mg/L
Hen egg H5-lysozyme Bactericidal effects 2.1 mg/lL
Hen egg white ovotransferrin Iron-binding protein, family of transferrins 57.0 mg/L
Mouse endostatin Tumour growth suppressor 133.33 mg/L
QOvine interferon-r (r-olFN-1) Antiviral and antiproliferative activity 331.7 mg/lL
Porcine lactoferrin (PLF) Iron-binding glycoprotein, family of transferrins 120 mg/L
Humans
1-Opioid receptor (HUMOR) G-protein coupled receptor (GPCR) 4.0 pmol/mg
1-Opioid receptor fused to green fluorescent protein  G-protein coupled receptor (GPCR) 1250 pmalfl
Angiostatin Used in long-term therapy in suppression of 108.0 mg/L
metastases
Anti-HBs Fab fragment Prevention and treatment of hepatits B wirus 500 mg/L
DMNA topoisomerase | (hTopo [) Rale in DINA replication, transcription, 11-58 mg/L
recombination, chromosome assembly
Dopamine D2S receptor G-protein 3—13 pmolimg
Granulocyte-macrophage colony-stimulating factor Regulation of activity of mature, differentiated 1800 mg/L
(hGM-CSF) granulocytes and macrophages
Serine protease inhibitor SERpin CI-INhibitor (Cl-inh)  Plasma glycoprotein, inhibitor of inflammatory 180.0 mg/L
reactions
Serum alburnin Binding and transport, colloid osmotic pressure  13.4 mg/g
Serum amyloid P (SAP) G-protein, inhibition of DNA auto-antibady 120 mg/L
formation
Transforming growth factor-g type |l receptor TGF-f antagonist, regulates cell proliferation 200 mg/L
extracellular domain (SolRIl) and differentiation
Plants
Amaryllidaceae snowdrop agglutinin Binding of a-D-mannose groups 80.0 mg/L
Arabidopsis thaliana core « |, 3-fucosyltransferase Biosynthesis of N- and O-linked oligosacchanides 1.0 U/L
Gsp (Panax ginseng C, medicinal peptide) Potential use as drug against diabetes 800.0 mg/L
Maize cysteine proteinase (Mirl) Seed germination, senescence Insolublefinactive
Rice e-amylase (Amy | A/3D) Hydrolysation of starch 3400 mg/L
Rice B-n-fructofuranosidase (OspBfruct3) Hydrolysation of sucrose 035 UL
Solanum tuberosum (potato apyrase) Phosphchydrolase, platelet-aggregation 1.0 mg/L
inhibition
Thaumatecoccus daniellii thaumatin [l Sweet-tasting protein 25 mg/L
Viruses
Measles virus nucleoprotein (MelN) Respansible for viral genome packaging 29% of total proteir

Table 1.11: Summary of a range of foreign proteingroduced using thePichia expression
system since 2002S. M. Patrick.et al, 2005]
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Although thea-MF pre—pro sequence has been used extensivehg, éne
some instances where its application has been grattic. The main reason is
due to the insertion of Glu—Ala dipeptide repeasMeen the amino-terminus of
the mature recombinant protein and the Kex2p cigavste. Although the Glu—
Ala repeats do improve the proportion of correctgaved material by preventing
steric hindrance of the kex2p cleavage site [Siskeka K, et al., 1997], their
presence results in the generation of a recombimaatein with Glu-Ala
aminoterminal extensions. This can lead to N-teahiragged ends due to
differential amino-terminal processing because haf inability of the stel3p to
process the large quantity of recombinant proteat ts being produced [Brake
AJ, et al.,1984]. As the presence of these amino-terminaige extensions is
undesirable for many recombinant protein applicetjothe Glu—Ala repeats
between the mature protein and the kex2p can bé&eusimas part of the cloning
approach in order to achieve a more authentic afteirminus. Omission of these
Glu—Ala repeats, however, can result in a decreaskdency in the Kex2p
cleavage specificity. In this case, secretion @f pino-protein cleavage products
that have long amino-terminal extensions correspantb 9—11 amino acids of
the a-MF pro-region has been observed [Henkel M, al., 1999]. The un-
cleaved Glu-Ala repeats left as amino-terminal m®sittns can cause other
problems in terms of the protein structure and fionc [Koganesawa Net al.,
2001]. These Glu—Ala repeats may also have anteffe¢the immunogenicity of

the recombinant protein. [Monsalve Rt,al.,1999].

1.3.1.4.2.14 Choice of culture condition for expregon

The culture conditions used fBr pastorisexpression systems are also an
important factor to be considered in order to inwerdhe productivity of a
correctly processed protein.

Shaken-flask, small-scale expression methods #&en dhe first stage
employed in optimizing protein levels and selecttfure conditions. The levels
of protein obtained from shaken-flasks are generHl-fold lower than can be
achieved with fermentors as the cell density isdojwWhite CE,et al.,1994] and
the extent of aeration is often more limited [Row&mMA., 1995]. Barr et al.

[Barr KA, et al., 1992] developed small-scale expression conditiias more
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closely resembled the requirements of fermentotegays by ensuring high cell
densities were generated through dramatic increiastee volume of the initial
biomass generating cultures (1 1) and resuspenthigy biomass into small
volumes of methanol induction media (50-75 ml).

The culture of. pastoristransformants based on the AOX1 promoter can
therefore be executed in two stages, firstly th@egation of biomass in a
repressive media, followed by the production phakere the cells are induced
with methanol. The concentration of methanol usedl$o very important when
optimizing expression levels. Increasing concerunat of methanol from 0.1 to
1.0% v/v was found to increase the expression $eeehumarp-2-glycoprotein |
domain V for Mut transformants [Katakura ‘et al., 1998]. Typically methanol
concentrations of 0.5-1.0% v/v are use@irpastorissystems. The accumulation
of methanol can, however, have negative effectghencell growth [Romanos
MA., 1995] and can lead to decreased protein esmedevels [Sarramegna V.,
et al.,2002]. Therefore, the optimal methanol level netedse assessed for each
specific protein produced. A methanol concentradr8.1% v/v, for example,
inhibited cell growth for production g¢f-2-glycoprotein | domain V [Katakura Y,
et al., 1998], whereas expression levels of procarboxypagpe A2 increased 3-
fold by increasing the methanol concentration ia ittduction media from 0.5 to
5% v/v in a Mut phenotype transformant [Reverter Bt al., 1998]. The
components and pH of the media can also make erelifte to expression levels.
When the media is buffered to pH values betweer8fiHand 6.0, the amount of
proteolysis of the recombinant protein is oftenuat [Sreekrishna Ket al.,
1997; Cregg JMet al., 1993].

The amount of proteolysis is also reduced if atqep or yeast extract-
based media is used. Another way to reduce pramsoly via the addition of 1%
casamino acids [Clare J&t al., 1991]. Addition of L-arginine-hydrochloride or
ammonium ions (in the form of ammonium phosphates) also been used in an
attempt to reduce proteolysis. Ammonium ions, intipalar, seem to have the
greatest effect at reducing proteolysis [Tsujikdweet al.,1996].

The length of induction also has an effect on eél&ent of proteolysis.
Proteolysis was found to increase over time when rtmber of viable cells

decreased. This may be overcome to some extenegdgcing the media with
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fresh media to kick-start the production phaseragad prevent accumulation of
extracellular proteases.

Recombinant proteins expressedinpastorissystems have also found to
be degraded rapidly if they contain PEST sequeridesse sequences include the
motifs XFXRQ or QRXFX, which are known to be degrddin the lysosome
[Sreekrishna Ket al.,1989]. Other additives such as the presence of HDVIA
can also assist in stabilizing the recombinant esged protein [Sreekrishna It,
al., 1997] and thus increase its expressed yield.

The temperature in the induction phase has also berund to affect not
only the amount of proteolysis but also the amoainprotein expressed. For
example, the expression levelsoefalactosidase A produced h pastoriswere
increased when the temperature was reduced to [Z37€h YS,et al.,2000]. The
expression of human m-opioid receptor fusion proteas examined at numerous
temperatures where it was found that the most ioimak protein was produced at
15-20°C, with 2- fold higher expression than oladimt 25°C and 4-fold higher
than at 30°C [Sarramegna ¥t al., 2002]. Production of herring anti-freeze
protein was also compared at 30 and at 23°C anith &ga&as found that 10-fold
more protein was produced at the lower temperadfird3°C. The amount of
proteolysis occurring after 2 days of induction a0 less at 23°C than at 30°C.
These observations can be attributed to the 23tires having a higher cell
viability compared with the 30°C culture, even tgbuhe biomass in each culture
was equal. The lower temperature can also be pedpds more efficiently
stabilize the cell membranes and reduce the rapeadéase release from the cells
to the supernatant [Li Z&t al., 2001]. The effects of decreased temperatures in
the induction phase have also been reported irr ctinelies [Brake AJ.et al.,
1984].
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1.3.1.4.2.15 Glycosylation

Glycosylation is the most common post-translatiomeodification to
proteins preceeding protein secretion. Approxinya@eb—1.0% of the translated
proteins in eukaryotic genomes are glycoproteinlyc@ylation occurs in the

lumen of the endoplasmic reticulum after proteamsiation. (Fig. 1.20)
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Fig. 1.20: Model for the biosynthesis ofN- and O-linked glycoproteins in eukaryotes.
[Modified from Christine M. Szymanski & Brendan Wiren, 2005]

The initial stage in Asn-glycosylation is transfef a pre-assembled
GlcsMangGIcNAc, unit from dolichyl pyrophosphate to amide groups o
asparagine residues, in the lumen of the ER byeteyme UDP-GIcCNAC :
dolichol PGIcNAc- transferase [Dennis JWt, al., 1999; Lis H and Sharon N.
1993; Herscovics A and Orlean P., 1993]. This staEggycosylation is similar in
both yeast and mammalian cells. In the secretottywssy, the oligosaccharide is
trimmed further by the removal of the three gluceesedues by glucosidase Il and
I. The a-1,2-linked mannose residue is also removedy2-mannosidases to
give ManGIcNACc; (Fig. 1.21).

The glycoprotein is then transported to the omgc where further
processing occurs [Dennis JWet al., 1999]. In mammalian systems this
additional processing includes further removal ofinmose residues and
incorporation of fucose (fuc), galactose (gal), dé&tgl-neuraminic acid (NeuAc),
N-glycolylneuraminic acid (NeuGc), N-acetyl-galasamine (Gal- NAc), N-
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acetyl-glucosamine (GIcNAc) and
sialic acid [LI PZ. et al 2001] by CurcAsn-LinkedOIigosaccharirle|

I N-Acetylglucosamine
@ o-1,6-Mannose
© a-1,3-Mannose
@ o-1,2-Mannose
@ p-1,4-Mannose

Golgi enzymes such as fucosy
transferase and N-acetylglucosaminy

transferase, galactosyl-transferase &

High mannose

sialyl-transferase [Khandekar S&t Asn 7 branch point

al., 2001]. Phosphate groups may al Fig. 1.21: Structure of the core Asn-
linked oligosaccharide The branch point

be incorporated into the where further oligosaccharides are added is

. . . indicated by the st¢
oligosaccharide structure at this staye

in the form of mannose-1l-phosphate to create a pbiwediester linkages
[Martinet W, et al., 1998; Kobayashi Het al., 1986]. In yeast Golgi, however,
mannoses are added and the oligomannose unitsechnkbda-1,6 to thea-1,3
mannose in the Manl,3-Marf-1,4-GIcNAG inner core [Herscovics A and
Orlean P., 1993]. Glycosylation results in divesseictural heterogeneity of the
protein population with some of this heterogenatyributable to the tissue
specific expression of Golgi glycosylation enzyniPgnnis JW.,et al., 1999].
Within a given cell, two different molecules of tkame protein translate may
have different oligosaccharide heterogeneity, evban they have been exposed
to the same enzymes and glycosylation machinergneSof this heterogeneity
must therefore be target protein specific and dudeatures in the sequence
recognized by the various glycosylation enzymesn[BX, et al., 1999]. The
chain length of the oligosaccharides can be deperadethe surrounding residues
where hydrophilic residues may result in the seqimaving longer length
oligosaccharides [Lis H and Sharon N. 1993]. Furttwee, for the sequon Asn—
Xaa—Ser/Thr, if Xaa is a proline, glycosylationinkibited. A proline may also
inhibit glycosylation if it is one amino acid digigled C-terminally to the sequon
[Shelikoff M, et al.,1996]. The Xaa residue is important, for examgld, is a
hydrophobic residue, such as tryptophan [Yan BiXal.,1999] or phenylalanine
[Shakin-Eshleman SHeget al., 1996], then the initial step of addition of
GlcsMangGICcNAC; is inhibited. Negatively charged amino acids sashglutamic
acid and aspartic acid also partially inhibit ocangy, whereas positively charged
amino acids such as lysine, histidine and argipioenote core glycosylation and

increase the occupancy levels [Yan BXal., 1999].
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The glycosylation recognition sequonRn pastoris as is the case in other
eukaryotic systems, is Asn—Xaa-Ser/Thr [Yan B#t al., 1999]. The
glycosylation is more readily achieved if the segu® Asn—Xaa—Thr rather than
Asn—Xaa—-Ser. Bause and co-workers [Doyonetal., 2002] have shown that
there is a 10- fold decrease in Km for the glyctvapisferase to hexapeptides with
the sequence Asn—Xaa-Ser, which accounts for tldeiceel efficiency of
glycosylation observed at this site [Doyon &t al., 2002]. The finding that
carboxypeptidase Y had 70% sequon glycosylatidhdgfsequon was Asn— Xaa—
Thr and only 25% glycosylated if the sequon is A&ma—Ser further validated
this observation [Holst Bgt al., 1996].

The disposition of the sequon in the tertiary ciee of the protein is
important for glycosylation. There is a competitidretween folding and
glycosylation in the ER. Upon translation the prmotbegins to fold and if the
sequon is buried in the core of the protein, theagylation machinery may not
have enough time to glycosylate the sequon betasehidden [Shelikoff M. et
al., 1996]. The sequon itself may not be occupied, avieen it is on the surface
of the protein if the sequon residues are involwvedtrong hydrogen-bonding or
have nearby disulphide bonds [Holst &, al., 1996; Simons JFet al., 1995;
Doyon Y, et al.,2002]. As glycosylation is an integral componehthe secretory
pathway, alterations to the protein that resulitsnslower exit from the ER will
also promote more extensive glycosylation [HolsteB,al., 1996]. When two
tandem sequon sites occur in the primary sequdreretyper-glycosylation may
occur whilst three tandem sites will result in coete hyper-glycosylation. It is
further been suggested by various investigatorns.thaAsn—Asn—Thr-Thr . . . is
the sequon for hyper-glycosylation [Bretthauer Ril £astellino FJ., 1999]. The
location of the sequon in relation to the C-termsingi often a determining factor
for the extent of glycosylation. Sequons that arealed close to the amino-
terminus are exposed to the glycosylation machif@mrjonger than those that are
close to the C-terminus [Tschopp #Eal.,1987; Shelikoff M. et al.,1996]. The
occupancy of some sequons may alter the rate obgjyation of other sequons in
the protein, while the presence of a surface atdessequon does not guarantee

occupancy.
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1.3.1.4.2.15.1 Thermostability

The thermostability of some proteins has shown rawpment upon
glycosylation compared with the de-glycosylated ntetpart [Tull D., et al.,
2001; Wang Pet al., 2000;Yoshimasu MAgt al. 2002; Daly R. and Hearn
MTW., 2004]. Glycosylation can also improve stdlilof proteins that are not
normally glycosylated in their native state [Ols@n and Thomsen KK. 1991;
Minning S, et al., 2001]. For this reason it is possible also to gbjdosylation
sites to improve the recombinant protein termo$tglUiang ST.,et al., 2002;
Boraston AB.,et al.,2001]. The position of the oligosaccharide in thet@n
structure may therefore be more important in thetadality than the amount or
length of the group [Olsen O. and Thomsen KK., 199lhe increased
thermostability observed for many proteins due lgcasylation can in many
cases be attributed to the oligosaccharides carioito to the overall proteins
structural stability [Olden Ket al.,1985]. Also, glycosylation has been shown in
many cases to help prevent proteolysis [Yan BX.al., 1999; Pratap Jet al.,
2000; Wang P.et al., 2000]. The stability against proteolytic attackpi®bably
due to the steric effects that the oligosacchgsmies to prevent the protease from
the protein surface.

