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ABSTRACT

EFFECT OF SIGNAL SEQUENCES AND PROMOTERS IN
RECOMBINANT EXTRACELLULAR PROTEIN PRODUCTION BY
Pichia pastoris

Massahi, Aslan
PhD., Department of Biotechnology
Supervisor Prof. Dr.P & ntaarl € k
Co-SupervisorAssoc.Prof.Dr.¢ aj dak D. Son

February2017, 56 pages

The objective of the current research was to develop a recomlbticma
pastoris (r-P. pastori3 strain having higiperformance extracellular
recombinant protein production potential. In this context, human growth
hormone (rhGH) was considered as model protein, and in the first research
programme endogenous secretion signal pep(8B) for the secretion of
rhGH wereexamined; threafter, strains having promotersthwork under
oxygen limitationconditions were developedt first step, the base plasmid,

p GAP Z:RGA, was developed by twoanparent
p Pl CZhGBH, in which the rhGH gene was fused to a fusion partner
including 6Histag and factor Xa protease cleavage site dérisinus. In

base plasmid, thexpression of rhGH was driven by glyceraldehgede

phosphate dehydrogenase gene promotets(RNnd its subsequent secretion
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to the extracellular medium was achieved Saccharomyces cerevisiak
mating factor prepro | eader sequence (U

In the first research programme the endogenous SPs were selected in
order to r ep tVEdnebase¢ glasmido Foi this porpolse,firsk
step, insilico analyses wereconducted by recruitment of softwares
including: SignalP, Phobius, WolfPsort, and ProP by gisan secretome
dataset oP. pastorisas inputs of the analyses in order to predict potential
efficient SPs. The SPs with higherdore, the score quantifying the signal
peptideness of a given sequence, which is the output of the SignalP were
selected incomparison with widehu s e éMF. Based on the obtained
results the selected endogenous SPs were SP23 (MKILSALLLLFTLAFA),
SP24 MKVSTTKFLAVFLLVRLVCA ), SP26
(MWSLFISGLLIFYPLVLG), and SP34 (MRPVLSLLLLLASSVLA); in
addition, SP13NMILSTILNIFILLLFIQASLQ ) was induded in the candidates
in order to compare the secretion results with previous studies.

In the second research programme, the potensdfigient oxygen
limitation-induced  promoters were selected by analysing a
proteome/transcriptome dataset obtainaddifferent oxygenation levels;
subsequent comparison of the fold of increase in protein level in oxygen
limitation condition with GAP enzyme lead the selection of the three
promoters including: pyruvate kinase gene promotesgl? pyruvate
decarboxyhse gene promoter gft), and pyrimidine precursor biosynthesis
enzyme thi3 gene promoter 1{f3). These promoters were intended to
replace the original&pin base plasmid.

Il n the subsequent svi- eviph fivie esgdektedc e me n t of
endogenous SPand replacement of thegR with selected three oxygen
limitation-induced promoters was conducted. The prepared eight new
plasmids along with base plasmid were clonedEn coli and were,
subsequently, used for transfection & pastoris The confirmed

transfectants were passed through copy number determination experiments

Vi



and singlecopy rP. pastoris strains were selected using réiate
guantitative polymerase chain reaction (QPCR).

Shakebioreactor experiments were performed using fiv@®.r
pastors strains of SPs along withR. pastorisstrain of base plasmid to
assess the efficiency of SPMF.Tha secr et
results revealed that the highest secretion efficiendhe@é&ndogenous SPs
belonged to SP23 @®core=0.883) whicwas compa+M&lfD-e t o
score=0.885). For further confirmation, laboratspale bioreactor

Ce

experiments were conduct edVF.Whetcall t wo st
concentration reached to the maxi mum a
MF and SP23 strainsespectively, at t=15 h. In addition, the secreted rhGH
reached to maxi mum concentr aMFiamdn of 70
SP23 strains, respectively, at t=12 h. Intracellular rhGH concentration also
approved the better secretion of rhGH under leadepsh -MF. Owérall, the
efficiency of SP23 was obtained to be aboui870 % o -MFt Altloughl
t he pr i vWFlcaulg be ascibed(partially to major physicochemical
properties like isoelectric point (pl), hydrophobicity, and aliphatic index, no
clear relationship between the efficiency of the endogenous SPs and their
corresponding physicochemical properties was found.
Secondgroup shakeioreactor experiments conducted with three r
P. pastorisstrains of selected promoters along witR.rpastorisstrain of
base plasmid revealed inability of theyR in expression of rhGH; thus, it
was discarded. Then, laboratesgale bioreactor experiments were
conducted with the remaining thredPr pastorisstrains to investigat¢éhe
efficiency of selected oxyn limitatiorinduced promoters in expression of
rhGH compared to &&r. The maximum cell concentration was obtained at
t=15 h as 80 g/L, 82 g/L, and 90 g/L for recombinant strains relategh k@ P
Peoc, and Rap, respectively. In addition, the maximum ssted rhGH was
obtained as 101 mg/L, 122 mg/L, and 58 mg/L ferdR Peoc, and Rap,
respectively. Metabolic flux analysis performed by using a rbatmnce

based stoichiometric model with 102 metabolites and 146 reactions. Using

Vil



the elaborate fermentatiodata the intracellulaP. pastorisfluxes were
calculated which disclosed the relationship between the oxygen limitation
and the fluxes through the branched pathways from pyruvate node, the
energy content of the cell in the form of ATP, together withceesynthesis

flux. The excreted ethanol during oxygen limitation and the excreted organic
acids like pyruvic acid, acetic acid, and lactic acid, all confirmed the fluxes
through the branched pathways and revealed the shift towards the
fermentative metaolism under oxygen limitation. Moreover, the mRNA
level of the rhGH transcribed under three different promoters was in
agreement with the extracellular rhGH level until t=9 h. Overall, based on
the conducted experiments and measured final rhGH tiggg, WPas selected

as the most efficient oxygen limitationduced promoter regarding the
adopted strategy and conditions.

Keywords: Pichia pastoris endogenous signal peptide; secretion; GAP
promoter; pyruvate kinase promoter ; pyruvate decarboxylaseqter;

recombinat human growth hormone; oxygémitation.
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SKYAL DK ZKNEPRK®TRLARIN Pichia pastori L E
HUCREDI kI REKOMBKNANT PROTEKN ! RETKMK N

Massahi, Aslan
Doktora,Biyoteknoloji Bolumu
Tez Yoneticisi Prd. Dr. P &€ ntaarl € k
Ortak Tez YoneticisiDog.Dr.¢ aj dak D. Son

kK u b2817, ¥6 sayfa

Bu doktora tediéxién rarkaamd,i nlpgiansiyglir ot ei n
yuksek rekombinanPichia pastoris(r-P. pastori3 suku gel i kKt ir me
kapsamda, rekombinant insan biyime hormonu (rhGH) model protein

ol arak se-ilmiktir. Birinci arackt ér ma

(SP) kull anar ake kréem@HAarkitrarheager é ncel e nmi

progr aménldas étklsamelné kokull arda aktif
geliktirilmiktir. Bu vee p P & C 2htid °nce,
kul | arbazl garndidp GAPZRGM gel i kKt iri |l miktir. r
termin a | ucuna 6 histidine ve fakt®©or X a
e di | mP. kpastonis.le gliseraldehit3-fosfat dehidrojenaz promotoru

(Psap) alt éndrah GHrobutredl éekné n a  $a&chasomyEes €
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cerevisiae U- i f t | e k me faktor ¢ns & +ME|jpUileo °ncyg s ek
ger-eklexxtirilmiktir.

KI k arackt eér ma programénda, endojen sin
plazmi dMrekikodlonl ar é yerine kl onl anméext ér .
SPOI er i n be P.ipastoeseekret@an verileri ve risilico analiz

SignalP, Robi us, Wol fPsort , ve ProP programlar
sonu-1| ar & -MFedndeelni nyegek s ®ék n D, sekansén sinyal
ol abil me ©°zellijini g°steren puana sahip S
sonu-I|lara g°re se-ilen endojen SPO6I er:

SP23 (MKILSALLLLFTLAFA), SP24 (MKVSTTKFLAVFLLVRLVCA ),
SP26 MWSLFISGLLIFYPLVLG), ve SP34 (MRPVLSLLLLLASSVLA);

ek olarak SP13 MLSTILNIFILLLFIQASLQ) de, sonu-larée | iterat
-al ékmal arla kéyaslamak i-in arakteér el mext €
Kkinci araktérm&kspiegr aknémadam kakkil € ao ér

edilen proteom/transkriptom verileri incelenerek oksked s ét | amal é
kokunbbhariend¢g kl enen promotorlar ise-il miktir.
pirivat kinaz geni promotoru kg, i) pirivat dekarboksilaz geni
promotoru (Boc), ve iii) primidin 6ncusi biyosentez enzim thi3 geni
promotoru (Ruiz), rhGH Uretimi icin baz plazmidde bulunagd®® i n yer i ne
kl onl anoksijenE e vyet | amal € kokul da caphGH ¢r et i md
alténda ¢retil enplrahndHa ninhéek tkééry.as | anmas é
UMF6¢n yerine, bul unadgsd byerike daedet endoj er
secilen U¢ adet oksijghés et | amal € kokul da-aymd¢ ¢kl enen p
kl onl anméxkt ér . Hazéerl anapGABRERE yeni pl az mi
ile birlikte E. colié y e kl onl anma®. paswristsosiektea s € n d
edi | mi kkopya gen Kerdar-P. pastorissuk | ar & amanlt ek
kantitatif polimeraz zincir reaksiyonu (qgqPC
bi yoreakt©or deneyl er-P. pastbries ubkelka rféa rvkd éb aSzP i -
plazmdi icerenr-P. pastoriss uku il e rhGH ¢retim deneyl er
SPO Il etrkinhilcred @kpér ort ein ¢retimindvE yaygén kul
D-puanée=0.885) ile -peganstran®m@B8) venSpPaBse¢b d



sahip ol duj u-Olgeklibyot aabt at udamn-by Il er i SF

suklare ile ger-eklexktiril mik-@tMFr . Ma k s
ve SP23 suklaré i-1in, séraseyl a, 82 g/
en yiksek hicr ek @€ r hGHMBE eve k MR 3 UsukT0ar eyl a,
mg/ L ve 56 mg/L ol arak t = 12 stodta wu
de-MBEoncisekansé ile rhGHOnin daha iyi s
Sonu-t a, SP2306¢MFOat hi8rOW7ip i kiardarU ol dt
bulunmuktur. -MFOmMi malkga&ar dUurumu i zoel ¢

(pl), hidrofobiklik ve alifatik indeks gibi temel fizikokimyasal 6zelliklere

késmen bajlé olsa da, endojen SPO6l erin
arasénda net bir i11ikki bul unamaméxkt éer .

Uc promotor geni icerenf. pastoriss uk | ar @ il e birlikte
iceren ¢P. pastoriss uku i | e ger - e k-biyereaktdriretime n - al k

deneylerindefRiz6 ¢ n r hGH ekspresyonunu ger-ekle
S uK el enmi Kk t-élgekli biyoreaktor r dereylevi,aqi oksijen

kéesétlamal e kokull arda ind¢gklenen prom
ekspresyon seviyeleridRei | e kéyasl anmakt éer . En y¢ks
15 stot a 80 g/ L, 82 gbvik Pceve® g/ L ol
i -eren ealukd aediillmi Kkt ir . BundaekganboGHa,
der i Ki mi 101 mg!/ L, 122 mg b Pvceve 58 mg/ L
Peapi l e el de edil mi ktir. Met abol i k akeée

tepki meden ol u Kk a n-koranum kemeilo n e gastorisk k¢t e

mat emat i k model i il e yapél mexkt-er . He s
késéetlamalé kokulda ¢retilen etanol V¢
organik asitlerin yolizi alked atr leamr@aa | deo

fermentatif metabol z ma y a kaydej éne gestermi ktir
MRNA d¢zeyleri, t-d&EK® shGHa¢r ktaidmir ihlg e
ver mi ktir. Sonu- ol ar ak, deney sonu-1| a
uygul anan str at e pptoksieek skéa kl laloikalréhalr déan d a

etkilii nd¢ kl enen promotor olarak se-il mikt

Xi



Anahtar kelimeler: Pichia pastoris endojen sinyal peptidi; sekresyon; GAP
promotoru; piriivat kinaz promotoru; pirtivat dekarboksilaz promotoru;

rekombinahinsan biyime hormonu; oksi)limitasyonu
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CHAPTER 1

INTRODUCTION

Biotechnology as an assembly of engineering fields like reaction engineering
and separation technology, microbiology, and enzy®ehnology, has
harnessed the capabilities of living cells in order to improve and accomplish
manufacturing novel products spanning from animal feedstock to
pharmaceuticals (Nielsen et al., 2002). By introduction of modern
biotechnology after emergencé new molecular biology techniques, like
recombinant DNA technology (rDNA), biotechnology field was
revolutionized by feasibility of direct manipulation of the genome of the
cells. In consequence, along with increasing the knowledge about the
fermentatont echni ques and Amicrobi al met at
modification and alteration of the available cells recruited in industrial
processes was changed to a common method in order to conduct processes in
an economicalkefficient and environmentalgustaimble way (Nielsen et
al., 2003;Erickson et al., 2012

After novelties came into existence in medical and agricultural sector,
industrial bi otechnol ogy, known as dAwhi't
the new biotechnology era (Erickson et al., 20b3% introduced itself as a
reliable alternative in implementation of chemical processes, especially by
confronting the declining reservoirs of fossil fuels, global warming, and price of
feedstocks. Industrial biotechnology is the recruitment of livindgs aal their
corresponding enzymes in order to sustainable production dfdsied products
from renewable sources (such as agricultural crops) by means of modern

biotechnology (Tang and Zhao, 2009). As biotechnology is based on the living



systems, their ality in efficiently managing of their chemistry in order to
produce the waste in mostly biodegradable and recyclable form can be exploited

i n enhancing energy efficiency and Afenviro
reactions (Erickson et al., 2012). Therefor@ustrial biotechnology mainly
accompanies decreased amount of generated waste, evolved greenhouse gas,
and utilized energy. In addition, the lower operating and capital cost of these
processes make their difference from chemical counterparts veryiaomsg

(Tang and Zhao, 2009). Furthermore, higher reaction rate and increased
efficiency are among the major performance benefits of industrial
biotechnologybased reactions (Soetaert and Vandamme, 2004). It had been
predicted that the share of industriabtechnology in chemical industry will
become 10% in 2010 (Tang and Zhao, 2009).

Development of the technologies and processes related with
microorganisms, enzymes, and their genetic engineering for commercialization
has occupied the spotlight (Ericksat al., 2012). Protein engineering,
metabolic engineering, synthetic biology, systems biology, and downstream
processing are among the Abi ol ogi cal tool se
profound effect on industrial biotechnology; protein engineering haesdptne
way for obtaining tailored enzymes, metabolic engineering by interfering in
cellular functions has provided us with methods for-tungéing (desired) gene
expression, synthetic biology has developed synthetic gene expression circuits
which can be aprelude for de novo genome synthesis in synthetic
microorganisms for intended industrial purposes, systems biology has led to
consider the cellular network as a whole in order to optimize or improve any
industrial strain, and finally, recent advancesurification and separation of
biological products has conduced to decrease in the downstream processing cost
and more favorable industrial processes (Tang and Zhao, 2009). The outcome of
the utilization of such lifescience techniques will be finding ndwenzymes or
improving the state of the present industrial strains (Erickson et al., 2012).

In the realm of pharmacologypharmaceutical drug“also called a
medication or medicine, is any (chemical) substance intended for use in

prevention, diagnosiscure, treatment or mitigation of a disease or to



enhance welleing by causing a physiological change in bouyelb 1).
Pharmaceutical products can be either produced in biological systems or
synthesized chemicallylraditional vaccines and proteins likdbod factors

and immunoglobulins are the examples of the medical products obtained
from biological sourcebefore renaissance in methods of molecular bialogy
By emergence ofthe novel molecular biology techniques, the term
biopharmaceuticalwas attributd to the biological medical products
generated or producefh recruiting modermolecular biologytechniquesn

order to distinguish them from traditional biological products. However,
generally, biosynthesized products including traditional and molecular
biology-derived ent i t i es, all ar e referred
biopharmacaeticals (Walsh, 2014) Biopharmaceuticals are inalienable part

of the modernmedicine (Vogl et al., 2013) especially by considering the
25% share of this category in commerg@abkrmaceuticals (Martinez et al.,
2012).The total number of biopharmaceuticals which have been licensed in
United States and Europedmion have been brought to 24Bowever,
withdrawal of 34 products from the market (after approkafdecreased the
number ofthe approved and marketed products to 212 (Walsh, 2008.
amount of manufactured biopharmaceuticals has been reported to be around
26400 kg (of pure protein) in 2010 (Walsh, 2014). Additionalhg global
biologics market totaled $200.6 billioin 2013 and reache nearly $234
billion in 2014. The total market is expected to grow to $386.7 billions by
the end of 2019Web?2).

In a narrow sense recombinant therapeutic proteins and nucleic acid
based products fall undéne category of biopharaceuticals which can be
extended to all engineered cells and tissased products (Vogl et al., 2013).
Proteinrbased therapeutics are considered as the largest class of new
chemical entities (Nel et al., 2009) and the major intend in biotechnology
industly has been therapeutic proteins especially those engaged with human
health (AscacieMartinez et all., 2004)Proteins in either form of native or

recombinant can benefit different sectors including pharmaceutical, enzyme,

a S



or agricultural industrylemain ad Vaishnay2009).As the basic elements

of the life and having the most diverse and dynamic role in the Jbody
proteinscan play role as enzymes (biocatalysts), hormones,siggialing
elements,channels in cell membranegll cycle directors, cell adhes
mediators, or structural componentstio¢ living assembliegLeader et al.,
2008) Increasing demand for therapeutic and industrial pro{@nsymes)

as a consequea of growing human populatiand thus the relatedssues

such as ygiene, healthand environmenand alsarealizing the mechanisms

of diseasesare driving forces for researches targeting discovery of novel,
easily-manipulated, and econommethods to meet the global rearirents

for production ofdesired proteinaceoysoducts.lt shauld be emphasized
that, in addition to the applications of industrial enzymes in different
industries, many enzymes are used also as therapeutic agents in treating
diseases such as cancer or cystic fibord3enfain and Vaishnawr009).The
global market fo industrial enzymes was worth nearly $4.5 billions in 2012
and nearly $4.8 billions in 2013; the market is expected to reach around $7.1
billions by 2018 YWeb?2). The market oftherecombinant proteins along with
industrial enzymes was supposed to be around $169 billion2014
(Martinez et al.,, 2012gnd, furthermorethe global protein therapeutics
market reached nearly $174.7 billion in 2015 and should reach nearly $248.7
billion by 2020 Web 2). On the other hand, another reseaestimated the
global therapeutic proteins market to be valued at $93 billions in 2010. The
market is forecasted $141.5 billions in 20M/ep 3). Among the protein
therapeuticsmonoclonal antibdies (mAb) have been pioneers in market in
2010 by sales exceeding $18 billions which was followed by hormones with
$11 billions (Martinez et al., 2012). In the period between 2010 and 2014
also 54 new biologics have been introduced to the market wheseth@m

are mAbs and 9 of them are hormones (Walsh, 2@bf)ducted researches
also confirms that theigh demand for monoclonal antibodies will drive the
market(Web3).


http://www.bccresearch.com/
http://www.bccresearch.com/

Therapeutic proteins are more lucrative candidates compared to
chemicallysynthesizd (smalimolecule) drugs by taking into consideration
that: i) they are highly specific which leads to less interference with normal
biological functions and, thus, less adverse effects, ii) they can afford a
variety of biological roles which can not bemgly devised in a small
chemical entity, iii) they are also a biological agent which are less prone to
provoke immune response in the body, and iv) they can replace gene
therapies in the cases that a deleted or mutated geneoisdineof a disease
(Leackr et al., 2008).