The post-translational steps involved in foldingdaglycosylation are
therefore not equivalent in yeast compared witlhéiggukaryotes [Sadhukhan R.,
et al.,1996].

1.3.1.4.2.15.2 O-linked glycosylation

O-linked glycosylation occurs both in mammals gedst but may occur
at different recognition sites [Jenkins Nt, al., 1996]. The oligosaccharides are
added to the hydroxyl groups of serine or threom@seédues in a protein [Li PZ.,
et al.,2001; Bretthauer RKet al.,1999], and occur mainly in the Golgi apparatus
[Dennis JW. et al.,1999]. Mammalian O-linked glycosylation is composd# N-
acetylgalactosamine, galactose and sialic acid g¢créM. and Higgins DR.,
1995]. In yeast, such aS. cerevisiaethe O-linked oligosaccharides usually
comprise one to five mannose residues linked2 in arrangement [Duman JG.,
et al., 1998]. Although there is no definitive consensesjuon for O-linked

glycosylation the probability of O-linked glycostitan is enhanced when there is
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an unusual abundance of serine/threonine [OrleaatRl.,1991] or when there
are proline residues near the serine/threoninesgd®ics A. and Orlean P., 1993].
O-linked glycosylation is observed particularlyglycoproteins that are involved

in the yeast mating systems [Herscovics A. andadrk., 1993].

1.3.1.4.2.15.3 Immunogenicity

Although yeast expression systems sucls.aserevisiaeand P. pastoris
have the benefits of eukaryotic folding pathwayse glycosylation pattern is
different to humans and other mammalian systemss ifay or may not be a
problem depending on the target protein and théicgbions in which it is used.
For instance, certain carbohydrate groups are emtigand Food and Drug
Administration (FDA) now require full carbohydrateharacterization to be
conducted if it is has pharmaceutical applicatiprenkins N.,et al., 1996; Liu
DTY., 1992] as glycosylation may change the funttmd characteristics of the
recombinant protein [Eckart MR. and Bussineau CM96]. Yeast expression
systems, especiallys. cerevisiag hyperglycosylate with high mannose-type
oligosaccharides and hence the recombinant prataim be recognized by
mannose receptors when injected into mammalianiepd&ckart MR. and
Bussineau CM., 1996; Cregg JMt, al., 1993; Cregg JM, Higgins DR. 1995.
cerevisiaeglycosylation has terminal-1,3 linked mannose residues and it is this
residue that is thought to be antigeric pastorisdoes not have this terminal link
[Cregg JM., et al., 1993; Scorer CA.get al., 1993] as theP. pastorisa-1,3
mannosyltransferase activity is undetectable [Créyy Higgins DR. 1995];
however, as it is still non-human glycosylatiorstitl may cause adverse immune
responses [Eckart MR. and Bussineau CM., 1996;dCi&dy, et al.,1993; Dennis
JW., et al., 1999; Lis H. and Sharon N., 1993; Goochee @F.al., 1991].
Glycosylation may therefore have effects on thetginoclearance rate [Jenkins
N., et al.,1996; Tsujikawa M.et al.,1996; Khandekar St al.,2001] .

1.3.1.4.2.15.4 Culture conditions to prevent glycgkation
To reduce the extent of glycosylation for a patac recombinant protein,
the host cells (yeast or mammalian) can be culturedthe presence of

tunicamycin [Boraston AB.et al., 2001; Elbein AD., 1984]. Tunicamycin is a
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sugar analogue that mimics the structure of UDPN@&{c and, as it is not
incorporated into an oligosaccharide, tunicamysiraicompetitive inhibitor of
UDP-GIcNAc dolichol P-GIcNAc transferase [Villatt&., et al., 2001].
Unglycosylated expression can also be achievedpsessing in the presence of
N-benzoyl-Asn—Leu-Thr—N-methylamide where it comepetwith expressed
protein sequons for Asn-linked glycosylation maehyn[Huylebroek D. et al.,
1990]. Other alternatives to prevent or reduceam@unt of glycosylation are to
use mutant expression cells, which lack the gehes ¢ncode some of the
glycosylation machinery.

Other alternatives that result in complete de-ggytation is removal of
the sequon by site directed mutagenesis (SDM) anzymatically or chemically
de-glycosylating the protein post-expression. Ergymsuch as peptide-N-
glycosidase F or endoglycosidase H, can accomphglymatic de-glycosylation.
The reaction conditions may depend on the glycepman question and choices
of whether to denature the protein prior to de-ggydation, which will require
refolding, or whether to de-glycosylate the natwetein. If the native protein is
to be de-glycosylated considerations such as thetiom incubation time required
to de-glycosylate the protein are important, asatioproteins are stable for long
periods of time at the temperatures required bydéglycosylation enzyme. If
the protein is not stable, then compensationseaeired in the amount of enzyme
needed in order to de-glycosylate the protein cetepl. Native protein de-
glycosylation reactions are also less efficientntldenatured proteins as the
protein itself may sterically hinder the cleavagie so even stable proteins may
require further optimization. SDM can be used tterala sequon so that
glycosylation is completely inhibited. If this isode, the protein functionality
needs to be re-assessed to ensure that the mukatsonot negatively affected
activity and structure. SDM of the glycosylatiorggen was assessed for CD154
protein where the Asn240 was mutated to Ala [Kh&ade&sS, et al., 2001]. If
SDM is chosen, then prior analysis of the sequorreiation to the tertiary
structure needs to be determined because thegositithe sequon may be such
that it is not occupied anyway, as it could be &aiin the core of the protein, or
the Asn may be involved in H-bonding. If this ietbase, SDM is not required

and may result in disrupting the protein structudeglycosylation of proteins

74



may also be required in order to obtain their @lystructures. Glycoproteins are
typically more difficult to crystallize; however oplete de-glycosylation may not
be possible due to its effects on stability andvagt [Bretthauer RK. and
Castellino FJ., 1999]. Alternatives such as treatnad the glycoprotein with
Endo H (rather than PNGase F), which leaves th&l&t¢c may help to stabilize
the protein [Curvers &t al.,2001].

1.3.1.4.2.16 Immunotoxins produced witliPichia pastorisexpression system

In the table 1.12 the Immunotoxins produced Hithia pastoris are

summarized.
Immunotoxins Description Reference
ATF-SAP Amino-terminal fragment of human Lombardi A.,et al.,
urokinase (ATF) fused to the plant 2010
ribosome-inactivating protein saporin
A-dmDT390-bisFv(UCHT1) Bivalent anti-human T cell variable Woo JH,et al.,2008
fragments fused to the truncated DT C-
terminus
A-dmDT390-bisFv(G(4)S) Bivalent anti-human T cell variable Woo JH,et al.,2004
fragments fused to the truncated DT C- Liu YY, et al.,2003
terminus Woo JH et al.,2002
DT390biscFv(C207) Diabody anti-monkey CD3 fusing to the  Kim GB, et al., 2007
truncated DT C-terminus
scFvC6.5- scFv anti p185(HER-2) cell surface  Gurkan C and Ellar DJ,
syncyt2Aal(mychis(6)) glycoprotein fused to the toxin from the Aug. 2003
bacteriumBacillus thuringensis Gurkan C. and Ellar
DJ, May. 2003

Table 1.12: Immunotoxins produce inPichia pastoris.
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Aim’s work

E. coli is the host cell most frequently used for recorabtnproteins
production. However, this expression system hasraédisadvantages especially
for the production of therapeutic proteins. For lmapion purposes (e.qg.
therapeutic protocols) it is often needed to obtagh amounts of heterologous
proteins, with rapid purification steps. The yeRspastorisallows the production
of high amounts of recombinant proteins secreted protein-poor medium that
makes the purification steps easy and quick. Fesdhreasons | analysed the
ability of P. pastoristo produce macromolecular drugs such as Immunasgoxi
IL4(38-37)PE40 is a known and widely described Imotoxin.

To produce this Immunotoxin . pastorid followed these steps:

- production of 1L4(38-37)PE40 i&. coli;

- production of IL4(38-37)PE40 iR. pastoris

- 1L4(38-37)PE40 gene optimization with the codongesafP. pastoris

(IL4(38-37)PE40-opti);

- comparison between [L4(38-37)PE40 and 1L4(38-37)R&Hti

production;

- optimization of several induction conditions to irape the yield and

to decrease the degradation level of recombinantéejr,

- the produced proteins were preliminarily analyzedgth particular

attention to the degradation phenomena taking mladeg culture and
limiting the yield of the desired proteins.
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2. MATERIALS AND METHODS
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2.1 GENERAL MOLECULAR BIOLOGY AND BIOCHEMICAL
TECNIQUES

2.1.1 PCR amplification of specific DNA fragments

The amplification of DNA fragments by polymeraseitihireaction (PCR)
was customized in order to fit the conditions reegiby specific templates and
enzymes used in the reactions. All reactions wareexl out using a GeneAmp
PCR system 9700 thermocycler (Applied Biosystems).

2.1.1.1 Site-specific mutagenesis
To remove a restriction enzyme cleavage site ochange an amino acid
codon the QuikChange® Site-Directed Mutagenesiq Bitatagene) was utilized

following the data sheet instructions.

2.1.2 Colony-PCR screening

For a rapid screening &. coli colonies obtained after transformation with the
ligation reaction, a PCR is performed directly aacterial cells. Using a sterile
tip, cells from a single colony are picked from th&cterial medium-agar plate
and dissolved in 1@l sterile, deionized water in a PCR-tube; the sdipes
dipped in 50-10Qul of bacterial medium broth with appropriate ardiiis in a 96

wells plate, so that the positive bacterial clooas be recovered at the end of the

screening. To each PCR tube are then addgd @ba concentrated reaction mix

with: 2.5 ul of 10X reaction buffer (Fermentas), dNTPs mix2(@M of each
dNTP, Applied Biosystems), forward and reverse prsn(10 pmoles each), 1 unit
of Taq DNA polymerase (Fermentas). If necessasg &% DMSO is included.

Cycling programme:

94°C 5 min

94°C 50 sec 4

55°C 50 sec 35 cicli
72°C 1 min 30 sec

72°C 7 min

4°C o0

The PCR reactions are analysed by agarose-gelabcoresis and staining

with ethidium bromide. Amplificates of the expectsize signify recombinant
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clones, that can be recovered from the small LRBuces and propagated for
extraction of plasmid DNA.

2.1.3 Plasmid DNA extraction fromE. coli cultures

Single colonies picked from LB-agar plates (or fremall LB cultures for
colony-PCR screening) re-inoculated in 5 ml for Bieeale preparations
(miniprep), or in 50 ml for medium-scale preparasomidiprep) of LB broth
additioned with the appropriate antibiotics (18§ml Amp or 25ug/ml Zeocin);
the culture is grown O.N. at 37 °C with shaking@2pm) and cells are recovered
by centrifugation (5 min, 10000 rpm at RT in mig&for mini-preps; 10 min,
4000 xgat RT for midipreps) and the bacterial pellet i®gassed using the
Wizard Plus SV Minipreps DNA Purification Syst@amomega) for mini-preps
and thePureLink HiPure Plasmid filter Purification kifinvitrogen) for midi-
preps, according to instructions provided by thenuf@acturers. Purity and
concentration of plasmid DNA are assessed by agagekelectrophoresis and by

spectrophotometriabsorbance at 280 nm.

2.1.4 DNA digestion with restriction enzymes

Enzymatic digestion of plasmid DNA was performedcading to the
indications provided by manufacturers. Typically,gach reaction 5-10 units of
enzyme are used to cut 1 pg of DNA. Reactions avally incubated for 1 hour

at the recommended temperature.

Manuf act ur er St ock concentration
Xhol New England Biolab 10 U/l
Xbal New England Biolab 10 U/l
Pmel New England Biolab 10 U/l
Ncol Roche 10 U/ul
EcoRlI New England Biolab 10 U/ul
Hindlll New England Biolab 10 U/ul
Sfil Roche 10 U/ul
Notl Roche 10 U/ul

Table 2.1. List of restriction enzymes.
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2.1.5 Ligation

Vectors and inserts for the preparation of all tatss were purified after
agarose gel electrophoresis using@HAEX Il Gel Extractiorkit (QIAGEN), and
eventually ligated with T4 DNA ligase (InvitrogerA.20 ul reaction is prepared
in a clean eppendorf tube containing 100 ng oforec five or seven-fold molar
excess of insert fragment, the provided ligatioffdsuand 2.5 units of enzyme.
The ligation is incubated 2 hours at RT and ON°&t, &fter which 5ul are used

for the transformation of Caglcompetent. colicells (strain XL1blue).

2.1.6 DNA sequencing

The correctness of all plasmid constructs is cardant by sequencing (BMR-
Genomics, Padova, Italy). Analysis of the DNA sew@s was performed using
Vector NTI Advance 1€oftware (Invitrogen).

2.1.7 Western blotting analysis
2.1.7.1 Denaturing polyacrylamide gel electrophorés (SDS-PAGE)

The electrophoretic separation of proteins fronteraxtracts, supernatants or
purified samples was performed according to stahdaboratory procedures,
using mini-gels with 5% acrylamide stacking and 108éparating slabs.
Electrophoresis was conducted in Tris-Glycine buf25 mM Tris, 190 mM
Glycine, 0,1% SDS), using thdini-Protean IIl Cell apparatus (BioRad) under
reducing conditions (samples were denatured byngopfbr 5 minutes in Sample
Loading buffer (4X) - 0.32 M TrisHCI pH 6.8, 6% SP50% glycerol, 2%-
mercaptoethanol, 0.006 g Bromophenol blue- ). Aitanof 100 V was applied
until the blue line (given by the bromophenol ie thample Loading buffer) came
out of the running gel. A protein size standaRhdeRuler Prestained Protein
Ladder Plus Fermentas) was also loaded for molecular weigierdhination of
the analyzed proteins.

2.1.8 Immunoblotting
2.1.8.1 Transfer of proteins on PVDF membrane

Proteins separated by SDS-PAGE were blotted onvpuolljdene fluoride
(PVDF) membranes Ifimobilon—F Millipore) following the manufacturer’s

indications. The polyacrilamide gel and PVDF membravere assembled as a
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sandwich in aini Trans-Blot Electrophoretic Transfer CdBioRad) according
to the manufacturer’s instructions. For proteinbéaransferred, a tension of 100

V was applied for 1 hour.

2.1.8.2 Immunodetection

After protein transfer, the PVDF membrane was imtet 30 min at 37 °C in
blocking solution 5% w/v powder milk in 0.01% Twe2@, PBS under stirring.
After blocking, the membrane was first incubated. @t 4°C with a primary
antibody recognizing a specific epitope of the piroanalysed. This was followed
by incubation 45 min at r.t. with a horseradishopéetase (HRP)-conjugated
secondary antibody that interacts with the Fc partwf the primary antibody.
Both antibodies were diluted in blocking solutiomdathe membrane was rinsed
twice for 5 minutes in 0.01 % Tween-20, PBS anccéwior 5 minutes in PBS
after each incubation. Bands corresponding to ttmaunoselected polypeptides
were finally detected by a chemiluminescent reactising theECL Western
Blotting Substrate(Pierce), according to the manufacturer's instangi and
visualized by development of a photographic plakgyperfiim MP High
performance autoradiography filmAmersham Biosciences).

Antibody Diliion  Manufhcturer

Primary Anti - PE Rabbit pol ycl onal Ab 1: 20000 SI GVA
Anti-c-nyc Mouse mAb 1: 2000 SI GVA
Anti - Hi se Mouse mAb 1: 1000 Ge- Heal t hcare
Anti-| L4R Mouse mAb 1: 1000 Santa Cruz
Anti-1L4 Mouse mAb 1: 500 Santa Cruz

Secondary Ant i - mouse- HRP E’glnjy)d onal Ab (HRP 1: 10000 DakoCyt omat i on
ﬁg}:i -rabbit- CPglnjy;:l onal Ab (HRP 1: 10000 SI GVA ( A0545)

Table 2.3: Antibodies employed for the Western blding analysis.