Hormones as one of the su@roups of therapeutiproteins, have
regulatory activitiesand are used in the case of endocrine diserde
(hormone deficiencies). Therapeutiormones are utilized as medicine in
order to compensate deficigncor abnormality of thecorresponding
hormone (Leader et al., 2008)In order to maintain homeostasis the
different parts of the mulellular organisra need to communicate with
each other Hiller-Sturmhofel and Bartke, 1988This communication is
further required for proper responding to the environmental changes.
Therefore, necessity of message tpams within the organism hasdeto
development of two systems: nervous system and endocrine Siisiime
and Rossmanith, 2016) (i.e., neuroendocrine) Hormones are
peptides/proteins, lipids or amino acid derivativbat are produced by
endocrine glandgFigure 1.1) upon sensing a change (stimuli) by sensor
cells (releasing cells), and are released to the bloodst(eanmterstitial
fluid) and are careid by blood toward their target cells. Upon receiving to
the target cells, the hormone interacts withhigh affinity receptors either
on the cell surface or inside the cell and this, in turn, initializes series of
biochemical reactions insidéé cell which ends with regulatefiinction of
the cell which is the response of the target cell to the change (stimuli)
(Hiller-Sturmhofel and Bartke, 1988In brief, hormones are chemical

messengers that carry information to the organ (Schauer, 1972).
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Figure 1.1. Members of the human endocrine system and their respectiverepesduced
from (Web4).

In the cases that the hormone receptors reside on the cell surface
while span the cell membranéhe hormonalsignalng, as an example of
signaltransductionis mediated by second messengers (e.g., CAMP) where
this secondarignal can also be amplified through signaling cassadater
soluble peptide and amine hormones act by this mechanism. On the other
hand, where thédhormonesenter the ceJlhormone recdpr locates at the
nucleus or cytoplasmjn this situation themessage transportsignal
transduction)is conducted by hormoreeceptor protein complex. &ter
insoluble hormones like steroid hormonkecause of their hydrophobic
nature can pass through thell membrane and reach their corresponding
receptors within the ce{Nelson and Cox, 2005).

Regulation ofthe hormone release is achieved by a complex of
neuronal and hormonal signals where the hypothaldowages at the center
of the endocrineregubltory system. Upon receiving messages frome
nervous systemhypothalamus in response to them produces releasing
factors which are, indeed, regulatory hormones that are passéide to

pituitary gland (Figure 1.2) thumgh special blood vesseRituitary dand can



be regarded as the Acommand post o
body (Schauer, 1972Betweenthe two functionally distinct parts of the
pituitary gland, i.e., posterior and anterior, the anterior pituitary gland is the
site which repliego the hypothalamic hormones carried in the blood, and
thus, makes specific hormones to travel within circulatory system and to
transduce the signals to the other endocrine gladaissequently, thenitial
electrical signal to the hypothalamus is amptifier at least a millio+fold

and changes into a secreted hormone in an amount of milligtalson and
Cox, 2005).

It is obvious that there should betight control over the hormonal
release in order to prohibit any kind of disequilibritand maintaimg
body 6s h qHillereSautmbosei asxd Bartke, 199&chauer, 1972).
There is always a consistent feedback to the hypothalamus and pituitary
gland from the target gland in order to make sure that the hormone activity is
in the appropriate limits Hiller-Sturmhofel and Bartke, 1998)The
mechanism ofthe control in hormone secretiors, generally, feedback
inhibition or negative feedback. Therefoesy unnecessarily exceamount
of a specific hormone leads to cease of its secrdtyomhibition of arlier
steps in the secretion cascade (Nelson and Cox, 2B@®)ever, there are
positive feedback controls over some of the hormone systems where the
target gland hormone affects hypothalamus and pituitary glands and, thus, its
secretion is increased (kit-Sturmhdofel and Bartke, 1998)

The anterior pituitary gland secretes several hormones which not only
can directly influence the target cell but also can stimulate the target gland to
produce target hormone. These hormones include: adrenocorticotropic
hormone (ACTH), gonadotropins, thyrotropin or thyreglimulating
hormone (TSH), growth hormone (GH), and prolactin, amongst, GH and
prolactin directly act on their target orgdbH is the most abundant hormone

among pituitaryderived hormonedHjller-Sturmhdfel and Bartke, 1998)

for
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Figure 1.2 The anatomitocationof the pituitary gland and its anterior and posterior parts

(Web5; Web®6).

Pituitary growth hormone and prolactin (PRL), together with the

homologous placental hormones, comprise a famityrelated protein
hormonegWallis, 1981)There is a46.83kb gene cluste(Baumann, 2009)

on chromosome 17 (q2§24) which contains five closelglated genes

(Figure 1.3)they are in the same transcriptional orientation thwedorder of

the genes fromBNjp 3Ng GH-N (growth hormone normal quituitary growth

hormone),PL-L (placental lactogefike hormone) PL-A (placental lactogen

gene A),GH-V (growth hormone variant), arteL-B (placental lactogen gene

B). The PL genesexclusively andGH-V gene,primarily if not exclusively,

are expressedh the placenta, anGH-N is expressed exclusively in the

pituitary (Zhan et al., 2008Baumann, 2009 High homology inSNjanking

and coding sequences but

confirmed for tlese two groups of genes (Barsh et al., 1983).

di vergence
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Figure 1.3. Gene cluster of five closelelated genes coding ftruman growth hormorse

and placental lactogdrmormones

Placental growth hormone (PGH$ the product of theésH-V gene
andduring pregnacy GHN expression in the mother is suppressed and GH
V becomes the predominant GH in the mot{iéandwerger and Freemark,
2000; Baumann, 2009). lis structurally similar toGH-N gene and its
productis singlechain and possesses two disulfide briddesvever,there is
a 13-amino acid difference and @nsensus sequenas glycosylation site
(Baumann, 2009).

The GH which is knaen as human growth hormome normal hGH
is the product of th&H-N gene, namely the prototype pituitary GH (Zhan et
al., 2005;Baumann, 2009). Human growth hormda®wn as somatotropin
is a 19%amino acid anionic, norglycosylated(Kim et al., 2013) single
chain wlypeptide with two disulfide bais for internal crosdinking and
stabilizationof its structurgZhan et al., 208; Baumann, 20QRezaei et al.,
2013. Approximately 50% of thédGHr e s i d u ehslicahcorifodmatidn
(Catzel etal., 2003 in a 4helical twisted bundle forr(Figure 1.4where the
bundle is necessary for functional interaction with the GH receptor

(Baumann, 2009) hGH isregarded as one of the most vital hormones of the



body because of its indispensall@e-rangeroles in biological functions

(Kim et al., 2013)such adevelopmentnd growth promotionmetabolism

of carbohydratesfats, and proteinsand immunity(Hiller-Sturmhofel and
Bartke, 1998) As a therapeutic agentt ibenefits the treatment of
hypopituitary dwarfi sm, growth hormone def
chronic renal failure and human immune deficiency virus (HIV) syndrome. It

is al® used in the treatment of injuries, bone fractures, bleeding ulcers, burns
and maintaining health in the elder(lzcamillaTrevifio et al., 2000)The
nucleotide sequence and amino acid sequence of the hGH has been
represented in Figure 1.5 and relatedadat available in Appendix Alt

should be emphasized that, the growth promoting function of hGH is mainly
related to its Nlerminal segment and any manipulation efé¥minal would

result in decreased function. However, the residual amino acidsemtal

would not impact the bioactivity of the hGH (Xu and Kieliszewski, 2011).

Like most of the proteins, hGH also undergoes several post
translational modifications (PTMs) such as disulfide bond formation and
phosphorylation; although it is not glycosydt (Table 1.1). Its
phosphorylation seems to be very important in its signal transduction via
phosphorylation and dephosphorylation mechanism (Zhan et al., 2005).
However,the biological activity ohGH is supposed to be independent of its
disulfide bondgKim et al., 2013).
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Figure 1.4. 3-D structure of hGH exposing four available helica&b7).
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Table 1.1. Important features of hGH from UNIPRO®Rttributed residue numbers are for
premature hGH

Feature Explanation

Length of Signal sequence 26 amino acids

Disulfide bonds 79" Y 1 9"1and 208"Y 2 15
Metakbinding sitegZinc binding) 44" residueand 200" residue
Phosphorylation 77", 132¢, 178" serine residues
Deamidation 163° residue (glutamine)

178" residue (asparagine)

It has been revealed thibecause athe alternative splicing, different
PTMsand proteolytic processingGH (coded byGH-N in GH gene cluster)
has extesive molecular heterogeneity (Baumann, 2009). There have been
identified 4 isoforms forthe GH-N gene producf{Zhan et al. 2005) which
can be seen in Table 1.2l the isoforms are obtained from a 2&wino
acid precursor by theoretical molecular weight,JMf 24.847 kDa and after
cleavage of 2&amino acid secretion signal peptide (SH)e majorandthe
most commorone isthe 22-kDa isoform which is known as normal hGat
22K-GH. Expression proportions of the splicingsulted isoforms are
87.5%, 8%, 3.3%, and 1.1% for isoforms 1 to 4, respecti@han et al.,
2005) The isoform 2 is referred to as 28BH which has a similastructure
to normal hGH and is obtained byealative splicingn one of the exons
and is expressed at a level around(%6 of the normal hGH (Baumann,
2009). Although the structure of the @Hproten is similar to GHN, its
inclination foralternativesplicing is less thathe GH-N and therefore, 20K

isoform of GHV has not yet been identified (Baumann, 2009).
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Table 1.2 Four isoforms ohGH as the products of tligH-N gene (Zhan et al., 2005)