2.1.9 Protein quantification
2.1.9.1 Spectrophotometric quantification

Absorbance at 280 nm (Smart Spec 3000, Biorad)igeesvthe quantification
of purified proteins. One absorbance unit corredsdn 1.08 mg/ml of ILAPEA4O;

it was determined using the softwafector NTI Advance 10
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2.1.9.2 Coomassie staining

A further means of protein quantification is proaidby Coomassie staining
after electrophoresis of purified proteins. SDS-HAGIs are stirred for 20 min at
r.t. in Coomassie solution, followed by decoloratio Destaining solution until
bands are clearly visible. Amounts of proteinsdiscrete bands are assessed by
comparison with known quantities of bovine serubualin (BSA, Sigma).

2.1.9.3 Bicincininic Acid Assay — BCA - (SIGMA)
Proteins quantification through the BCA assay war$gpmed according to the
indications provided by the manufacturers.
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2.2 RECOMBINANT IMMUNOTOXIN PRODUCTION AND
PURIFICATION BY E. coli SYSTEM.

2.2.1 Bacterial strains and culture media
The E. coli Xllblue strain (Stratagene) was used as the hmstDINA

manipulations and grown in LB medium (1% tryptofe% yeast extract, 1%
NaCl; 2% agar in plates; 100 pg/ml ampicillin foetselection of plasmids). LB
broth is used for transformation with Xl1-Blue selFor growth, maintenance
and protein expression with BL21(DE3)pLyES coli strains is used whether LB
medium or 2XYT medium (1,6% tryptone, 1% yeasta&otir0,5% NaCl; 2% agar
in plates; 100 pg/ml ampicillin for the selectidnptasmids).

2.2.2 Bacterial expression plasmid

For the molecular cloning of DNA sequences the areghET20b(+)
(Novagen) was used.

PET20b(+) is an expression vector of 3716 bp cagya multi-cloning site
between T7 promoter and T7 terminator sequences.

Vector pET20b(+), by virtue of the pelB signal pdpt promotes the
periplasmic sorting of the protein coded by theeited sequence, also providing a
poly-histidine carboxy-terminal tag. pET 20b(+) re@s an ampicillin resistance

and the pBR322 origin of replication

2.2.3 Cloning and construction of bacterial expressn vectors

The cDNA encoding the 1L4(38-37) permuted form vkasdly provided by
dr. Robert J. Kreitman, National Institutes of Hea(Bethesda, MD) in the
pRKL4389 plasmid. The PE40 sequence was alreadlablein our laboratory.

The gene coding for the Immunotoxin ILAPE40 waseihsn the pET20b
plasmid, in frame with theelB sequence at the 5’, and the poly-histidine tag at
the 3.

2.2.4 Expression and purification of recombinant poteins
E. coli BL21(DE3)pLysS cells were transformed with thesphéd of interest
through heat-shock, cultured in 1 liter of selecteddium with 100 pg/ml of
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ampicillin. The cells were grown up tos#y= 0.7, and induced with 1 mM IPTG
for 3 h or o.n. The cells were harvested by cargation at 3000xg for 5 min. The

cell pellet was kept at — 80°C before protein peaifion.

2.2.5 Cell growth conditions and optimization proté induction

To determine the optimal conditions that would lesua higher yield of the
recombinant proteins, the inductions were perforomadkr different conditions:

- medium of induction: LB medium or 2XYT medium

- time of induction: 3-4 h or o.n.

2.2.6 Subcellular localization of recombinant protas by SDS-PAGE analysis

To determine the intracellular localization of redmnant proteins, the
induced pellets were fractionated to extract theipfesmic fraction, the
citoplasmic soluble fraction and the citoplasmisaluble fraction.

The total pellet was kept as a control of totattein. Before harvesting the
cells, 1 ml of culture was sampled and centrifug@0®0Gg for 1 min to remove
the supernatant. Resuspend the pellet by mixind0@ pl of PBS, giving a
concentration factor of 100Add the 4X Sample Loading buffer for SDS-PAGE
analysis.

When using vectors witlpelB signal sequences, target proteins may be
directed to the periplasmic space. The leader cessary, but not sufficient for
export into the periplasm. To extract the periplasfraction centrifuge 40 ml of
the culture at 10,039 for 10 min at 4°C. Resuspend the cell pelletdm8 of 30
mM Tris-HCI, 20% sucrose, pH 8. Then add @00.5 M EDTA pH 8 (final
concentration 1 mM), and incubate at room tempesafor 10 min on the
magnetic stir bar. Collect the cells by centrifugatat 4°C for 10 min at 10,000xg
and remove all of the supernatant. Thoroughly resod the pellet in 30 ml of
ice-cold 5 mM MgSQ@ and stir the cell suspension slowly for 10 min ioe.
During this step, the periplasmic proteins wereaséd in the solution buffer.
Centrifuge at 4°C for 10 min at 10,000xg to peflet shocked cells. Transfer the
supernatant (periplasmic fraction) into a clearetiaintain the cell pellet on ice.
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Concentrate 1 ml of the periplasmic fraction by T@Aecipitation and
resuspend the pellet with a concentration factodl@X. Add the 4X Sample
Loading buffer for SDS-PAGE analysis.

To isolate the soluble cytoplasmic fraction the hatcal disruption protocol
was used. Through sonication the pellet was resuspe 4 ml of cold 20 mM
Tris-HCI, pH 7.5 to give a concentration factor1dfX. One pug/ml of lysozime
was added and the mix was incubated 30 min at neonperature; the protease
inhibitors (Complete — Roche- and 1mM PMSF) werdealdand the sample was
sonicated (15 sec for 3 times). The lysate wasriéeged for 10 min at 14,000xg
to separate the soluble (supernatant) from thdubko(pellet) fractions.

The insoluble cytoplasmic fractiomay consist of cell debris and aggregated
protein known as inclusion bodies. The insolubldepavas washed two times
with 20 mM TrisHCI, pH 7.5. The solution was cefutged at 10000xg per 5 min
and the supernatant was removéde pellet was resuspend in 1.5 ml 1% SDS
with heating and vigorous mixing. One hundggdf sample were removed and

than combined with 4X Sample Loading buffer.

2.2.7 Inclusion bodies extraction through refoldingand Immunotoxin
purification by IMAC (Ni Sepharose 6 Fast Flow - GEHealthcare)

Inclusion bodies extraction and refolding To purify the recombinant
proteins from the inclusion bodies, the protocol mEvious paragraph was
followed for the isolation of the soluble cytoplasnfraction. from 1 liter ofE.
coli culture

The pellet containing inclusion bodies was washéith @0 ml of 100 mM
TrisHCI, 50 mM glycine. The pellet was weighed aeduspended with 100 mM
TrisHCI, 50 mM glycine, 8 M urea to bring the inslan bodies at the
concentration of 20 mg/ml anihicubated at r.t. for 60 min with stirring. The
sample was centrifuged at 20000xg for 20 min. Theematant was than
transferred into a clean becker and 5 mM GSH abdrM GSSG were added.
The mixture was incubate at 4°C o.n. with stirring.

The recombinant proteins were refolded throughydialin buffers containing
0.1 M Tris, 0.4 M L-Arginine, 1 mM EDTA, 0.2 mM PMSwith decreasing

concentration of urea: from 4M to OM.
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The last dialysis is carried out in the Ni-bind fieafutilized to load the refold
proteins at the IMAC chromatograpy0(mM NgHPQO,, 0.5 M NaCl).

IMAC protein purification — The “Ni Sepharose 6 Fast Flow resin” is highly
stable and compatible with a wide range of commdditeves. This helps to
maintain biological activity and increase produatlg, while at the same time
greatly expanding the range of suitable operatorglions.

The refolded sample was ultrafiltered (048) and incubated 1 h at r.t. with
the Ni-Sepharose 6 Fast Flow resin.

The Ni-bind buffer with 20 mM imidazole was usedwash the resin (10 ml
at a time to reach an Qg < 0,05). The tagged proteins were eluted with Ndbin
buffer with 500 mM imidazole; the elution was folled by spectrometric

measurement at,. The fractions were analyzed by SDS-PAGE.

2.2.7 Immunotoxin purification by IMAC and refoldin g of inclusion bodies

IMAC protein purification - To purify the recombinant proteins was used an
alternative protocol, where the proteins were jpedliind then refolded. Six molar
Guanidine-HC| was used to solubilise the inclusibodies. Since under
denaturing conditions the Hitag is completely exposed, it could facilitate the
binding to the Ni-resin.

One liter of induced culture was centrifuged atA®@ for 5 min at 4°C. The
pellet was resuspended in 100 ml of Lysis Buffg5@ mM NaHPO,, 0.5 M
NaCl, pH 7.5) and 1 mM PMSF, 50 pg/ml DNasi andid@ MgCl, were added.
The mixture was incubated 10 min at 4°C, then 1#oiirX-100 and 0.1 mg/ml
of lisozyme were added. The sample was sonicatedeo8 times for 20 sec and
then centrifuged at 13000xg for 20 min at 4°C. Ppledlet was resuspended with
50 ml of Lysis Buffer 2 (50 mM N&lPQ,, 0.5 M NaCl, 6 M Guanidine-HCI)
with PMSF, Triton X-100 and lisozyme. The sampleswacubated 1 h at 30°C
under agitation then centrifuged at 13000xg to 40 at 4°C. The supernatant
was collected and incubated with the Ni-resinXdn at r.t. with agitation. The
resin was packaged in the column and washed witml16f Wash buffer (Lysis
buffer 2 with 20 mM imidazole, pH 7.5), to reach @D,y < 0,05. The
recombinant proteins were eluted with the Elutioiffdr (Lysis buffer 2 with 500

mM imidazole, pH 7.5); the elution was followed Hyy spectrometric
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measurement atz8y. The fractions were analyzed by SDS-PAGE. Befoagling
the fractions in the poli-acrilamide gel, the saesptontaining Guanidine-HCI
must be precipitated with 5% TCA to eliminated dematuring agent.

Refolding - The fractions containing the recombinant proteerevcollected.
The total sample was diluted 4-6 times with Lysigfér 1 without Guanidine-
HCI, to obtain a solution of 1M Guanidine-HCI. Adlle Lysis buffer little by
little, keeping the protein solution in the stiriar4°C. Centrifuge the sample to
eliminate the incidental precipitate before diadystart.

The recombinant proteins were refolded throughydialin buffers containing
0,5 M NaCl, 50 mM TrisHCI, 0.4 M L-Arginine, 0.1 mMMSFwith decreasing
concentration of Guanidine-HCI: from 0.5M to OM.

The sample was concentrate with Amicon Ultra (d@t-60 kDa -

MILLIPORE) until to reach 0.5-1 mg/ml of proteiromcentration.
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2.3 PRODUCTION OF RECOMBINANT IMMUNOTOXINS BY
P. pastorisSYSTEM AND PURIFICATION

2.3.1 Yeast strains and culture media

The E. coli Xllblue strain (Stratagene) was used as the hmstDINA
manipulations and was grown in low salt LB mediut®o(tryptone, 0.5% yeast
extract, 0.5% NaCl; 2% agar in plates; 25 pug/micaedor the selection of
plasmids). TheP. pastoris GS115 (his4) and SMD116&i§4, pepd strains
(Invitrogen) were used for the recombinant protg@reduction.

P. pastoriswas grown in YPD medium (1% yeast extract, 2% @epiand 2%
dextrose; 2% agar in plates; 50 pg/ml zeocin féecti®on of transformants) and
BMGY medium (1% yeast extract, 2% peptone, 100 nivagsium phosphate,
pH 6.0, 1.34% yeast nitrogen base without amin@sacii*10°% biotin, 1%
glycerol) for growth. BMMY medium (1% yeast extra@% peptone, 100 mM
potassium phosphate, pH 6.0, 1.34% yeast nitrogese livithout amino acids,
4*10°% biotin, 0.5% methanol) was used as induction omadior production of

recombinant proteins.

2.3.2 Yeast expression plasmids

pPICZn A, B, and C are 3.6 kb vectors were used to espeesl secrete
recombinant proteins iRichia pastoris Recombinant proteins are expressed as
fusions to an N-terminal peptide encoding 8scharomyces cerevisiagactor
secretion signal. The vector allows high-level, maebl inducible expression of
the gene of interest iA. pastoris.

pPICZu contains the following elements:

« 5 fragment containing thAOX1 promoter for tightly regulated, methanol-
induced expression of the gene of interest (Htial, 1985; Koutzet al,
1989; Tschoppet al, 1987a);

« a-factor secretion signal for directing secretedregpion of the recombinant
protein;

 Zeocin resistance gene for selection in Hétlroli andPichia (Baronet al,
1992; Drocouret al, 1990);
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» C-terminal peptide containing tleemycepitope and a polyhistidine (6xHis)
tag for detection and purification of a recombindasion protein (if
desired);

* Three reading frames to facilitate in-frame chaniwith the C-terminal

peptide.

2.3.3 Cloning and construction of yeast expressiarectors

The ILAPE40 gene used to produce the Immunotoxi icoli, was cloned in
the pPIC4 expression vector. The gene amplification was ootetl with Pfu
Ultra HF DNA Polymerase (2,5 U/ul — Stratagene). pAfired fragment was
cloned in frame with the alpha-factor signal seqeenAs described in the
paragraph 1.3.1.4.2.12 bftroduction,to prevent the generation of a recombinant
Immunotoxin with Glu-Ala aminoterminal extensiortbe ILAPE40 gene was
cloned usng the Xhol restriction site, and the Kek2avage site was rebuilt
through the forward PCR primer (Fig 2.1). For tldgason the Xhol site contained
in the IL4APE40 Immunotoxin sequence was removedQoykChange® Site-

Directed Mutagenesis Kit.

a-factor segnal sequence

segnal cleavage

Stel3
segnal cleavage

ATA AAT ACT ACT ATT GCC AGC ATT GCT GCT AAA GAA GAA GGG GTA TCT CIC
Ile Asn Thr Thr Ile Ala Ser Ile Ala Ala Lys Glu Glu Gly Val Ser Leu
Kex2 signal cleavage EcoR1 Pl il BsmB | Asp7181
T g
GAG AAA AGA GAG GCT GAA GC[f] GAATTCAC GTGGCCCAG CCGGCCGTC TCGGATCGGT
Glu Lys Arg Glu AlajGlu Alaj
Ste13 signal cleavage

B
Immunotoxin primer_forward:
5-GCA CTC GAG AAA AGA IL4 =
C Kex2
segnal cleavage
ATG I PEIEAPEA0 Y Histag TGA ' C-myc “TGA
Xhol Xbal

Fig. 2.1: A) Schematic diagram of pPIC4-cloning region. The Kex2 and Stel3cleavage
regions are evidence®) Primer forward used to clone the Immunotoxins inthe pPICZa-
vector. Highlighted: in black bold type the Xhol cleavagt sin red the codon coding from Lys-
Arg (Kex2 cleavage site), in green the Immunotostart. C) Schematic diagram of IL4APE40

cloning.
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2.3.3 Sequence optimization

To increase the yield of ILAPE40 Immunotoxin we daeptimized the
sequence with the codon usagePofpastoris.A codon-modified cDNA of the
Immunotoxin was generated by de novo gene synthgdidenScript Corporation,
Piscataway, NJ, USA.

2.3.4Pichia pastoristransformation and screening of transformants
expressing Immunotoxin

From five to 10 pg of plasmid containing the Immioxin gene were
linearized with Pmel and then electroporated in®1@6 and/or SMD1168 strains
utilizing 4002, 1,5 V, and 25 puF with a Bio-Rad GenePulser (BamR
Laboratories). Transformants expressing zeocin @esctble markers were
obtained by spreading onto the YPD agar selectlatepThe colonies obtained
were re-streaked on fresh antibiotic selectiongslab obtain pure colonies.

From 5 to 20 single colonies from each transforamatexperiment were
grown in 5 ml of BMGY medium (1% yeast extract, 2¥pton, 100 mM
potassium phosphate, pH 6.0, 1.34% Yeast nitrogese,b4 x 10-5% biotin, 1%
glycerol, 50 pg/ml zeocin) until culture reachesQibso = 2-6 (logaritmic phase
growth). The cell pellet was resuspended in BMM%o(feast extract, 2% tripton,
100 mM potassium phosphate, pH 6.0, 1.34% Yeasbgah base, 4 x 10-5%
biotin, 0.5% methanol, 50 pg/ml zeocin) at 1 4 The methanol and the
histidine were added every 24h. At the end of tiuction period (48h or 72h)
the culture medium were harvested by centrifugatma then subjected to

Western blotting to check the Immunotoxin expressavel.

2.3.5 Optimization of the induction conditions
To determine the optimal conditions that would lesua lower proteolysis
and a higher yield of the ILAPE40 Immunotoxin, auds were performed under
different conditions:
- induction time (0h—72h)
- temperature of induction (20°C, 25°C, 30°C)
- effect of cell density at the induction start (1 &dor 10 ODQyo0)

- presence of 1% glycerol during the induction;
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- concentration of methanol added daily (0.25%, 0.5%);

- medium pH (pH 5, pH 6, pH 7);

- presence of 5 mM EDTA;

- condition culture before induction (inoculum indoct in logarithmic
phase or at saturation phase);

- Yeast strain (GS115 or SMD1168);

- Presence of an antifoam additive.

2.3.6 Expression in shake flask cultures
Induction with the culture in the log phase

For small scale induction a single colony was grawr8-5 ml of BMGY
medium o.n. to reach the log phase (2-6¢6dD The culture was centrifuged at
1500xg for 5 min and the pellet was resuspended& ior 10 ml of BMMY
medium. The small scale induction was performetesd the different optimized
conditions.

For large scale production, a single colony wasnvgran 5 ml of BMGY
medium for 6-8 hours. The whole culture was themsferred in 500 ml of
BMGY medium to reach the log phase of growth. Thkkuce was centrifuged at
1500xg for 5 min and the pellet was resuspend&®MMY medium (from 1 to 4
liter) at the optimized OF. The inductions were then conducted for 48h or. 72h

Induction with the culture at saturation

For small scale shake flask culture, a single ophmas grown in 50 ml of
YPD medium in a 250 ml flask for 2 days at 30 °€suspended in 30 ml of
BMMY medium, and induced for 3 days with the adutitiof methanol (0,5%)
every 24 h.

For large-scale culture, 50 ml of YPD medium wascudated with 1 ml of
frozen stock and grown for two days to establiskeed culture. Fifteen ml of seed
culture were used to inoculate 300 ml of YPD medamd the inoculated medium
was cultivated for 2 days. The cell pellet was spsmded in 200 ml of BMMY
medium and induced for 3 days by adding methan&bg) every 24 h.

In both cases, at the end of the induction peribd,cells were removed by

centrifugation for 15 min at 1600xg and 4°C and shpernatant was transferred
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to new tubes and centrifuged again for 30 min &0388 and 4°C to remove cell
debris. The protein containing supernatant wasiféd through a 0.45 um syringe
filter and stored at -20°C for further use. Fivertited microliter of supernatant
were precipitated with 10% TCA to analyze the pgrotproduction before
proceeding to the purification step.

The collected supernatants wepgecipitated with 60% saturation with
ammonium sulphate and resuspendeldiming buffer(20 mM sodium phophate
pH 7.4, 1.5 M NaCl, 10% glycerol, 20 mM imidazolenM DTT), thendialyzed

overnight against binding buffer to remove traseammonium sulphate.

2.3.7 Protein purification by IMAC (Ni Sepharose 6Fast Flow - GE
Healthcare)

The concentrated supernatant was centrifuged at 20[000xg for 15 min
and filtered through a 0.45 um filter syringe aagdplied to the Ni Sepharose 6
Fast Flow resin. The sample was incubated for IRTatvith the resin. This mix
was then loaded onto the column and the flow-thinowgs collected. The resin
was washed with the binding buffer to reach an,QBE 0.05 and the bound
proteins were eluted with 500 mM imidazole dissdlue the binding buffer. The
eluted proteins were detected by SDS-PAGE and Webtetting. The fractions
containing the histagged protein were collected, concentrated by anmmm
sulphate precipitation and dialyzed against PBS7/ifid NaCl, 2,7mM KCl,
10mM sodium phosphate dibasic, 2 mM Potassium pgtaispmonobasic, pH
7.4). The final sample was sterilized with spin®2(um) and quantified by SDS-
PAGE and BCA protein Assay (Sigma).

2.3.8 Study of the glycosylation of non optimized UPE40 Immunotoxin
producted in P. pastoris
The glycosylation sites were predicted b@BS Prediction Servers

(www.cbs.dtu.dk/serviceks/

The presence of N-linked glycosylations on the IE4P Immunotoxin
produced inP. pastoriswas initially analysed by in vitro deglycosylatiof the
supernatant using glycosidases EndoH and PNGasew ([®hgland-Biolabs)

according to the supplier’s instructions.
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2.3.9 NativePseudomonagxotoxin A (PE) cleavage test

The native PE was incubated for 1h at 30°C undéatamn with: PBS as a
control, only BMMY induction medium that was nobtulated with GS115, or
BMMY cell-free after 48h of induction of GS115 tsformed with the empty
vector @A) or BMMY cell-free with 1 mM PMSF (proteases ibitor) after 48 h
of induction ofaA.

In a second cleavage test the native PE was inedbat 1 h at 30°C under
agitation inaA BMMY with: 1 or 5 mM of EDTA or Complete EDTA-frel X
(Roche).

The different samples were analysed by Westertitdpt
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2.4 CELL CULTURE TECHNIQUES
2.4.1 Cell lines and growth media
— LNCaP: prostate carcinoma (left supraclavicularpynmode
metastasis) cell line

— PT45: pancretic carcinoma cell line

!

PACA44: pancretic carcinoma cell line
— CF-PAC1: ductual adenocarcinoma (liver metastdios) a patient
with cystic fibrosis;

— U251: glioblastoma cell line

All cell lines were grown in flasks at 37 °C, 5% &Q@sing the following
medium: RPMI 1640 medium (with 40 mg/l folic aci@ g/ NaHCQ)
(Biochromag) supplemented with 10% Fetal Calf Ser(f€S), 2 mM L-
Glutamine and antibiotics (100 U/ml penicilline ah@0 pg/ml streptomycine-
sulphate).

All supplements were added into the medium afterilsgation through 0.22
um filters.

The PT45, PACA 44, CF-PAC1 and U251 cell lines wgmwn in
monolayer. To subculture the adherent cell linesritedium was removed, and
the cells were detached with 0,25% (w/v) TripsiB30.mM EDTA solution
(SIGMA). An appropriate aliquot of the cell suspenswas mixed with the
complete growth medium.

The LNCaP and 293FT cell lines were cultured in atayer on a film of
Polilysine (SIGMA) and subcultured as describedvabtor the other adherent
cells.

Cell stocks were stored in liquid nitrogen tankatoncentration of 1 or 2*£0
cells/ml RPMI medium with 20% FCS and 10% DMSO.

2.4.2 Flow-cytometry analysis
2.4.2.1 Expression of IL4R by cell lines

PT45, CF-PAC1, PACA44, U251 and LNCaP cell linesravgrown in
T75 flasks to reach 50%-80% confluence and harddsyecentrifugation at 1500
X g, 5 min, 4 °C. After counting with a hemacytomets=lls were resuspended in
a blocking buffer (0.5% w/v BSA in PBS) to a contration of 2*1G cells/ml; 1
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ml of the suspension was dispensed in each flooraegtry tube and centrifuged
as before. Cells were resuspended in 100 pl wizhu@.of anti-IL4R (Santa Cruz)
and incubated on ice for 1 hour. Two washing steplewed, each with 2 ml of
blocking buffer. For the detection of bound ant#R. cells were stained with an
anti-mouse IgG-FITCsecondary antibody (goat polyclonal from Beckman
Coulter, 1:200 diluted). The incubation was for rBthutes on ice in 100 pl of
blocking buffer, followed by two washing steps wizhml blocking buffer each.
Background fluorescence was assessed by stairencetls with anti-mouse IgG-
FITCin the sample without the anti-IL4R. At the endloé staining, cells in each
tube were resuspended in 0.5 ml blocking buffer #r& mean fluorescence
intensity (MFI) of each sample was determined usBly Facs Canto (BD

Bioscience).

2.4.2.2 Binding of IL4PEA40 to cells

The binding of ILAPE40 was analysed using PT45512L4R+) and
LNCaP (IL4R-) cell lines. The preparation of thengdes was as above. In this
case the cells were incubated with the increasimpuats of the IL4APE40
Immunotoxin and then with an anti-Hisecondary antibody (mouse mAb from
GE-Healthcare, 1:200 diluted in binding buffer) atihén with the anti-mouse
IgG-FITC tertiary antibody. At the end the cells reveesuspended in 0.5 mi
blocking buffer and the mean fluorescence inten@iti?l) was determined using
BD Facs Canto.

2.4.3 Cell proliferation assay (XTT)

LNCaP, PT45 or U251 cells were dispensed in a 8blate (PT45 and
U251: 5000 cells/well, LNCaP: 10000 cells/well) 100 ul of RPMI medium.
After 24 h different toxin or Immunotoxin dilutionsere added to the cells and

the culture was further incubated at 37°C for 72 h.
Proteins teste PE40, and IL4PE40 froma. coli
PE (SIGMA)

Concentrations teste From 10°M to 10%°M
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A mix with 1 volume of 1 mg/ml XTT and 3 volume BPMI without phenol
red was prepared. The prostate-specific antigemisa{PSA 1000X) was then
added at the 1X final concentration. One hundredratiter of the mix were

dispensed in each well. The absorption was measatrd80 nm after 20 min of

incubation at 37°C.

Table 2.3: Description of PE40-based constructs

Construct Description Cloning Cloning
plasmid restriction sites
pPET20bIL4APE40 Removal of Xhol - -
Xhol ™! digestion site
cointained within
the Immunotoxin
sequence
pPICZuIL4PE his Immunotoxin with pPICZy Xhol- Xbal
hiss-tag derived
from bacterial
expression vectol
pPICZuIL4PE40 - | Immunotoxin with pPICZy. Xhol- Xbal

opti

codon usage
optimized for
yeast

pPICZuILAPE40
opti_mutl

Optimized
Immunotoxin with
1 furin-like
cleavage site
mutated

pPICZuILAPE40
opti_mut2

Optimized
Immunotoxin with
2 furin-like
cleavage sites

mutated
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3. RESULTS
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3.1 Expression of IL4R in different cell lines

The expression of IL4AR in several tumors was exvehs described in
literature [Puri, R. K.et al., 1993; Puri, R. K.gt al., 1995; Puri, R. K.get al.,
1991; Obiri, N.,et al., 1993; Obiri, N.,et al., 1994; Hussain, S. Ret al.,1994;
Hoon, S. R, €al., 1997; Toi, M.,et al.,1992; Morisaki, T.et al.,1992; Puri, R.
K., 1996; Kreitman, R. Jet al.,1994; Kawakami, K.et al.,2000; Puri, R. K.get
al., 1996; Leland, Pgt al.,2000; Gallizi, J. Pet al,, 1989].

A commercial mAb anti-IL4R was used in differentmior cell lines:
pancreatic tumor (LNCaP), prostate tumor (PT45,R2%&1 and PACA44) and
gliobastoma (U251) to test the presence of IL4 preby flow-cytometry. The
ILAR presence on U251 cell surface was previoudsified by S.R. Husain
[Husain S.R.et al., 1998], for this reason this cell line was seleasd positive
control. As shown in fig. 3.1 the pancreatic celek display a mean fluorescent
intensity (MFI) higher than U251 and LNCaP cellelsn The latter shows a very
low MFI. For this reason the LNCaP cell line wagdigs a negative control for

binding and cytotoxicity assays.

CTR
(anti muose FITC only) y» ' i | .
| ] i M
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Fig. 3.1: Flow-cytometry in different tumor cell lines The LNCaP (white), PT45, CF-PAC-1,
PACA44 (yellow) and U251 (green) cell lines werealgeed. For each cell line the upper box
shows the fluorescence profiles obtained by stgidi@ cells with 1pg of anti IL4R, followed by
secondary anti-mouse IgG-FITC. In the graphic beflogvvalues of MFI are shown. 2*1évents
were recorded for each sample.
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3.2 Cloning, expression and characterization of IL&8-37)PE40

Immunotoxin obtained in the bacteria

3.2.1 Amplification and expression of 1L4(38-37)PEa

The 1L4(38-37) coding sequence was kindly providéeg dr. Kreitman
(National Institutes of Health. Bethesda, MD), wdas the PE40 sequence, a
truncated version of Pseudomonas exotoxin A, derfvem a construct already
available in our laboratory.

The nucleotide sequence coding for PE40 was fusede 3’-end of the
IL4(38-37), generating a chimeric Immunotoxin i $pET20b(+) vector (Fig. 3.2

A). The C-terminal Histag was exploited for purification and analytical

purposes.
A Symbols:
PelB leader sequence
== Hise

== AlaSerGly2ProGlu linker

“— ~1400 bp
~1400 bp

n. colony

<« ~1400 bp

n . colony

Fig. 3.2: A) The expression construct for ILAPE40 mmunotoxin; B) IL4PE40 amplified
through PCR; C) Screening of the colonies after trasformation of E. coli cells with the
ligation reaction: The positive colonies were numbers 2, 14 and 15.

The small-scale expression of the IL4PE40 Immuxiaton BL21(ADE3)

pLYysSE. coliyielded an induced protein of approximately 60 kBsvisualized
by Coomassie staining and immunoblotting with thdééerent antibodies (Fig.
3.3), consistent with the expected size for a fudietween the 1L4(38-37) (14
kDa) and PE40 (40 kDa).
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95 kDa ——
72 kDa ——
55 kDa ——
36 kDa ——
28 kDa ——

Anti-PE Anti-his6 Anti-1L4

Figure 3.3 Immunotoxin expression inE. coli. First panel: Coomassie staining of an SDS-PAGE
gel; Blotted membranes: probing with rabbit anti-8#um (second panel), with mouse anti-his
antibody (third panel) and with mouse anti-IL4 hotly (last panel). Abbreviations: NI, bacterial

pellet from 50ul of non-induced culture; Ind, bacterial pellet fra50 pl of induced culture.
Induction was carried out with 1 mM IPTG at 30 UC 8 hours.

These preliminary induction data show that the imotoxin is expressed
at low amount, suggesting the possibility of pexrgohic accumulation. But from
figure 3.4 it appears that most of the Immunotasimecovered in the inclusion

bodies.

72 kDa —

55 kDa —— *-—

36 kDa —

' Fig. 3.4: Western blotting analysis of samples take
28 k0a —| from different cellular districts. Each sample

corresponds to 200 ul of culture.

To increase the yield of recombinant Immunotoxihfee induction
variables were tested: the induction temperature,time of induction and the
culture medium. The best yield of recombinant @rotvas obtained after a 3h
induction at 30°C, and the medium that allowed thghest Immunotoxin

production was the LB medium (data not shown).

3.2.2 Immunotoxin extraction: refolding and purification under native
conditions
A bigger culture was induced and processed foraetibn, denaturation

and refolding of inclusion bodies through the prhae described in Materials
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and Methods (par. 2.2.4 Material and Methods The denaturing agent utilized
was 8 M urea.

After the last dialysis of refolded IT in bindinguffer, the sample was
incubated 1h at r.t. with a resin that captureshisetag (Ni Sepharose 6 Fast
Flow — GE Healthcare; IMAC chromatography), and thecombinant
Immunotoxin was eluted with 500 mM imidazole.

A B
e = - — -
e | a8 M=t ¥
wwesSesm | 55kpa |-
025 051 2 36 kDa I*
ug BSA

95 kDal k
72kDa | e
55 kDa | 4

02505124

Hg BSA
S6kDaY & 28 kDa

28 kDa| ®

®
- - ON W |
A | —
=S Ind Ind
ET 510 20 FRACTIONS - FT 510 20 FRACTIONS
mM imidazole ELUTED mM imidazole ELUTED
WASH with 500 mM WASH with 500 mM
imidazole imidazole

Fig. 3.5: Coomassie staining of SDS-PAGE of samplguairified by IMAC under native
conditions. A) Immunotoxin purification from a culture induced 22°C o0.n.;B) Immunotoxin
purification from a culture induced at 30°C for 3thbreviations: FT: flow-through collected after
sample binding to the resin; BSA: bovine serum aiioy Ind: induction.