Isoform | Theoretical M,, (kDa) No. ofamino acid | Deleted segments

1 22.129 191 1-26

2 20.274 176 1-26 and 5872

3 17.843 152 1-26 and 111148
4 17.083 145 1-26 and 117162

Many proteins available inthe human body have pharmaceutical
importance; however, obtaining those proteins from natural sowes
cumbersome. The solution has been found in the lafe 3% introducing
recombinant DNA (DNA) technology, producing foreign proteins in new
nonproducing cel, usingEscherichia colias biologicaframework(Ferrer
Miralles et &, 2009). This methad of high titer production of proteins using
engineered living entities (rDNA technology) provides an alternative to
protein extraction from natural sources (Porro et aDO05). All the
therapeutic agents by rDNA technology can be produced in a largétguan
and also more economically #@kis method has a relatively inexpensive
series of procedurg$-errerMiralles et al,2009) and, therefore, nowadays
rDNA technology along with the hybridoma cell technolagg the major
methods of producing marketed pem drugs (Corchero et aR012). The
pioneer products in the realm of biopharmaceuticals were recombinant
human insulin and recombinant human growth horm@n@&H) entered the
market in the early 1980s which only were obtained by tissue extraction
before (Graumann et al., 2006)hen, therapeutic agents such as hormones,
cytokines, growth factors, antibiotics, vaccines, blood products like albumin,
thrombolytics, fibrynolytics, clotting factors such as factor VII, factor IX,
tissue plasminogenctivatorand many more haventered the market. Most
of the protein therapeutics currently on the mariet recombinant products
and, further, hundredsf them are irthe clinical trials for therapy of cancers,

immune disorders, infections, and other dise@desitrov, 2012)
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Briefly, in rDNA technologythrough genetic engineering techniques
by recruiting suitable restriction endonuclease enzythesgene of interest
which codes for our protein of interes isolated from the source DN&.g,
humanDNA) and isligated to asuitable vectqrgenerally a plasmidn order
to make reombinant/chimeric DNA molecule {gure 16). Afterwards,by a
suitable method (e.g., CaCbr electroporation), the recombinant DNA
molecule is introduced totastwhich naturally dog not possess the gene of
interest and then the transformed host cells are selected propérly
selective medium by the aid afsekctable marker (most often, an antibiotic
gene) of the plasmid which is naturally available in the plasmid or has been
dewvised in it (Rgure 17). The selected colonies can be used as expressing
platforms.In order to validate the recombination procedure the new plasmid

should be isolated fromte host and analyzed (Figure 1.8).

Restriction Sites

x Gene of Interest
’ t/ Recombinant DNA
‘ l P" i 1 H [
r Gene of Interest x
! . —
DNA
Donor Cell Sticky Ends Recombinatio:
« 3 4 (I.ntroducing to the New Host
Bacterial cell Racterial ¥
X Chrawagomy Restriction Sites
2
\)a\s il q1e \:\S \’g
2} SS ?7%
VY

O

Recombinant Host Containing Gene of Interest

Figure 1.6. lllustration oftherecombnant DNAtechnology; reproduced frofiweb9).
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Possible Situations After Insertion of Recombinant DNA Molecule to the New Host

Self-ligated Gene Desired Recombinant Molecule  Self-ligated Plasmid

— G
\ Right Colonies
Cell Will Die - False Positive Results

Selective Medium

(Containing Suitable Antibiotic)

Figure 1.7. Transformation ofhehost cells with recombinant DNA (plasmid) and selection

of theright (transformed) colonies.

Selective Medium
(Containing Suitable Antibiotic)

ft—_

l Single Colony Selection
/
/ Cultivation
1\! )
(I
D Harvesting by Centrifugation

LIT Lysing the Cells & Discarding Cell Debris

— oo b Eluted DNA
U . m I 1 "t‘T 2 Verification of
L]

‘ L Tdenth
a 1 ty,
. ’.-‘ P Qualiey
v Quantity

Removal of Other Intracellular Components, Washing, and Elution

Figure 1.8. Recombinant plasmid isolation from the cloning hesproducedrom (Web
10).
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On the other handf the primary host, generally a bacterial cell, has
been used just for cloning purpoe new plasmicghould beisolated and
introduced tothe secondhost i.e., the major producing hostAfter
transformation othe newhostthe selected (right) expressing colonies are
used for production of desired recombinant prodactlefined bioprocess
conditions.

During rDNA procedure special attention should be paid to the
nucleotide sequence of the nevdgsigned plasmidnd, ths, verifying the
sequence of the new plasmid will be one of the validation steps after plasmid
isolation (Figure 1.8)in order to prevent any undesirdthme shift or
mutation which can change the amino acid sequence of the transaript.
important issue n the recombinant therapeutics expression is the
preservation ofhe structure integrity in the product. Any change in amino
acid sequence or any alteration and substitution may lead to inefficiency,
immune responses, or adverse effects.

The first usage othe exogenous hGH (or somatotropin), extracted
from human pituitary glands, as therapeutic agent for growth hormone
deficiency has been reported1962(Raben, 1962) and until the mi®80s
extracting from human cadaver tissue was the only way of obtamGH
(Staley et al., 2012However, due to the realization of the transmission risk
of the Creutzfeldlakob disease (CJD) from pituitadgrived hGH
preparations, its supphyas discontinued in 1985 (Houdebine, 2009; Cunha
et al, 2011). In 1985, biosgmetic human growth hormone replaced
pituitary-derived growth hormone (piGH) for therapeutic use in theSJ
and elsewhere. Biosynthetic human growth hormone, also referred to as
recombinant growth hormone, is also called somatrogritish:
somatrophin and abbreviated as rhGHVEb 11). The first recombinant
expression of the hGH was conductedEincoli in 1979 (Goeddel et al.,
1979). At present, rhGH is produced by bacterial platforms. However, the
therapy is still very costly and annually may exc&elb,00020,000 (Cunha

et al., 2011) The main reasois the presence of owexpressed protein as
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aggregates (or IBs) which makes the subsequent costly denaturation and
refolding inevitable. In addition, careful control of the quality to assure
absence ofendotoxins (fromE.coli) along with the required sterile
conditions for bacterium is the other causative agents of high cost (Cunha et
al., 2011).

Regarding the numerous factors that take part in biological processes,
in order to optimizeany production process and make it more economical,
parameters either in genetic level or process level can be taken into
consideration.By recruitment of genetic engineering techniques and by
considering systembiology approach rhGH npduction in the prominent
host Pichia pastoriswas followed in current researclihe efficiencyof the
selectedendogenous secretion signal peptidebtained from secretome
analysis)and oxygen limitationnduced promoters d®. pastoris (obtained
from a transcriptomproteome analysis) in production of rhGH was
analysd by comparing tdSaccharomyces cerevisid¢mating factor and
glyceraldehyde8-phosphate dehydrogenase promoter, respectiahgling
novel secretion signal peptides and promoters as biological modules with
parall el utilization of Afomi cso St uc
production/secretion aliy of an industrial microorganisms indeed

important forindustrial biotechnology.
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CHAPTER 2

LITERATURE SURVEY

This chapter entails the major elements play role in expression of a
recombinant proie (r-protein) After a glimpse to different available host
organisms, selecting the right expressing platform by considering its unique
capabilities and features, surveying the parameters that affect the expression
of the desired protein that inevitablyordain operational parameters in
bioreactor, will be comprised. In this context, secretion signal peptides and
promoters will be discussed in more det&llerivation of theequations
related with the fedbatch fermentation and metabolic flux analysis along
with previous researches done related with human growth hormone (hGH)

will complete literature survey.

2.1. Expressing hosts

In order to design an optimized recombinant expression system, a suitable
host selection is the first step (Macaulgtrick ¢ al., 2005).The selection

of the most appropriate expression platforms for a certain protein is usually a
complex process and takes into account factors ranging from the intended
use of the protein to the physiological consequences of its productibe in t
host (AlvareBenito et al.,, 2013).No single expression system is the
optimum one for all proteindBEer et al., 200/and the most efficiertost
should be determined for each foreign gene which is going to be expressed
by taking into consideratiotihhe genetic and fermentation paramet@yel et

al., 2009; Celik and ¢ al e k ,). The Optoduct quality, bioactivity

(functionality), productivity, and yield are the most critical parameters that
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should be considered in the selection of the host (Demainvarsthnay
2009) In order to reach high yield and high quality in recombinant protein
production, expressing host physiology and stress responses should be
understood thoroughly which in turn will conduce to the biological and
methodological obstacles posdy host (to the production of foreign
protein) would be easily overcomégrerMiralles et al., 2009)However, it
would be very logical and ideal to survey different host organisms in parallel
and then choosing the most appropriate (@& et al., 20089

The diverse population of (micr@yganisms and their different
physiologies lead to a broad spectrum of choices for production of
recombinant proteins (Corchero et al., 201¥croorganisms (eukaryotic
and prokaryotic) together with cultured cells dfigher organisms
(mammalian, insect, or plant) are mostly used as expression hosts for
production of heterologous as well as homologous proteins (Porro et al.,
2005).The production platform also may be transgenic animals (Demain and
Vaishnay 2009).Recemn advances in genomics, recentymer ged @A omi cs o
techniques and integrative approaches (system biology) have led to the
development of novel microbial cell factories (Martinez et al. 20ER@jure
2.1 represents the share of mammalian and-mammalian hsts in
production of approved biopharmaceuticals in selected time intervals.
Furthermore, the individual share dhe recruited host organisms in
production of biopharmaceuticals has been depibtesid on two separate
time intervals 20102014 and in totarom 1982 to 2014 (Figure 2.2).
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2.1.1. Prokaryotes

In this part, especially bacterial cells are regarded as the major member.
Gram negative E.coli, Grampositive Bacillus specific species, and other
seleted bacteria such a@alstonia eutrophaand Staphylococcus carnosus
(Demain andvaishnay 2009)can be mentioned in this category.