The purification was carried out on the refoldedmunotoxin derived
from a culture induced o.n. and a culture induaad3h (Fig. 3.5). The eluted
fractions obtained from the o.n. culture were conteated with other proteins or
fragments of Immunotoxin (Fig. 3.5A). Moreover aféh of induction the eluted
fractions showed a single band with the expectetecntar weight (Fig 3.5B).
However, figure 3.6 shows that the amount of Imntoxia binding to the resin is
very low: the Immunotoxin is found in similar amasinin the refolded inclusion

bodies (Fig. 3.6 red asteriskand in the flow-through (Fig. 3.6 black asterfsk

Fig 3.6: SDS-PAGE and Coomassie
staining of samples from IMAC

95 kDA g
72 kDa -
e |

36 kDa g

28kDa N

-

-,

—
IbR FT W FR
before
column
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chromatography purification.  Twenty
microliter of IbR and FT were loaded on
the SDS PAGE. The red asterisk and the
black asterisk indicate the IL4PE in the
IbR and in the FT respectively.
Abbreviations: IbR: inclusion bodies after
refolding; FT: flow-throught collected
after sample binding to the resin; W: wash;
FR: fractions collected; BSA: bovine

— SEFUM albumin.



The purified Immunotoxin (after dialysis of theuedd protein in PBS and
filter-sterilization) was concentrated and the ffi@aount was about 200 pg
recombinant protein from one liter Bf coliculture.

The low amount of Immunotoxin purified and the lbiding to the resin
suggest that under native conditions the His6-taghasked, thus not allowing
efficient retention by the resin. For this reasoe wext tried to purify the
Immunotoxin following a protocol in which the recbmant protein was first

purified and than refolded.

3.2.3 Immunotoxin extraction: purification under denaturing conditions and
refolding
To prevent the loss of the IL4APE40 during theiffuation step, an
alternative purification protocol was tested. Tledlgi of the induced culture was
lysed, purified and then the eluted protein waslded. For this protocol the
denaturing agent used was 6M guanidine.

A

95 kDa
72kDa .

55 kljr\

i1 2

BSA
36 kDa 1 .
.
-
28 kDI'a\ -
i ' ON
{ Ind |
Lisate FT 1 2 FRACTIONS Lisate FT 1 2  FRACTIONS
‘WASH ELUTED WASH ELUTED
with 20mM  with 500 mM with 20 MM with 500 mM
imidazole imidazole

imidazole imidazole

Fig. 3.7: Coomassie staining of two SDS-PAGE gel§ gsamples after IMAC chromatography
purification under denaturing conditions. A) Immunotoxin purification from a culture induced
at 30°C o.n.B) Immunotoxin purification of a culture induced &°® for 3h. Abbreviations: FT:
flow-through collected after sample binding to thesin; BSA: bovine serum albumin; Ind:
induction.

Figure 3.7 shows the ILAPE40 purification aftar.anduction or after 3h
of induction at 30°C. As observed for the purifioatunder native conditions, the
Immunotoxin obtained after o.n. induction was lpsee than that produced with a
3h induction, likely because the high culture dgn&ads to the non specific
accumulation of a high amount of bacterial protameracting with the resin.
Adding 10% glycerol and 1 mM DTT in the lysis, waaihd elution buffers, the
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non-specific interactions between contaminant jmetend the resin decrease,
and the purity degree of the Immunotoxin incregbes 3.8).
1 ]

95 kDa
72 kDa
55 kDa

Fig. 3.8: Coomassie staining of the SDS-PAGE gel of
samples from IMAC chromatography purification
under denaturing conditions. Twenty microliters of
lysate, FT, W and FR were loaded on the SDS PAGE.
Abbreviations: FT: flow-through collected after gam
binding to the resin; W: wash; FR: fractions catiéet;
BSA: bovine serum albumin.

36 kDa

28 kDa

Lisate FT W FR
The best yield of purified Immunotoxin, after gisis and concentration,

was 600 pg from 1 litre d. coliculture (data not shown).

3.3 Characterization of Immunotoxins produced byE. coli
3.3.1 Binding assay

To test if the Immunotoxin was correctly refolded its active form,
different amounts of recombinant proteins were loatad with 3 different cell
lines: LNCaP (IL4R negative), U251 (IL4AR positivand PT45 (ILAR positive)
(Fig. 3.9).

25000
Legend:

20000 A

—o— U251
—0—PT45
¥ LNCaP

15000 +

5000 4

1le-8 le-7 le-6
mol/l IL4APE40

Fig. 3.9: Binding of the recombinant Immunotoxin on U251 @&uPT45 (red) and LNCaP
(black) cells. The curve was created by plottingl M&ta from staining of U251 and PT45 cells
(IL4AR+) vs increasing amounts of Immunotoxin, amottng MFI value from staining of LNCaP
cells (IL4R-) at the highest tested concentratibmonunotoxin.

The binding assay showed that increasing the Inmboxim concentration,
the MFI value increases in the IL4R positive celes, whereas at the highest

Immunotoxin concentration tested, the MFI value tdiCaP (IL4R-) was
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approximately zero. This means that the refoldeshiimotoxin binds the cell lines

that express IL4R, but not the IL4R negative ae#.l

3.3.2 Cytotoxicity assay

The cytotoxic potential was evaluated by testingselected cell lines the
effect of increasing concentrations of the Immurbtaising the XTT assay. XTT
is a reagent that develops an orange colour whes ihetabolised by the
mitochondria. The orange colour intensity is projoal to the amount of
mitochondria and to the vitality of the cell cukur

For comparison, also wt PE, the natReeudomonasxotoxin A, and the
PE40 fragment (from bacterial culture) were testBlde curves in figure 3.10
clearly show that the Immunotoxin can inhibit threlgeration of cells expressing
the IL4R. The concentrations of Immunotoxin thag¢ aapable to reduce by half
the proliferation of the treated cells gL are reported in table 3.1. Remarkably,
the Immunotoxin has a more potent action as conparé’E40 fragment which
does not show cytotoxicity in the concentrationgeanested. This indicates that
by adding the IL4 carrier molecule to the toxic dgom the new molecule is able

to bind the receptor and to deliver the toxic damaihich in turn Kills the cells.
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Fig 3.10: Cytotoxic assayEffect of treatment with ILAPE40 Immunotoxin (redd), native PE
(black line) or fragment PE40 (blue line) on thahility of LNCaP(A), U251(B), PT45(C) cells.
The horizontal red line indicates thes}CData are expressed as percentage of control sampl

(untreated cells).
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LNCaP U251 PT45

ICso
IL4APE40 2*107 6*10° 5*10"
PE wt 10° 10% 4*10°®
PE40 >10° >10° >10°

Table 3.1: Value of concentration inhibiting 50% of the maximd proliferation (IC sq) for
ILAPE40 Immunotoxin, native PE (PE wt) and the nagt PE40 on IL4R+ lines U251 and PT45
and IL4R- cell line LNCaP.

The 1G, value of LNCaP (IL4R-) is comparable to that of4BT(table
3.1). However, analyzing the native PE toxic atyivin both cell lines, it is
possible to observe that LNCaP cells are more sems$o PE toxicity than PT45.
This can explain the similar ¥ In figure 3.11 the 16 of IL4APE40 and native
PE were compared: the specificity of the Immunatagiin inverse relation to the

length of the red arrow and proportional to thecefmty factor value.

molil

Te-11 1e-10 1e9 1e-8 1e-7 1e-6 IC..TOX | SPECIFICITY
1 T T T T 1 50 FACTOR
of
ICq, IT IL4PE40
o————+e PT45 8+1072 16
¢ . U251 1.6*102 3.2
-3
o . LNCaP 5*10 1
@ [CgyIL4PE4D
o ICgnative PE

Fig. 3.11: Relationship between the toxin and Immunotoxin 1G, values in the different cell
lines. The difference between the IL4APE4QJ@nd native PE 1§ on each cell line is shown with
the red arrow. The specificity of the Immunotoxéneixpressed as the normalization ratio between
toxin or Immunotoxin IG, values on positive cell lines (PT45 and U251) B2y on negative cell
line (LNCaP). Abbreviations: TOX: toxin; IT Immuretin.

Binding and cytotoxicity data indicate that thedRE40 purified fronE.

coli is expressed in its active form.
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3.4 Cloning of IL4(38-37)PE40 Immunotoxin in the yast system.

3.4.1 Amplification of IL4(38-37)PE40 and cloningnto pPICZalpha plasmid

The DNA sequence used to express the Immunotoxithe bacterial
system was utilised without modifications in thestfipilot expression experiment
in P. pastoristo verify the ability of these host cells to predithe Immunotoxin.

To clone the ILAPE40 gene into the pPICZalphamidsusing the Xhol
and Xbal restriction sites, a site specific mutagen was needed to remove the
Xhol site within the Immunotoxin sequence. Six coés were screened for
restriction with 3 different enzymes: EcoRI recams 2 sequences into the
bacterial expression vector, Hindlll linearizes gilasmid and Xhol cuts once in
the ILAPE40 wild type sequence but does not digestmutagenized sequence.
The EcoRI and Hindlll restriction enzymes were ugge@ control.

A B c
— .ﬁ‘

3000 bp

e —— = ;'.ﬁl
IT wt EcoRI Hindlll Xhol EcoRI Hindlll Xhol EcoRI Hindlll Xhol
not IT wt digest Colony 1 Colony 2
digest IT digest IT digest

Fig 3.12: Screening of the colonies from mutagenssieaction. A) In the first lane the MW
standard was loaded. Sunsequent lanes: uncut ILGiPEebRI digest, Hindlll digest and Xhol
digest, respectivelyB, C) The DNA derived from colonies 1 and 2 was digestgith EcoRl,
Hindlll and Xhol. The asterisks indicate uncut DNAbbreviation: MW: molecular weight; IT:
ILAPE40 Immunotoxin.

As shown in figure 3.12, the non digested DNA awpewith a typical
pattern of the supercoiled DNA; the plasmid contgnthe ILAPE40 wild type
sequence shows two bands at about 1300 bp and I32@dter cleaving with
EcoRI whereas Hindlll and Xhol linearize the vec{big. 3.12A). The figure
3.12 panel B shows that Xhol does not digest tHengol plasmid (second
asterisk) whereas it linearizes the colony 2 DNig.(8.12C). This means that in
colony 1 the plasmid was mutagenized correctlycdofirm the mutagenesis the
plasmidic DNA of colony 1 was sequenced by BMR Geius.

The mutated IL4APE40 gene was amplified through R&CRsert the Xhol
and Xbal restriction sites at the 5’ and 3’ respety (fig 3.13B). The use of
Xhol as restriction enzyme allows to produce thenlmotoxin with its native N-
terminal (Par. 1.3.1.4.2.18f Introduction).
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«— ~5000 bp (pPICz a+ILAPEA0)

<«— ~3600 bp (pPICZ ah)
<«— ~1400 bp

<«— ~1400 bp (ILAPE40)

EcoRI Xhol EcoRI Xhol EcoRI Xhol
Xbal Xbal Xbal

Fig. 3.13 A) The pPICZa-ILAPE40 expression vector forP. pastoris B) IL4APE40 amplified
through PCR; C) After screening of colonies derived from the ligatireactionthree colonies
were digest with EcoRI and Xhol and Xbal as a furtler control.

The digested PCR fragment was inserted into tHEZd plasmid. This
expression plasmid contains thenating factor signal sequenagMf) that drives
the secretion of the recombinant proteins in theucel medium. The new gene
was inserted at the 3’ ofMf, without native ATG (Fig. 3.13A).

Twenty colonies derived from the ligation reactiware screened and the
colonies 1, 3 and 5 were found positive. To confithe presence of the
Immunotoxin gene in the vector, the DNA plasmidladse colonies was digested
with EcoRI that linearized the construct and witha¥Xbal that cut within the
cloning restriction sites (Fig. 3.13C); moreoveeaonstruct was also sequenced
also by BMR Genomics. For the electroporatiorPojpastoristhe colony 1 was

chosen.

3.4.2 Screening oP. pastoristransformed with IL4APE40 construct

The yeast transformation protocols are describedhe par. 2.3.4 of
Materials and Methods

Thirteen colonies were induced to identify thenelavith the best yield
(fig.3.14). The clone 5 was chosen for the medimochlarge scale inductions.
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72 kDa —]
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55 kDa —|
- . = ==
- -

36 kDa —
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n°clones 1 2 3 4 5 6 8 9 10 11 12 13

Fig. 3.14: Screening of 13 clones derived from traflormation by electroporation.

3.4.3 Purification and quantification of IL4PE40 from 1L of culture

To quantify the Immunotoxin production, the ILAPE4(ne 5 was
induced in 1 liter of BMMY medium. After 72h of indtion, the culture was
centrifuged and the supernatant was collected. obal ithe supernatant in the
IMAC chromatography, sample concentration is neededidentify the correct
percentage of saturation of ammonium sulphate algwhe Immunotoxin

precipitation, a fractionated precipitation was @octed (Fig. 3.15)

95kDa __|
72 kDa | - = “’

==
. = sl

- -:g-.

10p20p  10d 10W  Spi1opl Spl10ul Spl1opl
Culture SN 20% 40%  60% 80% SN after last
precipitation

55kDa |

36 kDa |

Fig. 3.15: Western blotting of ammonium suphate-preipited proteins. The WB was stained
with the rabbit anti-PE as primary antibody andnwihie anti-Rabbit-HRP as secondary antibody.
The different precipitated samples were loaded eotmated 10-fold as compared with the culture
supernatant. Abbreviation: SN, culture supernatdb: culture supernatant precipitated with
20% of saturation of ammonium sulphate; 40%: 20%esuatant precipitated with final 40% of
saturation of ammonium sulphate; 60%: 40% supenhg@ti@cipitated with final 60% of saturation
of ammonium sulphate; 80%: 60% supernatant pretgut with final 80% of saturation of
ammonium sulphate; SN after last precipitation, I@Xcentrated supernatant after centrifugation
of 80% saturated of supernatant.

The Immunotoxin precipitates between the 40% &t 6f saturation of
ammonium sulphate. Since in a Coomassie stainifg @Dsaturation does not
result in proteins precipitation (data not showti)e supernatant of induced
Immunotoxin inducted was precipitated directly wal60% ammonium sulphate
saturation.

After 1h incubation with ammonium sulphate at 48@l centrifugation of

the solution the proteins pelleted were resuspemdbihding buffer, and dialyzed

114



0.n. against the same binding buffer to removeatmnonium sulphate traces.
The supernatant equilibrated with binding bufferswacubated 1-2 h with the
resin that binds the hisag and, after washing the resin with 20 mM imaaz
the Immunotoxin was eluted with 500 mM imidazolencg the SDS-PAGE
stained with Coomassie does not show the bandspwneling to the molecular
weigh of the Immunotoxin (data not shown), the tiats were analysed by
Western blotting (Fig 3.16).

9o Kba — Fig. 3.16: Western blotting of samples
coron | - “— from IMAC purification step of P.
‘q pastoris supernatant Twenty microliters
. : of each  sample were loaded.
Abbreviations: FT: flow-through collected
after sample binding to the resin; BSA:
bovine serum albumin; Ind: induction.

-
36 kDa ] wa

FT 510 20 FRACTIONS
mM imidazole ELUTED

WASH with 500 mM
imidazole

As shown in figure 3.16 traces of Immunotoxin present in the flow-
through, the amount of purified protein is very lawd mostly degraded. In fact,
after dialysis carried out to remove the imidazated concentration, the final

Immunotoxin yield was 1 pg from 1 liter of culture.

3.4.4 ILAPEA40 optimization for the production inP. pastoris

3.4.4.1 ILAPE40 codon optimization for productionm P. pastoris

To increase the recombinant protein amount produmed/east, DNA
sequence was optimized to the host strain codageusa

The ILAPE40 sequence was codon optimized by GgitSCorporation
(Piscataway, USA). The OptimumGéNealgoritm used takes into consideration
a variety of critical factors involved in differeatages of protein expression, such
as codon adaptability, mMRNA structure and varioissetements involved in
transcription and translation.

Before ILAPE40 gene codon optimization, some festusuch as the
glycosylation sites and the restriction sites int@ot for the subsequent cloning,

were studied.
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To identify the glycosylation sites the ILAPE4@gence was inserted into
the prediction servers named NetNGlyc and NetOGlyc

(www.cbs.dtu.dk/servicesto search for N- or O- glycosylation sites respety.