E. coli is the most widely used microorganism amopgokaryotes
(Demain andVaishnay 2009; Schmidt, 2004pnd the first chioe for
primary cloning and smasicale production in research purposégrfer
Miralles et al., 2009)It is the workhorse ofhe biopharmaceutical industry
by considering this point that the production of 17 out of 58 approved
pharmaceutical products ¢im 2006 to June 2010) is carried out by its
application (Corchero et al., 2014. coli B and K12strains are the main
platforms for expressing neglycosylated peptides and proteins for
industrial and academic aing&raumann and Premstaller, 200hs genetics
is the best understood one than any other microorganism and, thus, genetic
manipulation can be easily conductd®emain and Vaishnay 2009;
Graumann and Premstaller, 200@ecause of dst and easy growth on
inexpensive mediumDemain andVaishnay 2009; Corchero et al.,, 2012)
high cell densitiescan be achievedFurthermore,accumulation ofthe
expressed foreign proteing to 80% of the dry weight makes theéoterant
of a wide range of environmental conditioi3emain andvaishnay 2009)

High cel density fermentations can be achieved by recruitment of strong
inducible promoters system such as T7 promoter which are commonly used
(Rezaei and Zarkedhsfahani, 2012 The level of production has been
reported to be under 10 g/L in different casesdeeer than 1 g/L and dry

cell content can vary between 20 to 175 g/L. Although the production can be
high but because of production iotlusion bodiesIBs) and low yields of
renaturation, the recovery yield could be very I@®emain andVaishnay
2009) Lack of the required machinery for postanslational modifications
(PTMs) which are the prevalent feature of most eukaryotic proteins, has

made this system the cheapest, easiest, and quickest way for expression of
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structurally simple proteins (Corcherd al., 2012). Expressing very large
proteins, SS rich proteins and proteins requiring PTMs will be problematic

in this host(Demain andvaishnay 2009;Daly and Hearn, 20051t should

be emphasized that PTMs such aS $ond formation, phosphorylatioand
proteolytic cleavage may be a vital step to obtain a functional protein and a
PTM-lacking version of protein may be inactive, unstable, or insoluble
(FerrerMiralles et al., 2009)Acetate formation in high cell densities and its
toxicity, andformation of IBs are the major drawbacks of working wiih

coli (Demain andvaishnay 2009; Corchero et al., 201BerrerMiralles et

al.,, 2009) The main reason of formation of IBs is the limited solubility and
shortage of suitable chaperone and foldases systéme E. coli (Graumann

and Premstaller, 2006; Schmidt, 2D0%he presence as IBs or being soluble

in cytoplasm depends mainly on protein intrinsic characteristics of sequence,
promoter strength, and fermentation parameters such as temperature
(Graumannand Premstaller, 2006)nability in efficient secretion of the
protein as the result of lack of general secretory system is the other important
shortcoming oft. coli (Corchero et al., 2012). Directing to the periplasmic

or extracellular medium can fadeway the Nterminal methionylation
problem and, furthermore, secretion to the periplasmic space can give
correctlyfolded proteins which can be enhanced byegpression of
chaperones. However, low level of chaperones and foldases, membrane
structure, andigh periplasmic protease leads to low product yiel&.ircoli
secretion system (Schmidt, 2004). Proteolytic cleavage can also be another
problem which can be conquered by mutations for deletion of several
proteasegGraumann and Premstaller, 2006)nally, it is worth to mention

that both inducible and constitutive production systems have been utilized in
E. coli because of possible toxicity of eukaryotic proteins in bacteria.
(Demain andVaishnay 2009; Graumann and Premstaller, 200@&nother
importantissue in the case d@&. coli as a prokaryote host is the different
codon usage bias from human which is related to the specific tRNA pools
(Demain andvaishnay 2009)
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Different species oBacillus lack outer membrane which is present in
Gramnegative bateria and contain the lipopolysaccharides (LRSg¢main
and Vaishnay 2009) and, in addition, own inherently a powerful secretion
capacity (Schmidt, 2004). In this system, effective secretion of recombinant
proteins to medium can be achieved without préidac of harmful
endotoxins and exotoxins; so, they are very efficient and-fdestly
regarding the product recovery proceduBacillus protein yields can reach 3
g/L but the major problem in this host is the production of many proteases
which can clea® the protein (subtilisin and natural protease are responsible
for 96-98% activity). However, strains oBacillus subtilis have been
developed which lack eight extracellular protead@emain andVaishnay
2009) Bacillus breviscan be considered becaust its lower protease
activity and also production of proteinase inhibitBacillus megateriunand
Bacillus licheniformisare also industrially important specié@emain and
Vaishnay 2009)whereB. megateriumacks membrane proteases (Schmidt,
2004).

Streptomycetesgex., Str. lividansand Str. tendag are considered to
be potentially amenable for introducing new secretion systems (Schmidt,
2004). But, the yields should be in c&dtective ranges in order to be
employed in industry. Lactic acid bacteriansidered as GRAS (Generally
Recognized As Safe) can also be promising cell factories (Corchero et al.,
2012). Coldadapted (psychrophilic) bacteria (such #&seudomonas
haloplankti3 as a newhemerging host (cold cell factories) should be paid
more attetion. They show improved protein folding, since the hydrophobic
effect which underpins the IBs formation has relation with entropic driving

forces that are reduced at low temperatures (Corchero et al., 2012).

2.1.2. Eukaryotes
Eukaryotic (micro) organissmhaveendomembrane structures that facilitate
the compartmentalization of different groups of biochemical reactions and,

thus, make preequisites such as PTMs feasible and, therefore, the foreign
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product more genuine and functional. The members in dtegory are fungi
(single cell and filamentous), mammalian cells, insect cells, and transgenic
animals and plants. Because of the focus of the current researgbratein
production byP. pastorisas a genus of yeast group, all h@ast eukaryote
hosts are briefly discussed in one group and yeast group is discussed

separately.

2.1.2.1. Nonyeast expression platforms

2.1.2.1.1. Mammalian cell lines

The industrial production of proteinaceous drugs is based on animal cell
lines because of performed PTMsd product quality (Kunert et al., 2009).
Simultaneous with early stages of biopharmaceutical efforts, onset of
utilization of mammalian cell lines in rDNA technology was in 1980s as a
result of failure in production of erythropoietin and tissue plasgeno
activator in E. coli both of which required glycosylatiofDemain and
Vaishnay 2009) As many therapeutic proteins are glycosylated or
structurally complex (such asrythropoietin with diverse modifications
which are often essential for biologicatiaiy, their production requires the
most appropriate system which can render mammalian type PTMs and this
need has been the driving force for using mammalian cells (Gellissen et al.,
1992; Corchero et al., 201Z;anapongpipat et al., 2012Jhe consisten
complete spectrum of modifications will lead to less structural discrepancy
and, thus, less immunogenic properties (Schmidt, 2004) and, further,
crossing out the necessity of renaturation because of correct f¢lkmgain
andVaishnay 2009) Nowadaysnearly 6070% of recombinant therapeutic
proteins are expressed in mammalian c&lszgei et al., 2013)

Chinese hamster ovary (CHO) cells are the pioneers in this category
and can be considered as a standard in protein production due to the rapid
growth, process versatility, feasibility of culture in suspension or attached
mode (Schmidt, 2004; Corchero et al., 2012), high production, and high
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stability of foreign gene expressioRdzaei et al., 2013Yhe other cell types

can be mentioned are: (i) babynister kidney cells (BHK), mentioning that
most of the therapeutic proteins have been expressed in transgenic hamster
cell lines FerrerMiralles et al., 2009)(ii) various mouse myelomas such as
NSO murine myeloma cells, used in production of monoclontibadies

(i) green monkey kidney cells (iv) human cell line such as human
embryonic kidney (HEK) cells and humaetinaderived (PERC6) cells
(Butler, 2005; Corchero et al.,, 2012). This kind of hosts needs serum for
proliferation which increases the ki®f contamination. Furthermore, since
composition of serum is variable and undefined, it results in inconsistent
growth and productivity (Butler, 2005). Passage of probable prions in bovine
serum albumin and human serum albumin to the host can be ovelbgame
usage of protetfree, and chemically defined media which enhances the
biosafety of end productFérrerMiralles et al., 2009)Major disadvantage

in these hosts is the low level, a few kilograms per year of production
(Houdebine, 2000which is lowe than productivity of prokaryotic hosts
(Rezaei et al., 2013) furthermore, instable productivity due to the instability
of the selected clones. The extended cultivation, prolonged gene expression,
is possible by integrating the gene of interest in tohtb&t genome (stable

cell line) (Corchero et al., 2012). The other shortcomings of these platforms
can be summarized as being shear sensitive which necessitates design of
impellers for reduction of shear forces (Butler, 2005) arose from agitation
and aeratin (Keane et al., 2003), unsatisfactory secretion, high cost of
production because of expensive materials specifically used in media
(Corchero et al.,, 2012Tanapongpipat et al., 2012and prone to viral
contaminationDemain and/aishnay 2009; Tanapongpat et al., 2012)By
improvement in medium design, the production has increased from 50 mg/L
(in 1986) to 4.7 g/L (in 2004). In a new system with human cell lines protein
titer of 26 g/L for monoclonal antibody was repor{@main and/aishnay

2009)
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2.1.2.1.2. Transgenic organisms

Due to the (potential) high production capacity in comparison with the
mammalian cell culturbased expression platforms (Markaki et al., 2007),
transgenic animals and plants would be regarded as suitable candidates for r
protein production.