The NetOGlyc server did not find any target segeefmowever 2 putative N-
glycosylation sites are present in the Immunotesenquence (Fig. 3.17A-B). To
confirm the presence of glycosylation sites, 10ofilsupernatant of ILAPE40
culture were incubated with 1 pl of PNGaseF andllofuEndoH, two N-

glycosydases that remove the carbohydrate resiaes proteins. As shown in
the western blotting of figure 3.18C in the lineghout the enzyme (-) the
Immunotoxin shows 2 bands (corresponding to twdedsht glycosylation

conditions), moreover when the enzymes were adaedet recombinant protein
only 1 band is evident because the sugar chaine wemoved. To exclude a
possiblein vivo immune reaction against the sugar chains of tieembinant

Immunotoxin, the N residues recognized by the saféwof prediction were

changed in two Q residues that maintain the negatinarge of amino group.

A

Hame: Sequence Length: 513

MDTTERETFCRAATVLROFYSHHERD TRCLGATAQQOFHERHEDLIRFLERLDRNLWGLAGLNSCPVEEANQSTLENFLERL BO
ETIMREEYSECSSGG DITLOEIIRTLNSLTEQRTLCTELTVTDIFAASRASGGPEGGS LAALTAHQACHLPLET 160
FTRERQPRGWEQLEQCGYPVORLVALY LAARL SWNOVDOVIRNALASPGSGGDLGEATREQPEQARLALT LAAAESERFV 240
ROCTCGHNDEAGAANADVVS LTCPVAAGECAGPADSGDALLERNYPTCAEF LGDGGDVSFSTROTOQNWTVERLLOAHROLEE 320
RGYVFVGYHGTF LEAAQS IVFGGVRARSQDLDATWRGEY IAGDPALAYGYAQDOEPDARGRIRNGAL LRVYVPRSSLPGE 400
YRTSLTLAAPEAAGEVERLIGHPLPLRLDAITGPEEEGGRLETILGWP LAERTVVIPSATPTDPRNVGGDLDPSSIPDRE 480
QATSALPDYASQPGRPPREDLKAAAGGHHHHHR

B

SeqName Position Potential Jury N-Glyc
agreement result

Sequence 69 NQST  0.4071 (8/9) =
Sequence 305 NWTV  0.6658 (9/9) ++

NHethGlyc 1.0 predicted N-glycosylation sites in Sequence

72 KDa
NS s —

: : . - , = ar - +
[l 100 200 200 400 500

Sequence position PNGaseF EndoH

Fig.3.17: N-glycosilation sites prediction studyA) The putative N-glycosilation sites are written
in blue. The N residue with higher probability tmdb the sugar chains are written in r&).The
plot summarizes the position of N-glycosilation esit and their N-glycosilation
potential. (www.cbs.dtu.dk/services/C) Glycosylation assayTwenty microliter of each reaction
mix were loaded in the Western blotting. The sigrafd the sign (+) indicate the absence or the
presence of enzyme respectively.
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In the IL4APE40 sequence the restriction enzymgsPd€Zo multi cloning
sites were removed (Xhol, Xbal, Pmel, Sacl, SfdtIRnd EcoRI) (Fig. 3.18).

Symbols:
Xhol, EcoRl,
Sfil, etc. Notl Xbal mm Hise

oMF FE4(87-38) PE40 mm AlaSerGly2ProGlu linker

Fig. 3.18: Structure of IL4APE40 optimized.

With the sequence optimization the codon usags ibi®. pastoriswas
increased by upgrading the CAl (Codon Adaptatiaiek) from 0.48 to 0.98. The
GC content and unfavourable peaks were optimizgutdmong the half-life of the
MRNA. The Stem-Loop structures, which impact onosimmal binding and

stability of mMRNA, were broken.
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Fig. 3.19: IL4APE40 optlmlzed GenScript analysis. A The distribution of codon usage
frequency along the length of the gene sequenadk& CAI of 1.0 is considered to be optimal in the
desired expression organism, and a CAIl of >0.®@garded as very good, in terms of high gene
expression leveB) The percentage distribution of codons in computedba quality groups. The
value of 100 is set for the codon with the highesige frequency for a given amino acid in the
desired expression organis@) The ideal percentage range of GC content is betv@®en0%.
Peaks of percentage of GC content (%GC) in a 6@ibdow have been removed.
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3.4.4.1.1 Screening dP. pastoristransformed with ILAPE40-opti construct

The IL4PE40 optimized gene (IL4PE40-opti) was pded by GeneScript
inserted into the pUC57 plasmid. Therefore it wiasmed in the pPICZ plasmid
with the same strategy used from the non optimgeate.

Six zeocin positive clones were screened (72imadigtion), and 200 ul of
each supernatant were precipitated with 10% TCA amalysed in SDS-PAGE
(Fig. 3.20). The clone that produced the highesbwarh of Immunotoxin is the

number 5.

72 kDa —
55 kDa —

positive clones of IL4APE40-opti
- produced by GS115P. pastoris
strain. For each sample 200 pl,
* precipitated with 10% TCA, were
analysed.

36 kDa — ]

—-— e

- - * Fig. 3.20: Screening of 6 zeocin
-

S —

12

clone n.

To verify if the sequence optimization increases immunotoxin yield,
ILAPE40 and IL4APE40-opti expression was compated. 3.21).

72 kDa RATIO

55 kDa (ILAPEA40-opti/ILAPE40)
24h 15

36 kDa 48h 2.08
72h 1.9

24h  48h 72h 24h  48h 72h
IL4APE40 not opti ILAPE40-opti

Fig. 3.21: Comparison between the IL4APE40-opti andL4PE40 production. For each sample
300! of induced supernatant, precipitated with ID@A, were analysed in Western blotting. In
the table at right the ratio between the amount 4PE40-opti and IL4PE40 are reported.

As shown in the table at right of figure 3.21, taéo between the amount
of IL4APE40-opti and IL4APE40 produced Py pastorisis always greater than 1,
indicating that the IL4PE40-opti amount producedeath time point is higher

than IL4PE40.
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3.4.4.2 ILAPEA4O production optimization inP. pastoris

To increase the yield of protein producedPinpastoris several steps of
induction condition optimization were needed. Thandition changes aim at
decreasing the proteolysis of recombinant protémidentify the best condition
for each variable tested, 500 pl of culture medimene precipitated with 10% of
TCA, and analysed by Western blotting.

1) Time of induction.During the induction of a recombinant proteirPinpastoris

the methanol was added at the culture every 24t leash time point (24h, 48h
and 72h) a sample of supernatant was collectedhdw/n in figure 3.22 the best
condition is the 24h time point, because the Imnboxias are expressed with

lower degradation.

72 kDa
55 kDa

36 kDa Fig. 3.22: Western blotting of different time
points of IL4PE40-opti production. For each
sample 300ul of supernatant, precipitated with 10%

TCA, were analysed.

24h  48h 72h
ILAPE40-opti

2) Temperature of induction.To minimize the proteolysis of recombinant

proteins secreted in the culture medium the amolimhmunotoxin was analysed
at three temperature: 20°C, 25°C and 30°C [LieZal.,2001; Curvers Segt al.,
2001]. As shown in figure 3.23 at 20 and 25°C th@munotoxin was not

produced, whereas at 30°C the Immunotixin is exqa®s

Fig. 3.23: Western blotting of

"F | IL4APE40-opti production at

EEEB: ] ﬂ different temperatures. For
* each  sample  300pl  of
36 kDA ! supernatant, precipitated with
] -y , 10% TCA, were analysed.
Abbreviation:aA: GS115 strain

transformed with pPICZA

24h 48h 72h 24h 48h 72h 24h 48h 72h vector (empty VeCtor).
20C 25C 30C
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3) Effect of cell density at the induction starfhe production of recombinant

proteins is often proportional to the density o tiost cells [Cregg J.Met al.,
2000; Brierley R.A. et al., 1990; Cregg J.Met al., 1995]. However, high cell
density preparations are costly to prepare, ineredse concentration of
extracellular proteases, and may have detrimefftatte on cell physiology in
turn limiting the amount of desired product. As whoin figure 3.24, the best
condition is the 1 ORycell density where the Immunotoxin amount is higied

the proteolysis is lower.

40 72 kDA e}

<«—| Startto 10 OD 4, 55 kba — "
g » ___§ «—|Startto 10D ¢, 36 KkDa |
o
10 /
20, %o

0 24 48 72 <6>‘ OO
% %,

induction time

Fig. 3.24: A) Curve of growth culture starting at 10Dggo0r 10 ODgoo. B) Western blotting of
ILAPE40-opti production at different initial cell d ensity. For each sample 300ul of supernatant
after 48h of induction, precipitated with 10% TC#gere analysed. Abbreviation: OD: optic
density.

4) Presence of glycerol during the inductio®. pastorisis a methilotrophic

yeast, able to grow with the methanol as uniquéaarsource. Literature data
[Zhang W, et al., 2003] show that the presence of glycerol during itiduction

support the growth of the culture, with a highdi aecumulation. But sometimes,
as described before for the optimization of stgrtocell density, the culture
concentration can be proportional to the degradd&gel of recombinant protein.
Indeed figure 3.25 shows that the whole Immunotasiproduced only when the

glycerol was not added.
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35
204 <+——| With 1% glycerol
254 72 kDa —1] - PR
2 55 kDa =
& s 36 kDa
9 <«——| Without 1% glycerol —
=
5]
7 NI Ind Ind
+glyc

time of induction
Fig. 3.25: A) Curve of growth culture of IL4PE40 irduced with or without 1% glycerol. B)
Western blotting of ILAPE40-opti production with or without 1% glycerol. For each sample
300ul of supernatant after 48h of induction, pritatpd with 10% TCA, were analysed.
Abbreviation: OD: optical density.

5) Methanol concentration. P. pastorisexpression system uses the methanol

both for the induction of the proteins and as th@&nmcarbon source for cell
growth following induction [Cai Het al., 2009]. Generally a lower methanol
concentration limits cell growth due to carbon tiaions, and a higher methanol
concentration is toxic because of accumulationt®fmetabolic products [J.M.
Cregget al., 1993]. Then the methanol concentration resultimghe highest

amount of expressed Immuntoxin was investigated.

The figure 3.26A shows that, after 48h of inductia methanol feed of
0,25% (v/v) led to the highest amount of Immunotoxand a methanol feed of
1% (v/v) led to the lowest yield of Immunotoxin. &lcorresponding cell growth
curves (Fig. 3.26B) during the induction phase subwhat growth culture was
not affected by the different inductor concentnagio This means that in the
concentration range tested the influence of metheegards only the induction
pathway. In fact increasing the amount of methaf@b and 5%) both the
expression and the cell growth were inhibited (atashown).

A B
12
10
72kpa | .
55 kDA e - - — < )
= == : )
36 kDa ==
0.25% 0.5% 1% ’
MetOH MetOH MetOH .

time of induction

Fig. 3.26: A) Western blotting of IL4APE40-opti with different methanol concentration. For
each sample 300ul of supernatant after 48h of imhuc precipitated with 10% TCA, were
analysed.B) Cell growth curves of IL4PE40 induced with three different methanol
concentration. Abbreviation: MetOH: methanol.
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6) Medium pH. Under constant pH conditions, cells can grow mdfeiently
[Chiruvolu V., et al., 1998]. The effect of pH on cell growth and Immumon
expression was examined in BMMY induction mediuniféned with 100 mM
potassium phosphate at different pH values (5@, &0), so as to limit protease
activity (Fig. 3.27)

A B
20 1 —8— pH5
—O— pH6
72 kDa qid RO Al W e < —v— pH?
15 1
55 kD@ e ? .
- a0 — - 8 )
: 6
o - u.
36 kDa == - 54
T — > & o

0 24 48 72

time of induction

Fig. 3.27: A) Western blotting of IL4APE40-opti expesses in BMMY buffered at pH 5, 6 and
7. For each sample 300ul of supernatant after 48hchfdation, precipitated with 10% TCA, were
analysedB) Cell growth curves of ILePE40-opti expresses iBMMY buffered at pH 5, 6 and

7.

The Immunotoxin production does not increase foy pH value, but at
pH 7 the degradation level increases (Fig 3.27Adrédver the culture growth
was not affected by the pH values tested (Fig. B)2The induction medium at
pH 6 was therefore considered as the best condition

7) Presence of 5 mM _EDTARecombinant proteins expressedHn pastoris

systems have also been found to be degraded rapidhey contain PEST
sequences. These sequences include the motifs XFXRQRXFX, which are
known to be degraded in the lysosome [Sreekrishnatkal., 1989]. Additives
such as 5 mM EDTA can also assist in stabilizing tecombinant expressed
protein [Sreekrishna Ket al., 1997] and often increase the yield of the expiksse
protein. In the ILAPE40 protein sequence a PESTuesetg is present (Fig.
3.28A). But the Immunotoxin was not expressed g EDTA in the induction
medium (Fig. 3.28B), likely because the chelatimgiom of EDTA does not

support the synthesis pathway.
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1 GDTTEEETFC RAATVLEQFY SHHEKDTRCL GATAQOFHRH KQLIRFLERL

51  DENLWGLAGL N3SCFVEEANQ STLENFLERL ETIMREEYSE C33GGNGGHE 72 kDa S |

101  CDITLQEIIE TLNSLTEQET LCTELTVTDI FAASKA3GGP EGGSLAALLTL - G
151 HQACHLPLET FTRHRQPRGW EQLEQCGYPY QRLVALYLALA RLEWNQVDOW 55 kDa —

201 IEMALASPGS GGDLGEAIRE QPEQARLALT LAAAESENRESSGTGNDELG I-

251  LANGPADSGD ALLERNTPTG AEFLGDGGDV SFSTRGTONW TVERLLOQLHR
301 QLEERGYVFV GYHGTFLEALL QSIVFGGVREAL RSQDLDAIWR GFYIAGDPAL
351 AYGYAQDQEP DARGRIRNGL LLRVYVPRSS LPGFYRTSLT LAAPELAGEV
401 ERLIGEPLPL RLDAITGPEE EGGRLETILG WPLAERTWVI PSAIPTDERN
451 VGGDLDPSSI PDKEQATISAL PDYASQPGEP PREDLKEYLEQ KLISEEDLNS —

501  AVDEHHHHH w/o  with

5mM EDTA

36 kDa ==y =

Vector NTI sequence analysis

Fig.3.28: Vecton NTI software ILAPE40 sequence angdis, to identify the presence of PEST
sequences (highlighted in blue) Western blotting of ILAPE40-opti expresses withor
without 5 mM of EDTA. For each sample 300ul of supernatant after 48hndtidtion,
precipitated with 10% TCA, were analysed. Abrewatiw/o: without.

8) Culture conditions before inductionTo produce the ILAPE40 the protocol

suggested by Invitrogen catalogue was used: thel&$ioculum containing
ILAPE40 gene was grown in BMGY until the logaritlenfiog) phase was reached
(between 2 and 6 Qf), then the culture was centrifuged and resuspemied
BMMY medium at the desired cell density. To prodwse Immunotoxin inP.
pastoris Woo et al., used an alternative protocol: a gingllony was grown in
YPD until a saturation phase was reached (afteays)l then the centrifuged
culture was resuspended in two-thirds colture ve@uoh BMMY medium and
induced for 2 days, adding methanol every 24h. fldnere 3.29 shows that the
induction during the saturation phase produces rimoneunotoxin than in the log
phase, but with a highest degradation level. Farrdason the best condition was

considered the induction during the log phase oivijn.

72kDa __| i
kD2 ] . . .
sokoe - e Fig 3.29: Western blotting of IL4PE40-opti
expresses after inoculum during the log phase or
36 kDa —— - during the saturation phase.For each sample 300ul
of supernatant after 48h of induction, precipitatéth
- 10% TCA, were analysed. Abreviation: log:
logarithmic.
G %
‘Q,o/)@ Q”@,;
\S‘@ O/)

9) Yeast strainStrains deficient in vacuolar proteases are sonastieffective at
reducing protein degradation of recombinant pratdiBrierley, R. A., 1998;
White, C. E., et al., 1995]. The protease-deficisinhins SMD1163hjs4 pep4
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prbl), SMD1165 fis4 prb), and SMD1168His4 pepd are particularly useful
for expression of heterologous proteins in fermentdtures because with other
strains the combination of high-cell density andidyof a small percentage of
cells results in a relatively high concentration wa@fcuolar proteases such as
proteinase Afepd and proteinase B(bl).

The ILAPE40 gene was inserted in the SMD1168 gen®@NA and 14

zeocin resistant clones were screened (Fig.3.30).

72 kDa 1
55 kD8 ]

36 kDa = |

n°clones 1 2 3 4 5 6 7 8 9 10 1112 13 14
Fig. 3.30: Screening of 14 clones derived from ekeoporation of SMD1168 strain with

pPICZalphalL4PE40opti construct. For each sample 300ul of supernatant after 48h of
induction, precipitated with 10% TCA, were analys€be best clone is indicated with the white

arrow.

The best clone was the number 12. The Immunotoxedium-scale
production was analysed using both the inductiamduhe log phase and during

the saturation phase (Fig.3.31).

72 kDa

55 kDa

36 kDa

24h 48h 72h 96h 120h 144h 24h 48h 72 h96h 120h 10ng 50ng
ILAPE40 in SMD1168 ILAPE40 in SMD1168 PEwt
“Log phase” induction “saturation phase”
induction

Fig. 3.31: Western blotting with SMD1168 transforme with IL4PE40-opti. Time courseof
ILAPE40-opti induced in “log phase” (white panefjdain “saturation phase” (yellow panel). As
control 10 ng and 50 ng of PEwt were loaded. Fehesample 300ul of supernatant after 48h of
induction, precipitated with 10% TCA, were analysed

As shown in figure 3.32 a higher amount of ILAPEv#s produced using
the “saturation phase” protocol, even if the degtah pattern is the same derived
with the GS115 strain. Comparing the intensity IsfRE40 bands with those of
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PEwt, it is possible to conclude that tliis pastoris protease-deficient strain is
not able to produce an undegraded Immunotoxin @@am 1 liter of culture) at
a yield higher than that obtained with the GS1aist(30 pg from 1 liter of

culture — data not shown).

10) Presence of an antifoam additiv®uring the Immunotoxin induction the

foam in the culture medium was always observed. possible that the interfacial
foam leads to degradation of the recombinant pro{@ieev-Ben-Mordehai Tet
al., 2009]. To improve the Immunotoxin stability anelg an antifoam agent was

added daily to the induced culture.

72 kDa ___|
55 kDAl ] -— —
Fig. 3.32: Western blotting with IL4APE40-opti
: - induced in BMMY medium containing an antifoam
36 kDa = agent. The sample derived by 660ul of supernatant,
_— .2:?523 after 48h of induction, precipitated with 10% TC¥*s
control 20 ng of PEwt were loaded. Abbreviation:
Ind Ind: Induction.

with
antifoam

From figure 3.32 it is possible to quantify thenhmnotoxin yield at 120
png from 1 liter of culture; comparing this yield ttvithe Immunotoxin amount
produced without the antifoam (30 pg from 1 litércalture) it is possible to
conclude that the antifoam increased the yieldeobmbinant protein, even if the

antifoam does not decrease the degradation level.

Table 3.2 shows the yield of IL4APE40 under optedior non optimized
conditions and the table 3.3 summarizes the bentittons tested for the

ILAPE40-opti expression.

Strains Non optimized sequence Optimized sequence
Non Optimized Non Optimized
optimized conditions optimized conditions
conditions conditions
GS115 20 ug n.d. 30 ug 120 ug
SMD1168 n.d. n.d. 10 pg n.d.

Table 3.2: IL4APE40 production under optimized or na optimized conditions. Abbreviation:
n.d., not determined.
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Best Best

condition condition
Time 24 h Medium pH pH 6
Temperature 30°C 5 mM EDTA no
Starting cell density 1 ODgsoc Culture condition log phase
1% Glycerol no Strain GS115
Methanol 0.25% Antifoam yes

Table 3.3: Best conditions to produce ILAPE40-opti.

3.4.5 Purification of ILAPE40-opti by affinity chromatography.

As shown before in figure 3.14A, the ILAPE40-ogéine was cloned in
frame with the Histag. After ammonium sulphate precipitation the tund
medium was incubated 1-2 hours with the Ni-Sepleresin. The mixture was
loaded to the column, the resin was washed withbthding buffer with 20 mM
imidzole and then the Immunotoxin was eluted wite same buffer containing
500 mM imidazole (Fig. 3.33) .

72 kDa |

G | L4-PE40 ~57 kDa
i | — e m— L
- EEZTR - T
36 kba == -— £ ~30 kDa

A B C 78 9101112131416182023
N°fractions (500ul each)

Fig.
3.33: Western blotting with the sample derived by the puification step. A: medium
concentrated before binding to the resin; B: fltwwetgh after binding; C: resin wash (20 mM
imidazole); in blue: eluted fractions (500 mM imaadde). At righ of the figure, diagram
representation of possible Immunotoxin fragments.

The amount of Immunotoxin produced By pastorisis low; in fact it is
not possible to detect the bands correspondingpgdrhmunotoxin in the SDS-
PAGE (Coomassie staining) (data not shown). Fronsté/a blotting analysis
(fig. 3.34) it is possible to observe that in th@nthrough the Immunotoxin is
insted present, this likely means that the bindshgot optimized; moreover the
eluted fractions show 3 degradation products, dicated at the right of figure
3.33.

As described before in the introduction (1.2.2.2t& native PE toxin
contains a furin cleavage site in the translocatimmain that releases a PE

fragment of 37 kDa.
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Furin-like enzymes recognize a RXXR polypeptidgussce and cleave
after the last R residue.

We have hypothesized that proteases cleavingettmmbinant molecules
cold be present in the yeast medium.

To evaluate this hypothesis, the presence of dikencleavage sites was

investigated by computer-based prediction (Fig.3.34

RQP|R RQP|R RFV|R
72 kba | 1 l l
55 kDa | - 57 kDa I I I
P T s
oo —mml  3740a I
s — g 040m [—
IL4 PE40

Fig. 3.34:In silico study of furin-like cleavage sites in the IL4PE4Gequence.

As shown in figure 3.35, the ILAPE40 protein hapWative furin-like
cleavage sites, and the molecular weight of rett&sgments corresponds to the
weight of degradation bands present in the Wedtletting pattern.

To verify this hypothesis a cleavage test of raf\E was performed (Fig.
3.35A). The native PE was incubated for 1h withPBS as a control, 2)
only BMMY induction medium that is not inoculatedtiv GS115, 3) BMMY
after 48h of induction of GS115 transformed witle #mpty vectoroA) and 4)
BMMY with 1 mM PMSF (proteases inhibitor) after A%f induction ofuA.

A B

RSS|R RQA|R REK|R RQP|R RFV|R In silico study

€= ~ 64 kDa
= N -
_

<— ~ 47D
@ 28 kDa

36 kDa
< ~ 36 kDa | ] 47kDa

| ] 57kpDa
| ] 64kDa

72 kDa
55 kDa

36 kDa

CTR aA aA BMMY
BMMY BMMY
PMSF

Fig. 3.35: A) Western blotting of native PE fragmets derived from PE cleavage under
different conditions. CTR: native PE incubated with PB&A BMMY : native PE incubated with
cell-free BMMY after 48h of induction of GS115 tsfarmed with the empty vector pPI@X
(aA); aA BMMY PMSF: native PE incubated with cell-free BMMY + 1 mM PHM&fter 48h of
induction of GS115 transformed with thé. BMMY: induction medium only withou®.pastoris.
B) In silico study of furin-like cleavage sites irthe native PE sequence.
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As shown in figure 3.35A the native PE incubatethwon inoculated
BMMY is comparable to the PE of the control landisTmeans that the agents
that cleave the recombinant protein, are not ptesethe medium of induction,
but are produced by the yeast culture. Indeed, roioge the lanes of samples
where the PE was incubated witA-BMMY or adA-BMMY+PMSF, 4 bands of
degradation are present. These bands are lessenterthe sample with PMSF.
This means that the. pastorisculture may secrete the proteases cleaving the
native PE; indeed if a protease inhibitor was adtieddegradation decreased. An
in silico study of the native PE sequence shows 5 putatesvage sites (Fig.
3.35B). The predicted C-terminal PE fragments hawe&cular weights similar to

those showed in the Western blotting pattern.

oA BMMY

72 kDa
55 kDa

Fig. 3.36: A) Western blotting with the
cleavage test of native PE.The native PE
was incubated with:oA BMMY with 1 mM
EDTA, cA BMMY with 5 mM EDTA, oA
BMMY with inhibitors mix Complete 1X

and onlyoaA BMMY.

36 kDa

28 kDa

ETa Eota T O
The cleavage test of native PE was carried ouhdybating the toxin with
the /A BMMY medium with 2 different concentrations of EB and with
Complete 1X, an alternative inhibitor proteases (Rig. 3.36). In figure 3.36 it is
possible to observe that the degradation pattematfe PE is the same in all
conditions, indicating that the cleaving agents rddmg the toxin are not
inhibited by EDTA or by Complete.

To analyse the presence and the nature of cleagegts 3 ILAPE40 site
specific mutageneses were planned: 3 arginines*tAryg'’® Arg*® were
mutated in 3 alanines using the Quik Change Mullé-Birected Mutagenesis Kit
(Stratagene).

Preliminary studies demonstrate that the mutatechunotoxins do not
show the degradation band at 37 kDa (data not shdwmther analysis will be
needed to verify if the Immunotoxin is expressethwit degradation products

and if its cytotoxic activity is maintained.
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4. DISCUSSION
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This work was done to set out the optimal conddidor the expression of
heterologous proteins in the methylotrofic yeasthja pastoris, in particular to
optimally express a cytotoxic macromolecular thetdag utilizable in the
management of pancreas tumors.

In this work, | subcloned the gene encoding thg38437)PE40 Immunotoxin
into the pPIC4- vector,and it was expressed . pastoris After preliminary
induction the Immunotoxin was successfully secretetb the supernatant.
However the amount of recombinant protein expressivery low (20 pg from
1 liter of culture). This result however was nomsigered sufficient for the
obtainment of Immunotoxin by thd>. pastoris system. Several steps of
optimization conditions were needed to increaseptioéein production (120 ug

from 1 liter of culture) in th®. pastorisexpression system.

4.1 Gene codons optimization

Many works show that the gene codon optimizatiameases the recombinant
protein expression iR. pastoris[Jung Hee Woo.et al., 2002; Da Teng,et al.,
2007; Huoging Huanggt al., 2008;Zhaorong Weigt al., 2008; Hui Wangaet
al., 2008]. The ILAPE40 gene was therefore optimizdte dptimization process
changed not only the rare codons for the yeastit lmcreased the mRNA half-
life with the reduction of percerntage of GC contdrom 67% to 41%) and cis-
acting elements. The sequence optimization inctkadee Immunotoxin

expression of about 1.8 fold compared with the optimized version.

4.2 Optimization of the induction conditions

Under the optimized conditions (induction time, 24 temperature of
induction, 30°C; initial inoculum, 1 Odgy pH 6.0; 0.25% methanol
concentration; induction in log phase; productiathviGS115 strain; presence of
an antifoam agent), approximately 120 ug of protegne recovered from 1 L of
the culture.

To increase the amount of recombinant proteins yed byP. pastoris it
was considered necessary also to decrease thelgsideof new proteins secreted

in the supernatant.
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- Medium pH

X. Shi et al. (2003) demonstrated that several protease famvilexe secreted
from P. pastorisand that they were activated at different pH veluie Shi's work
the media at pH 5, pH 6 and pH 8 show lower pragasctivity. Since some
proteins are specifically susceptible to proteassgeted in the medium &f.
pastoris | examined whether the pH of the culture mediulmuld affect the
ILAPE40 expression. IL4APE40 production was mostiefit at pH 5.0-6.0; at pH
7 the immunotoxin was produced but with a highgelef degradation. For this
reason | maintained the culture at pH 6.0, as adviyy theP. pastorisexpression
protocols provided with thB. pastorisstrains used.

- Effect of cell density at the induction start

Generally, very high cell densities are employegitoduce heterologous
proteins, since production is roughly proportiotalcell density [J.M. Cregg, J.,
et al., 2000; R.A. Brierleyet al., 1990; J.M. Cregg, and D.R. Higgins., 1995].
With ILAPE40 expression the high cell density og @ddition of glycerol as a
better carbon source than methanol increase thead&gpn level, probably
because a high amount of cells secretes more psoiecluding proteases.

- Presence of EDTA

Recombinant proteins expressed n pastoris could be degraded more
rapidly if they contain PEST sequences. These segseinclude the motifs
XFXRQ or QRXFX, which are known to be degraded he tlysosomes
[Sreekrishna K.get al., 1989]. The presence of 5 mM EDTA can also assist i
stabilizing the recombinant expressed protein [Sigena K.,et al., 1997] and
thus increase its expressed yield. ILAPE40 contaires PEST sequence, but the
EDTA addition inhibits protein production. The EDTalditive can indeed assist
the degradation under certain conditions but &l$® toxic to the cell culture. To
overcome this problem decreased concentrationsDdiAEcan be tested to find
the best amount that does not inhibit the protewmdpction and that reduces

Immunotoxin degradation.
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- Culture conditions before induction

The ILAPE40 expression was performed as describetie protocol forP.
pastoris handling. The yeast culture was grown in BMGY noedito reach the
logaritmic phase; the cells were then centrifuged aesuspended in BMMY
medium to induce the protein. Weo al. (2002) produced an Immunotoxin ih
pastoris using another protocol: the yeast culture wasvgrmm YPD medium for
two days to reach the saturation phase; to indoeelhmunotoxin the pelleted
culture was resuspended more concentrated in BMKain the higher cell

density leads to a higher degradation of proteins.

- Yeast strain

To decrease IL4APE40 degradation | used the SMDIk68&ase deficient
strain pep4). However, the use of SMD1168 did not solve thgrdéation
problem, likely because the proteinase A was netlired in the Immunotoxin
degradation. Moreover the yield of Immunotoxin iIMB31168 was lower than in
the GS115 strain, as described in other works stgpwi lower ability of the
proteases deficient strains to produce high amowohtsecombinant proteins
[Cereghino J.L and Cereghino G.F.Mgthods in Molecular Biologyol. 389:
Pichia Protocols Second Edition].

- Presence of an antifoam additive

The foam produced during the culture agitation eafold proteins found in
the medium. To decrease the loss of active Immumnotsecreted into the
induction medium an antifoam agent was added dailyeduce the air/liquid
interfacial foam area. This increased the amoungéxgressed Immunotoxin of
about 10-fold.

- Methanol concentration
In the case of thB. pastorisexpression system, methanol is used both for the
induction of the protein expression and as the roamon source for cell growth
following induction. Hence, an optimal concentratiaf methanol is an important
factor that affects the yield of the heterologoustgin produced by. pastoris

According to the manual of th®. pastoris expression system provided by
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Invitrogen, 0.5% of methanol is recommended to aadprotein expression. In
our experiment, | observed that ILAPE40 expressi@s induced by a daily
addition of methanol 0.25% to 1.0% final concetiira However, the maximal
accumulation of immunotoxin in the supernatant wasained at a methanol
concentration of 0.25%. The protein was not indugg.0% or 5.0% methanol
and the cell growth was halted by higher conceioinatof methanol. Then the

IL4APE40 production was induced by the lowest pesgg of methanol.

- Time and temperature of induction

The time and temperature of induction are otheiabées that may reduce
the proteolysis. In fact it is important to find aquilibrium between the highest
amount of produced protein and the lowest degraddével. To overcome this
problem it is possible to use the medium subsbituprocedure during the protein
induction (reiterative induction). In our case thest expression of ILAPE40
(highest amount, lowest degradation) was at 24imddction. Since no tested
condition prevents the proteolysis at 48h of induttthe reiterative induction of

the same cell preparation every 24h could partsdlye the degradation problem.

4.3 Toxicity of IL4PE40 in the host cells

Observing the results of the induction optimizatidhe best yields of
Immunotoxin were obtained under the conditions tslativ down the cellular
growth. In fact, the high cell concentration seetoslead to a decreased
Immunotoxin production. This feature disagrees whih results obtained from the
optimization of other non toxic proteins where thest yield was obtained in the
high density cultures. However the Immunotoxin ¢iedfter optimization is
against very low.

ILAPE40 is a molecule which is toxic also to thegtesystem, because the
catalytic domain of PE is able to ADP-ribosylate #F-2 of all eukaryotic cells.
It cannot be excluded that the Immunotoxins or titneén fragments reach the
yeast cytosol ribosomes. The Immunotoxins couldefioee translocate to the
cytosol from the endoplasmic reticulum or re-etiercells after secretion.