2.1.2.1.2.1. Transgenic animals

This expression system is based upon using live animals. Generation of
transgenic animals is hitherto relatively laborious and costly but is no longer
an obstacle for recombinant protein productiokloydebine, 200%
Transgenic animals system is based upon using live animals and is employed
to obtain rprotein in blood, urine, milk, egg white, seminal plasma, and silk
worm cocoons. Wide variety of proteins have been produced by transgenic
animals includig, monoclonal antibodies, blood factors, vaccines,
hormones, growth factors, cytokines, enzymes, milk proteins, collagen,
fiborinogen, and other productddigudebine, 2009 and in most cases the
protein activity is the same as the native oberfiain andvaishnay 2009)
Ruminants are potentially the most appropriate system to produce high
amounts of protein but their reproduction is slow and they do not glycosylate
the proteins and as well as pigs are sensitive to prion diseases (rabbits are
insensitive to pon diseases)Houdebine, 2000 Production in milk is more

cost effective than production in mammalian cell culturBenfain and
Vaishnay 2009)and kproteins are stable in milkHoudebine, 2000 At this

time, production in milk is the most mature systea level of 1 mg/mL or

even lower is considered acceptable economically. At higher concentrations,
the glycosylation is not performed fully perhaps due to saturation of
mammary cellular machinery. The transfer of glycosylation enzymes to the
transgenic bst can be a solution for this imperfection. In addition,
preference of milk to blood can be due to this fact that actju®teins in

blood may harm the animal and milk avoids this problelmudebine, 2009

One of the disadvantages of this platformhie time interval required for to
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assess production level, 3.5 months in mice, 15 months in pigs, 28 months in
sheep, and 32 months in cows, (Markaki et al., 20@fmain andvaishnay
2009) difficult technical procedure faces another obstacle (Sanchet, et
2004). The other imperfection may be the separation of human proteins from
their animal counterpart$Hpudebine, 2009 By taking safety concerns into
consideration, transmission of infectious diseases (viral and prion infections)
or adverse allergenieffects and immunogenic responses all are of prime
importance in these hostslgrkaki et al., 2007; Ferréviiralles et al., 2009;
Houdebine, 2009)In addition, some of the heterologous proteins may be
active and deleterious for transgenic animilsydeline, 2009) Until 2009,
ATryn was the only approved biopharmaceutical expressed in transgenic
animals (milk of transgenic goat). However, if in coming years,
pharmacovigilance (PV, or PhV also known as drug safety) after treatment of
the patients did notewealed any adverse effect, it is expected that we
encounter an increase in amount of transgenic aunoaluced heterologous
proteins FerrerMiralles et al., 2009)The production of drugs in transgenic
animals, by stopping the production of a lung dmugheep for Bayer AG,

has been stalled by the demise of PPL therapeudem#éin andvaishnay
2009)

2.1.2.1.2.2Transgenic gants

Plants can be considered as viable and competitive -riicnobial)
alternatives for production of complex humaproteirs (Jez et al., 2013; Liu

et al., 2013) as they are the least expensive biomass (Cunha et al., 2011). The
first r-protein expressed in transgenic plants was hGH produced in transgenic
tobacco FerrerMiralles et al., 2009) Nowadays, a few enzymes used in
researches or diagnosis are produced by transgenic plants at industrial scale
(Houdebine, 2009) Transgenic plant cell systems can provide some
advantages such as reduced risk of contamination by viruses, oncogens, and
pathogens of mammalian cells or baictletoxins, easy purification due to

relatively simpler and cheaper downstream processing, lower cost of
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required media for cultivation, ability to assemble msitbunit proteins
(such as antibodies) as efficiently as animal cells, abilty to express
functional proteins with the aid of eukaryotic PTMs, and retaining the native
structure of the protein (Leite et al., 2000; Kim et al., 20D8main and
Vaishnay 2009; FerrerMiralles et al., 2009Houdebine, 2009; Liu et al.,
2013) It is possible to storéhé expressedprotein in leaves, seeds or both
regarding the type of promoter usddo(debine, 2009)Disadvantages of
the plant system are i) possible contamination by pesticides, herbicides, and
toxic metabolites of plantdDgemain andvaishnay 2009) ii) low expression
level with plant systems which can be regarded as an obstacle in widespread
use (Kim et al., 2008; Cunha et al., 2011), iii) stability of the proteins inside
the plant which may be alleviated by targeting the protein to the specific
orgarelles within the plant cell (Liu et al., 2013; Cunha et al., 2011)as)

the main disadvantage, plaspecific PTMs that lead to expression of
immunogenic products and, thus, adverse immune responses (fAealtas

et al., 2009; Yusibov and Mamedov, 1) which can be regarded as an
important bottleneck in production of humanized proteins, v) -Post
transcriptional silencing of introduced transgenes (Markaki et al., 2007), vi)
gene flow from transgenic plant to the wild typéusibov and Mamedov,
2010). Commercial production of proteinaceous drugs in plants was halted
by closing down the PPL Therapeutics and exit of Monsanto Corporation

from this area@emain and/aishnay 2009).

2.1.2.1.2.3. Insect cell lines

Because of the need to milder culture cdodg than mammalian cell lines
such as lower temperatures and no, @@lition to the gas phase, insect cells
have been increasingly used for the production of wide variety of proteins in
recent years (Moraes et al., 201Ryosophila Schneidecells alongwith the
baculovirusinfected cells are the common host insect cells (Fernandez and
Vega, 2013). The most widely used vector in this systerna@ulovirus

along with the most usual host the fall armyworgpddoptera frugiperda
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Sf9), i.e., baculovirusSf9 insect cells, in suspension culturBefnain and
Vaishnay 2009;Houdebine, 2000 Trichoplusia ni(Cabbage Loopegrcell

lines also are used to produce heterologous proteins upon recombinant
baculovirusinfection (Moraes et al., 2012Highly restricted hasrange of

the baculovirus makes ke baculovirusinsect cell system very safe (Yamaji

et al., 2012)Reported amount of produced protein in this kind of host has
increased from 600 mg/L in 1988 to 11 g/L in 20@&rhain andvaishnay

2009) The advantagesf the baculovirusassisted insect cell expression can
be: i) proper eukaryotic PTMs which is more complicated than fungi, ii)
proper protein folding as a result of possessing the best machinery for
folding, iii) high expression level due to presence obrgj polyhedron
protein promoter, iv) easy scale up because insect cells growth is not
anchorage dependent, v) vertebrates and plants cannot be attacked by
expression vectors, vi) no limitation on protein size, vii) simultaneous
expression of multiple gese (Demain andVaishnay 2009) and viii)
provision of safety advantages for the production of biological agents
(including vaccines) because they do not aid the proliferation of mammalian
viruses or mycoplasmas (Yamaji et al., 201R). contrast, as some
disadvantages, incorrect glycosylatioHoudebine, 2009because of very
simple and nosyalated Ninked glycosylation FerrerMiralles et al.,
2009, insufficient secretion of protein, presence of intracellular protein
aggregates, high price of cultivationedium, low expression level because

of slow growth Pemain andVvaishnay 2009) In addition, since the viral
infection is lethal for insect cells, in each batch of the cultivation fresh cells
are requiredKerrerMiralles et al., 200Q Thebaculovirusinsect cell system

is employed for the industrigicale production of a human papilloma virus
vaccine, Cervarix, which has been approved for use against cervical cancer
(Moraes et al., 2012; Yamaiji et al., 2012protein expression systems using

of D. mdanogastercells are being increasingly employed lately. To date,

about 100 cell lines derived frod. melanogastethave been obtained.
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Amongst, 12 are easily cultivated; however, the only cell lines used for
heterologous gene expression are Schneiden'sl (Moraes et al., 2012)

2.1.2.1.3. Filamentous fungi (molds)

As filamentous fungi are more organized than yeasts, their complex PTM
machinery can resemble that of mammals. This category, such as
Aspergillus niger are very attractive choices as theve a high secretion
capacity and also can perform glycosylati@enain andvaishnay 2009)

A. awamori, A. oryzae, A. sydowii, Acremonium chrysogenum, Trichoderma
species(such asT. reese), Fusarium species Penicillium Chrysogenum
Chrysosporium luknowenseare the further examples which have been used
for production of recombinant homologous (e A. nigerglucoamylase .
awamor) or heterologous (e.g., human lactoferrinAyawamor) proteins.
Homologous proteins can be produced in the rarigg®@d0 g/L. However,
heterologous proteins have the highest yield-6fgfL (Schmidt, 2004). As a
disadvantage, in these hosts, low copy number transformation can be
expected as a result of foreign DNA degradation and low transformation rate
(Schmidt, 204). In contrast, since this kind of host can utilize cellulose, the
fermentation cost can be diminished strikingly. Cultivation of these
microorganisms lead to a viscous medium and one of the attempts to
optimize the process can be on lowering the visgosise of strong
homologous promoters, using proteasdicient strains, since the proteins
are cleaved severely by endogenous fungal proteases (Corchero et al., 2012),
screening for best producing strains by random mutagenesis, and fusion with
an efficietly secreting protein can be other methods to improve the

expression.
2.1.2.2. Yeast expression platforms

Table 2.1 has summarized features of available platforms -fmotein

production.
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Table 2.1.A comparison of pharmaceutical expression syst&ata updated in 2008Web

12).
) o Cost /
Host Advantages Disadvantages  Applications gram
Established Proteins not :_USUI_m €. coli Eli
. i illy); growth
regulatory track;  usually secreted,; h
. ; ’_hormone
Bacteria well-understood contain endotoxins; .
- . (Genentech);
genetics; cheap an no posttranslationa .
o growth factor;
easy to grow modifications h
interferon
Recognized as Overgl_ycosylatlon -
" . can ruin Beer fermentation;
safe;" long history . L i .
) s bioactivity; safety; recombinant
of use; fast; } ) Lo .
Yeasts . -~ potency; clarance; vaccines; hepatitis $50-100
inexpensive; ; . e
; contains B viral vaccine;
posttranslational . . . )
e immunogens/antige human insulin
modifications ns
Minimal regulatory
Posttranslational  track;slow growth;
modifications; expensive media; Relatively new
Insect cells properly folded baculovirus medium; Novavax
proteins; fairly infection (extra produces virudike
high expression step); mammalian particles
levels virus can infect
cells
UrsoutzilLystIr% erly; Tissue
P Property, Expensive media; plasminogen
correct ) ; i
. osttranslation slow growth, may activator; factor
Mammalian Postirans . contain VI $500
modifications; . .
cells o0od equlator allergens/contamin (glycoprotein); 5,000
9 9 ) y ants; complicated monoclonal
track record; only o Lo
; purification antibodies
choice for largest .
: (Hercepin)
proteins
Complex protein Little r'egula.ltory Lipase (sheep,
L experience; e
processing; very ial for viral rabbits; PPL
Transgenic  high expression potent|a_1 orvira Therapeutics
X i contamination; $20-50
animals levels; easy scale : . growth hormone
. long time scales; ) .
up; low-cost . . (goats; Genzyme);
) isolation/GMPs on
production factor VIII (cattle)
the farm
Cholera vaccine
Shorter Potential for new  (tobacco;
development contaminants (soil Chlorogen, Inc.);
cycles; easy seed fungi, bacteria, gastric lipase
Transgenic  storage/scaling; pesticides);
: . . : . $1020
plants good expression  posttranslational  (corn; Meristem);

levels; no plant
viruses known to
infect humans

modifications;
contains possible
allergens

hepatitis B

(potatoes; Boyce
Thompson)
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The innovative findings in the field of metabolic engneg and
amelioration of process procedures have a supreme influence on the ability
of yeasts to expressproteins.

The production of foreign protein is carried out in yeast when the
product is produced as aggregates (not soluble form) or requirexificspe
PTM that cannot be achieved artificialffferrerMiralles et al., 2009 In
general, yeasts lead to higher yields and better stability in comparison with
mammalian cells (Corchero et al.,, 2012néng the eukaryotic platforms,
yeasts mingle the superities of singlecell organisms, i.e., fast growth and
simple genetic manipulation, with protein processing capabilities of
eukaryotic organisms, i.e., PTMs, subunit assembly, and protein folding
(Porro et al., 2005Celk and¢ a | € k , Furgh@rrhatelyeasts conform to
safety aspects since they do not convey any pathogens, viral inclusions, or
pyrogens because of absence of endotoxins and oncogenic and viral DNA
(Porro et al.,, 2005; Boer et al., 2007). Absent and aberradinKéd)
glycosylations, arethe main problem plaguing the proper expression of
recombinant glycolproteins in yeasts (Zhang et al., 201®);yeast Golgi
apparatus does not perform the trimming process -gflybhns such as
mammalians Golgi which leads to long mannose chains refdoeds
hyperglycosylation or hypermannosylation of core oligosaccharides.
Furthermore, through the ER and Golgi, the added glycans may be located in
the places other than the ones in the native protein and their composition
may be substantially different ierms of mannose residues (Graumann and
Premstaller, 2006)High-mannose side chain leads to affect the serum half
life and immunogenicity of end produgferrerMiralles et al., 200Q Efforts
to develop strains with humanized sugar content as whateleasdarried out
for P. pastoris and H. polymorphawill pave the way for production of
recombinant glycoproteins in yeasts. However, to date all the
commercialized therapeutics produced $h cerevisiae have been nen
glycosylated (Corchero et al., 2012). diher problem is the difference

between codon usage bias of the original gene donor and the expression host

33



which has led to poor expressions. However, artificially synthesized genes
together with available codon usage tables have provided us with custom
designed and host codaptimized genes (Nel et al., 2009).

There are two general classifications of yeasts employed as
expression hosts. In one of them yeasts are divided into: conventional and
nontconventional; in the other one they are regarded as r€ealptositive
(can produce ethanol under aerobic conditions) and Crabtree negative.
S.cerevisiae is the only conventional host and together with
Zygosaccharomyces rouxdnd Zygosaccharomyces baildare the Crabtree
positive choices. Based on the recestghts yeasts can be divided into two
other categories: methylotrophic and roathylotrophic yeasts (Table 2.2).
Non-methylotrophic yeasts are more familiar to specialists of different
disciplines and also broad range of carbon and energy sources can be
consumed in industrial processes by this group. However, -targe
production leads to some limitations and confines the -sgalef these hosts
processes; therefore, most of the processesgootein production by these

yeasts are in their early stag&orro et al., 2005)

Table 2.2. Non-methylotrophic and methylotrophic yeast species recruited -footein

production (Porro et al., 2005).

Nonmethylotrophic | Methylothrophic

S.cerevisiae H. polymorpha
K. lactis P. pastoris

Y. lipolytica P. methamlica
Z. rouxii C. boidinii

Z. bailii

S.occidentalis

P. stipitis
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Generally, yeasts are used by the help Eofoli since most of
available vectors for yeast platforms have been designdelcadi shuttle
vectors (Graumann and Premstaller, 20@6¥ecilitate amplification of the
plasmid. We proceed with introducing nowethylotrophic and

methylotrophic yeasts separately.

2.1.2.2.1.Saccharomyces cerevisiae
S. cerevisiaehas been a workhorse for both biochemists and industrial
biotechnologists dw to the broad knowledge about its physiology and
genetic which conduces to being the bdwracterized eukaryotic system
(Nel et al., 2009)S. cerevisiaewas the first eukaryotic organism sequenced
(Corchero et al.,, 2012) and the initial yeast usedrfprotein production
(Boer et al., 2007)It has been in use as an expression platform since 1981
and is the most widely used yeast for the production of therapeutic proteins
(Porro et al., 2005; Corchero et al., 2012). This yeast has been recognized as
GRAS organism by FDA which has led to its popular application in food
industry in the early 1990s (Porro et al., 20Bbgr et al., 2007)It has been
reported recently that this yeast can be useful as a probiotic in humans for
oral delivery of therapeutigroteins Celk and ¢ al e k ,. Vaidud 1)
products have been expressed in this yeast; insulin (commercially available
since 1987), hepatitis B vaccines, anticoagulant hirudin, Aspgergillus
derived glucose oxidase, as a technical enzyme, are a few exa@ipr et
al., 2007)

In addition to a promoter of a highly expressed gens.oérevisiae
for extracellular production of the-protein Celik and¢ al ék,, a2011)
secretion signal sequence (SP) should be recruited. Most widely used signal
sequence iS. cerevisiaeU-mating factor prepro sequendg-MIF) which is
functional in all yeast platforms employed; but other choices such geqre
sequence of one derived frddnoccidentalisGAM1gene can be mentioned.
Secretion can also be facilitated by tleeexpression of a secretory pathway

gene.
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Reduced biomass yield as a result of aerobic alcohol fermentation
necessitates setbatch fermentation to reach high cell densities which, in
turn, leads to technical fermentation requirements and sophisticated
egupments for this yeast processes (Romanos et al., 1992; Nel et al., 2009),
hyperglycosylation of the protein which leads to activity reduction and
decrease of receptor bindinBder et al., 2007Nel et al., 2009Pemain and
Vaishnay 2009) termination ofsugar ¢ h ad,3mannosei hotd U
which acts as an allergeBder et al., 2007)retention of the product in
periplasmic space which leads to partial degradation of the product (Porro et
al., 2005), the limited capabilty ofS. cereviciaeto secrete mteins
(Sasagawa et al., 2011), strain instabilities because of common usage of
episomal vectors which lead to batch inconsisten@éer et al., 2007Nel

et al., 2009 andthe Glinked oligosaccharides just being comprised of
mannose whereas the higheukaryotic proteins have sialylated-liGked
chains Pemain andvaishnay 2009)are all among the reasons that why
cerevisiaeis not the most suitable choice for largmale production of-r
proteins. However, by some modifications via invented stiedethese
limitations can be overcome (Nel et al.,, 2009). Nevertheless, the-hyper
glycosylation is still the major obstacle; the proportion of available
therapeutic glycosylated proteins to Agigcosylated ones is 60 to 40 and,
thus, this yeast (along WitE. coli) can be used for expression of the 40%
nonglycosylated (Nel et al., 2009).

Based on the described drawbacksSoéerevisiaeand regarding the
great biodiversity among yeasts that 800 different yeast species with varying
metabolic characteriss has been identified (Graumann and Permstaller,
2006), efforts have been focused on development of new host systems so
called "nonconventional® yeasts (Porro et al., 2005). Other yeasts as
substitutes folS. cerevisiaehave been used as sources of béwptaceuticals
due to the promoter strength, secretion efficiency, and ease of growth to high
cell densities (Romanos et al.,, 1992): methylotrophic yeasts espdeially

pastoris H. polymorpha Schizosaccharomyces pombKluyveromyces
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lactis, Candida maltog, two dimorphic yeastsyarrowia lypolytica and
Arxula adeninivorangGellissen et al., 1992; Porro et al., 2005; Graumann
and Premstaller, 2006). Clearly, no single yeast cell can provide us with all
the required qualifications for foreign protein prodost(Celik and¢ a | é k
2011) However, the main advantages of the alternative yeasts (in
comparison toS. cerevisiag¢ are strong promoters, increased gene copy
number, proper folding and secretory pathway (Corchero et al., 2012) which
can offer a broader range of choicggn decision.

2.1.2.2.2. Schizosaccharomyces pombe

S. pombeaside fromS. cerevisiaeis the most thoroughly studied yeast
species (Romanos et al., 1992). This host comparef. tterevisiaehas
glycosylation and other PTMs more similar to mammaliafs ¢&raumann

and Premstaller, 2006) and has very advanced genetics. The quality control
system for protein folding in this yeast is closer to mammalian cellsShan
cerevisiae (Celk and ¢ a | & k ,; buR @sld jesult of less developed
fermentation technology and relatively few inducible promot€msliK and

¢ al ék , util2zabioh df)this yeast has been confined to the isolation and
studying homologous mammalian genes rather than eigmes$ foreign
proteins. Promoters fromS. cerevisiae genes generally exhibit less
functionality and lead to inefficient transcription initiation in this host. Both
constitutive and regulated expression has been reported for this host system
(Romanos et gl1992).

2.1.2.2.3Zygosaccharomyces

The knowledge aboufygosaccharomyces very poor but its six classified
species are evolutionary very closeSaerevisiaeand are not so far froig.
lactis. Some of the species have exceptional resistance eoasstresses that
confers them the suitability for industrial usage; rouxii is salt tolerant
(osmophilic) andZ. bailii can bear high sugar concentrations (osmotolerant),

acidic conditions, and relatively high growth temperatures. Ethanol

37



production inthese yeasts under aerobic conditions is lower compar&d to
cerevisiae Finally, there is no need to intricate fermentation strategies to
obtain high cell densities (Porro et al., 2005).

2.1.2.2.4Kluyveromyces lactis

K. lactis has been one of the mabrganisms grown in industry in bioreactors

to produce bovinehymosin known asrennin,on a large scale since 1950s.