The C-terminal REDLK endoplasmic reticulum retentisequence of PE40

could retain the Immunotoxin in the vesicles pathwaecreasing the secreted
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protein and increasing the possibility of toxinngbocation to the cytosol. But the
C-terminal hig-tag of the recombinant Immunotoxin likely prevetite REDLK
recognition by the vesicle receptors.

The yeast expression system is a good host to peodloe mammalian
proteins because it lacks the mammalian receptans as IL4R. For this reason
the receptor-mediated endocytosis of the Immunataxiunlikely. However it is
possible that non specific pinocytosis events neag lto the internalization of the
Immunotoxins which would then reach the endoplasméticulum and
subsequently the cytosolic ribosomes.

To overcome this problem with a DT-based immunatoXYoo and co-
workers chose to express the catalytic A chainiphiberia toxin (DT) within the
cytosolic compartment d?. pastoris The colonies that grow after induction have
a DT resistant EF-2. To evaluate if the IL4APE4Cches the cytosol during the
induction, leading to inactivation of protein syasis with consequent low
production of secreted Immunotoxin, | analyseddtiferent yeast compartments
by Western blotting. The Immunotoxin was accumuatmostly in the
supernatant. Traces of Immunotoxins were pressntialthe insoluble fraction of
the cytosol (data not shown). The insoluble fracttmrresponds to the inactive
and unfolded inclusion bodies & coli. Since the PE is a powerful toxin, it is
possible that an amount undetectable by Westettingaeaches the cytosol and
inhibits the protein sinthesys. For this reasaroiild be interesting to analyze the

Immunotoxin expression in a PE resistant strain.

4..4 Other assay conditions
Other factors which | have not yet tested mightectffthe vyield of

heterologous proteins produceddnpastoris

- Medium composition

Several reports indicate that medium compositidluénces heterologous
protein expression in yeast by affecting cell gtownhd viability [Kang H.A. et
al., 2000; Shiba Y.et al., 1998; Chen D.C.et al., 2000] or the secretion of
extracellular proteases [Sreekrishnad€.al.,1997; Chung B.Het al.,1997]. Shi
X. and co-workers [Shi Xet al.,2003], demonstrated that the addition of 2% of
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casamino acids or of 0.4 M L-arginine in the BMMYedium increased the
protein accumulation. Particularly L-arginine adutit decreased cell growth, but
increased protein accumulation. The study of thisd@ion could be interesting in
our case, where the amount of ILAPE40 was highesnwthe cell growth was
lower.

Propagation ofE. coli under high osmotic pressures was reported to
increase production of soluble, heterologous enzyeeeral hundred fold
[Blackwell J.R., et al., 1991]. Culturing P. pastoris in hypertonic media
containing either 0.35 M potassium acetate or 0/8Sodium chloride prior to
induction increases protein production [Shi &t al.,2003]. During the induction
the hypertonicity of BMMY medium led to rapid cdilsis and little protein
production [Shi X..et al., 2003]. Moreover, sorbitol and alanine in the BMMY
medium were reported to be adequate carbon sousapporting cell growth
while not suppressing the AOX promoter [Sreekrisknaet al.,1997].

- Presence of the protease inhibitors during thedirction
The addition of PMSF (mix of protease inhibitoirsthe induction culture

medium could decrease the protein degradation thed increase its yield [Woo
JH, et al., 2004]. | added 1 mM PMSF during the immunotoxiduation but the
yield of protein dramatically decreased (< 5ug frantiter of culture) and the
degradation problem was not solved (data not shosd in this case it will be
necessary to test different PMFS concentratiornfntb the equilibrium between
the proteases inhibition and the toxicity of PM®Fthe cultures cells.
- Intracellular expression

The toxicity of ILAPE40 does not allow an efficientracellular expression.
For this reason | have chosen the pRIC&xpression vector driving the
recombinant proteins through the secretion pathtivagks to thei-mating factor
signal sequence. To direct the proteins into tloeetien pathway oP. pastoris

several signal sequences can be chosen.
- Signal sequences for the secretion pathway

ILAPE40 was expressed only with thenating factor signal sequence. It is

possible to test the secretion ability of othersyesagnal sequences, such as PHO
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(acid phosphatase signal sequence) or SUC2 (irpeesignal sequence). The 1L4
iImmunotoxin carrier portion is a secretory moleculeerefore it has a native
secretory sequence. The IL4 moiety could be cloimeftame with its native
signal sequence to test the yeast ability to difieeprotein through the secretory
pathway. Indeed some proteins were produced sualgssvith the native
secretory sequence [Barr, K.&t al.,1992; Ridder, Ret al.,1995].

- Promoters

ILAPE40 gene was cloned into the pPéC@glasmid containing the AOX1
promoter and terminator. Although the AOX1 promotes been successfully
used to express several foreign genes, to optitheémmunotoxin production it
is possible to test the protein expression usitegrative promoters, such as GAP,
FLD1, PEX8, and YPTL.

The GAP gene promoter provides strong constitugixperession on glucose.
The advantage of using the GAP promoter is thahamail is not required for
induction, nor is it necessary to shift culturesnfrone carbon source to another.
However, since this is constitutively expressedsinot a good choice for the
production of proteins that are potentially toxio the yeast such as an
Immunotoxin.

The FLD1 gene encodes a glutathione-dependent fdefmgde
dehydrogenase, a key enzyme required for the mietabof certain methylated
amines as nitrogen sources and methanol as a cadngoe [Shen Set al.,
1998]. The FLD1 promoter can be induced with eitinethanol as a sole carbon
source (and ammonium sulphate as a nitrogen soarcelethylamine as a sole
nitrogen source (and glucose as a carbon sourcedhan offers the flexibility to
induce high levels of expression using either mmhaor methylamine, an
inexpensive nontoxic nitrogen source.

For certain foreign genes, the high level of exgigs from AOX1 promoter
may overwhelm the post-translational machineryhef ¢ell, causing a significant
proportion of foreign protein to be misfolded, uogessed, or mislocalized [Thill
G.P., et al.,, 1990; Brierley R.A., 1998]. For some proteins suab on
Immunotoxin, moderately expressing promoters cob&l desirable. TheP.

pastoris PEX8 and YPT1 promoters may be used. The PEX8 gecedes a
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peroxisomal matrix protein that is essential foropesome biogenesis [Liu Het
al., 1995]. It is expressed at a low but significanteleon glucose and it is
induced modestly when the cells are shifted to ameth The YPT1 gene encodes
a GTPase involved in secretion, and its promotevides a low but constitutive
level of expression in media containing either ghes methanol, or mannitol as

carbon sources [Sears |.Bt,al.,1998].

- Yeast strains

The ILAPE40 construct was produced by two differeost strains: GS115
and SMD1168 (Mud). The Mut strains grow on methanol at the wild-type rate.
However, two other types of host strains are alglavhich vary with regard to
their ability to utilize methanol because of dalaes in one or both AOX genes.
Strains with AOX mutations are sometimes bettedpoers of foreign proteins
than wild-type strains [Tschopp J.Fet al., 1987; Cregg J.M.get al., 1987,
Chiruvolu V., et al., 1997]. Additionally, these strains do not requine large
amounts of methanol routinely used for Mstrains. KM71 is a strain where
AOX1 has been partially deleted and replaced withs. cerevisiadARG4 gene
[Cregg J.M. and Madden K.R., 1987]. Since the straust rely on the weaker
AOX2 for methanol metabolism, it grows slowly oristitarbon source (Mit
methanol utilization slow phenotype). Another straMC100-3, is deleted for
both AOX genes and is totally unable to grow on haebl (Mut, methanol
utilization minus phenotype) [Cregg J.Mt,al.,1998].

The SMD1168 strain used to produce ILAPE40 is daepse-deficient strain
that lacks of PEP4 vacuolar protease. As previodgsgcribed in theResults
chapter, Immunotoxin production with this pastorisstrain does not solve the
degradation problem; moreover the yield of protsoreases. In addition to lower
viability, it possesses a slower growth rate an inore difficult to transform.
SMD1163 strain is another protease-deficient stitaat lacks of PEP4 and PRB1
proteases. It is possible that this strain wouldrefgse the ILAPE40 degradation
level. Therefore, the use of protease-deficierdissr is only recommended in
situations where other measures to reduce proisglydd unsatisfactory results.

Another possibility to increased the IL4APE40 yieddthat to created PE

resistant mutant strains using the strategy of Yily. et al. (2003). The
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eukaryotic elongation factor-2 (EF-2) contains astgieanslationally modified
histidine residue, known as diphthamide, whichhis $pecific ADP-ribosylation
target of diphtheria toxin anBseudomonas aeruginosxotoxin A [Zhang Yet
al., 2008]. Introducing the specific mutations in th&-E and inserting by
homologous recombination the mutated gene into/éast genome, it is possible
to select PE resistant clones to produce higheruatsoof the PE-based

Immunotoxins.

4.5 The cleavage of IL4PE40 bf. pastoris

In 2005, Gurkan C. and Ellan D. summarized th&eght bacterial toxins, or
their portions, that were successfully expressPbypastoris They report the
ability of P. pastoristo produce the tetanus toxin fragment C (TeNT) tral
heavy fragment C of the botulinum neurotoxin (BoNT) both TeNT and the
BoNT variants, the carboxyl-terminal domain of theavy chain (HC) is non-
toxic and associated with binding to specific réoeppresent on the target nerve
cells, and since it is antigenic, it has been estekly used for the development of
vaccines [Smith LAgt al., 1998; Byrne MP and Smith LA., 200(@®. pastoris
also proved very useful in the development of vaesifor the heat-labile
enterotoxin (LT) ofE. coli and the cholera toxin (CT) o¥ibrio cholerae
[Harakuni T,et al.,2005; Fingerut Egt al.,2005]. As previously described in the
Introduction(Tablel.12),P. pastoris is able to produce the fusion proteins with
bacterial toxic protein such as DT and Cyt2A&Ziidotoxin from theBacillus
thuringiensi3, but PE-based fusion proteins producedPoypastoriswere not

described in the literature.

4.5.1 Degradation

After ILAPE40 affinity chromatography purificatiofrom P. pastoris
supernatant, the eluted fractions show severaladegjon products bearing the
hiss-tag (Fig. 3.33 ofResulty. Therefore, | hypothesized the presence of agents
cleaving the proteins secreted by yeast.

The native PE has a furin-cleavage site that reteas C-terminal 37 kDa
fragment (Il and Il domains). This cleavage isesdil for the toxin enzymatic

activity. The ILAPE40 degradation pattern shows7akBa band. Therefore |
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searched the furin-cleavage sites in the ILAPE4@epr sequence. The minimal
cleavage-site recognized from furin-like enzyme®&¥XR. In the immunotoxin
sequence three furin-like cleavage sites are pteséoreover the released C-
terminal fragments have a molecular weight compgartbthat of the degradated
bands (Fig. 3.34). To confirm this hypothesis Irieal out the samm silico study
of furin-like cleavage sites in the native PE (Rd5B). Also the native toxin has
the cut sites for the furin-like enzymes releading C-terminal fragments with
the molecular weights comparable to that of degetihands pointed out in the
Western blotting of figure 3.35. The cleavage tepbrted in figure 3.35, shows
that the PMSF inhibitor decreases the degradageel.| Moreover, the second
cleavage test (Fig. 3.36) shows that 5 mM EDTA doet inhibit the protein
cleavage. The PMSF inhibits the serin proteasesnaiuthe furin-like proteases,
whereas the EDTA inhibits the furin-like proteases not the serine proteases
[Chiron M.F.et al.,1994].

The serine proteases are enzymes cutting peptidésbio which one of the
amino acids at the active site is serine. Seringepses are grouped into families
that share structural homology such as the chymsinyike. Interestingly
chymotrypsin-like enzyme is the trypsin that isp@ssible for cleaving peptide
bonds following a positively-charged amino acididass (arginines and lysines)
[Jesper V.,et al., 2004]. As previously describe, the furin-like clage site
contains two arginines; it is possible that thessidues are recognized by the
serine proteases such as tryp&inpastoriss pro-proteins, activated by the cut of
trypsin-like cleavage sequence, were describecweral works and confirm the
existence of trypsin-like enzymes in the yeast [Mbaya R., et al.,, 2010;
Reverter D.,et al., 1998; Ohi H. et al., 1996]. peviously described in the
optimization of Immunotoxin production, L-arginireddition in the induction
medium is able to increase the protein accumulatiofact it is able to inhibit the
extracellular trypsin-like proteases [Chung B.ét.al.,1997].

Shi X. and colleagues (2003) described the proteasitvity in theP. pastoris
supernatants (Fig. 4.1). The induction medium waféebed with the potassium
phosphate at different pH values.
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Fig. 4.1: Protease activities fromP. pastorisculture supernatants. The graphic shows
g(r)(z)tg]ase activity toward azoalbumin relative to ph¢ of medium. [Modified by Shi X., et al.,

The figure 4.1 shows three proteases typologidgseaat different pH values
of culture supernatant. The ILAPE40 optimal promuctwas at pH 6. When
ILAPE40 was induced in the BMMY medium at pH 7 preteolysis increased
(Fig. 3.27). We supposed that the cleavage of sgniateases (active between pH
7 and pH 10) is supported by the cysteine proteastpgty (active between pH 5
and pH 7). But if the ILAPE40 protein sequence waserted in the
“PeptideCutter” tool [ittp://www.expasy.ch/tools/peptidecutderthe cysteine

protease cleavage sites were not identified.

The recombinant proteins secreted Bwypastoriswere synthesized in frame
with the a-mating factor signal sequenaeMF). Thanks taMF, the new protein
was driven through the secretory pathway and theleased in the culture
medium. Kex2 is a trans-Golgi membrane serine ps#ge specific for the
cleavage of basic amino acids. ThdF cleavage allows the release of
recombinant protein in the extracellular environmérhe figure 4.2 shows the
Kex2 cleavage site contained in the IL4APE40 prosgguence (KR*) that
released a 50 kDa fragment

Kex2 cut

....FLK“"R™®LDRN....

Fig. 4.2: Kex2 cleavage sequence inside of IL4PEA40.
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Some time, after 24h of induction it is possible dbserve a 50 kDa
degradation product in Western blotting (Fig. 3.2.tan be supposed that Kex2
can contribute to the proteolysis of IL4PE40 befilwe protein reaches the culture
medium [Werten M.W.T. and de Wolf F.A., 2005].

To characterized better the nature of proteaset dhta ILAPE40, several

cleavage tests with single and specific proteasibitors will be need.

4.5.2 Preventing the ILAPE40 degradation

After the native PE cleavage tests and ihesilico studies of toxin and
immunotoxin, | devised three mutageneses to chtémge IL4APE40 Arg residues
(Arg?, Arg'™® Arg®*® to alanine. However these mutageneses couldivaset
the Immunotoxin; particularly the At that is responsible for the release of the
translocation domain is essential for the cytotiyiof the protein. Chiron M.t
al. (1994) reported that the arginine-to-glycine PEanti(Agf’® of PE furin-like
cleavage site) was not cleaved by furin-like preésaand it was approximatelly
500-fold less active than the native toxin. Howethex lack of cleavage of PE40
from the IL4 carrier may not inhibit the Immunotoxability to intoxicate the
treated cells. Indeed some SAP- and PAP-based hotoxins have not a
cleavage site that releases the toxic portion,eguially they are able to kill the
target cells [Lombardi Aet al., 2010; Flavell DJgt al., 2001; Schlick Jet al.,
2000].

The IL4APE40 mutagenesis Afgto-Ala is inside the catalytic domain of
PE40. The residues essential to the native PE tasiion are: Hi¥° Arg™®
GIn*® GIw*3 [Xiang Y., et al, 1995; Li M., et al., 1996]. The native PE Afgf
correspond to the AFY of Immunotoxin, therefore the IL4APE40 Afg

mutagenesis would not inhibit the toxin ADP-ribagion activity.

The characterization of tHe. pastorisproteases involved in the immunotoxin
cleavage could lead to active and proteases resRBE40 development.

If I will not succed in the generation of proteasesistant PE40, | will have in
any case demonstrated that it is possible to egpeedull-length PE based

immunotoxin in theP. pastorissupernatant, although so far only at a low yield.
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