Its genome has been sequenced in 2004 and also has the GRAS staitus (P
et al., 2005 Such as methylotrophs, the ability of metabolism adaptation in
order to efficiently utilize a special carbon source is observalie lactis
(Gellisen et al., 1992). This yeast as an industrial microbe has high secretion
ability (Romanos et al.,, 1992) and can use a wide range of carbon sources
such as galactose, raffinose, and maltd@®e( et al., 2007put important
discriminative characteristic is its ability to grow on lactose as the only
carbon sourcevhere during growth in the deosecontaining medium, the
lactose utilization pathway enzymes are strongly induBéekr( et al., 2007,
Gellisen et al., 1992). The most widely used promoter&.déactis are the
KIADH4 and inducibleLAC4 promoters (Nel et al., 2009) where the best
recagnized one is that of tHeAC4 gene (Romanos et al., 1992). It should be
considered that sever8l. cerevisiaepromoters are also active i lactis

and have been used for pr o-dwlasep-on of prote
amino acid oxidase, etc. whichgonoters ofPHOS5, GAL1, PGK, and etc.

can be some exampleBder et al., 2007)Both genomic integration and
episomal state have been reported for the related ve#totactis has the
advantage of possessing highly stable episomal vectors (Romanos et al.,
1992).

2.1.2.2.5Arxula adeninivorans
A. adeninivorangBlastobotrys adeninivorasis a horpathogenic and also
a dimorphic yeast specieBder et al., 2007Nel et al., 2009)The Arxula

genus has two specieA. terrestre and A. adeninivorans A. terrestre in
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contrast toA. adeninivoransdoes not have any fermentative abilityel et

al., 2009) All A. adeninivoranstrains share unusubiochemicalactivities
being able to assiilate a range odmines adenineand several othgsurine
compoundsas sole energy and carbon soufBéer et al., 2007Nel et al.,
2009). Interesting features of this host are being osaterant andhermo
tolerant and temperatudependent dimorphb@ddingand mycelial forms).
Osmotolerancehas been emanated AHSB4gene and its promoteélik

and¢ a |l é k , is defeiddént on the presence and absence of NaCl, can be
an attractive element for gene expression (Nel et al., 260%arding he
biotechnological importance of the morpholog®-glycosylation is
performed in budding cells only; however;gW/cosylation occus in both

cell types (Nel et al., 2009). The utilized vectors in this host can be either
episomal or integrative. The production Bf coli-d e r i igaadtosifiase,
green fluorescent protein (GFPyman serum albumin (HASand invertas
enzyme with the aid of recombinant strainsAofadeninivoranshas been
reported Boer et al., 2001/

2.1.2.2.6.Yarrowia lipolytica

Y. lipolytica (Candida lipolytica is dimorphic and is unicellular in minimal
media containing glucose or-hexadecanewhereas forms mycelia in
minimal media including olive oil or casein. A mixture of both forms is
available in complex medium (Romanos et al., 1992).lipolytica in
contrast to A. adeninivorans in order to shift its morphology, needs
additional factor thn temperature such as change in pH or addition of serum
to the medium (Nel et al., 2009). This yeast metabolizes only a few sugars
(mainly glucose but not sucrose), alcohols, acetate, fatty acids, oils and
unusual carbon sources, such laglrocarbonsY. lipolytica is a strictly
aerobic microorganisniBoer et al., 200/ and with its intense secretion
capability, specifically secretion of high molecular weight proteins, can be
considerd as a suitable host for secretion maadehe role of an industrial

yeast such aK. lactis (Romanos et al.,, 1992; Nel et al., 200%he high
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level secretion ability along with the capability to grow to high cell densities
at industrial scale is a motitlan for usage as host in heterologous protein
production Romanos et al., 1992). Furthermor¥, lipolytica has he
superiority ofabsence of hyperglycosylation ov@rcerevisiagGellissen et

al.,, 1992).Y. lipolytica strainsdo not ferment sugars and arensidered as
nonpathogenic species (Nel et al., 200Bjansformation ofY. lipolytica by
both replicative (episomal) and integrative plasmids is feagidée et al.,
2009) The first tool for expression in this yeast was achieved by utilization
of promoter of highly expressedPR2 gene which codes for secreted
alkaline extracellular protease (AEPQRne of the modifications of the
industrial strain was to delete the gene of AEP because of the probability of
degradation of the secreteegpmtein by thisenzyme (Nel et al., 2009)
Additionally, two strong constitutive promoters includiigcF and RPS7
along with inducible ones have been obtained fértipolytica (Celik and

¢ al ek , PromOtdrslof isocitrate lyaséC(1), 3-oxo-acyFCoA thiolase
(POTY), and acylCoA oxidase POX2, POX1andPOX5also codes for this
enzyme, are the strongest inducible promoters of this y&sdr (et al.,
2007). Successful usage ofGll and pPOX2 for r-protein production has
been reportedBper et al., 200)

2.1.22.7. Schwanniomyces occidentalis

Sw. occidentalis can degrade starch completely by the aid of two
extracel | udamylase and glycoaengase; thiSsy. occidentalisis

widely known for its amylolytic system (AlvarBenito et al., 2013).
Therefore, one of its advantages is the ability to grow oagheedia (Nel et

al., 2009). Furthermore, this yeast can secrete proteins greater than 140 kDa
efficiently. Sw. occidentalisalso lacks hyperglycosylatioGellissen et al.,

1992; Nel et al, 2009 and does not secrete substantial amount of

endogenous preases (Nel et al., 2009).
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2.1.2.2.8 Pichia stipitis

P. stipitis as a Crabtree negative yeast is suitable {fprotein production
because it can effectively convert a carbon source to biomass (Nel et al.,
2009). Thecomplete sequencingf its genomewas announced i2007. P.
stipitis is capable of both aerobic and oxygenited fermentation and has
the highest known natural ability of any yeast to directly fermgluise and
converting it toethanolwhich can be considered as an economically valuable
characteristic. Common promoters used for the expregsithisi system can

be mentioned as: the promoter of natk®L1 gene which codes for xylose
reductase, the promoter of natiV&L gene that codes for transketolaSe,
cerevisiaePDC], the promoter o8. cerevisiae PGKQene which codes for
phosphoglyceratkinase, the promoter . cerevisiaeADH1 gene, and the
promoter of Schwanniomyces occidentalSAM1 which codes for a
glucoamylase.XYL1 promoter is inducible in the presence of xylose. It
should be emphasized that stipitis has a low level of glycosation (Nel et

al., 2009).

2.1.2.2.9 Methylotrophic yeasts

Just a few yeast species have methanol assimilating capabilities and,
therefore, can use methanol as the sole carbon and energy source; these
yeasts called methylotrophs belong to the ger@eadida Torulopsis

Pichia, and Hansenula(Gellissen et al., 1992; Hollenberg and Gellissen,
1997; Demain ani¥/aishnay 2009) These yeasts can be good candidates for
studying structural analysis by usiniC-labeled methanol as carbon source
(Hollenbergand Gellissen, 1997 Methylotrophic yeasts are very attractive
platforms for the industrial production ofproteins Demain andvaishnay

2009) Within this group, P. pastoris (syn. Komagataella pastoris,
Komagataellaphaffii) and H. polymorpha(also krown asPichia angusts

as two ascomycetous yeasts, have been widely used as expression platform
in production of fproteins. They can grow to high cell densities in cheap,

chemicallydefined medium. Methanol metabolism pathway is common in

41


http://en.wikipedia.org/wiki/Full_genome_sequencing
http://en.wikipedia.org/wiki/Genome
http://genome.jgi-psf.org/Picst3/Picst3.home.html
http://en.wikipedia.org/wiki/Fermentation_%28biochemistry%29
http://en.wikipedia.org/wiki/Xylose
http://en.wikipedia.org/wiki/Ethanol

both yeasts busignificant differences in their genetics are observate (
Bruin et al., 2005; Porro et al., 2003n addition, P.methanolica and C.
boidinii have been described as expression factories (Porro et al., 2005).
During growth in methanedontaining medim, key enzymes of the
pathway are expressed in high amounts and peroxisomes proliferate; special
abundance belongs to alcohol oxidase (AOX), formate dehydrogenase
(FMD), and dihydroxyacetone synthase (DHAB)é¢ér et al., 200)/but the
most notable increadeelongs to alcohol oxidase which is virtually absent in
cells grown on glucose (Nel et al.,, 2009). AOX and DHAS proteins may
constitute more than 60% of total cellular protein which shows the strength
of related promoters (Nel et al., 2009); thus, prom@&iements from the
methanol utilization pathway can be suitable and robust candidates for
control of heterologous gene expression. Nevertheless, other promoters can
also be utilized for efficient expressioBder et al., 200)f Totally, the
attractiveness of methylotrophic yeasts in production of-proteins
substantially arises from their ability to reach high cell densities, as high as
130 g/L, without sophisticated fermentation processes as well as their
strongly and strictly regulated promoters in metslautilization pathway
(Porro et al., 2009pemain and/aishnay 2009)

2.1.2.2.9.1Pichia methanolica

P. methanolicaas a species d?ichia possesses twAOX genes designated
as AUG1 and AUG2, alcohol utilizing genes, induced in the presence of
methanol (Boer et al., 200)7 As yeast, it shares the advantages of molecular
and genetic manipulations witlsaccharomycesand it has the added

advantage of 1:(to 10Gfold higher rprotein expression levels.

2.1.2.2.9.2Candida boidinii
C. boidinii possesss a singleAOX gene represented asOD1 which is
induced in the presence of methan&®oér et al., 200}/ Peroxisomes

massively proliferate in the methylotrophic ye&stboidinii when cultured
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on methanol as the only carbon and energy source. It hagdysated that
peroxisomes are also induced by oleic acid bsadanine as carbon sources,

and that these peroxisomes contain increased amounts of the enzymes of
f at t y-oxaationdor Dbamino acid oxidase, respectively (Kern et al.,
2007).

2.1.2.2.9.3Hansenula polymorpha

H. polymorphais a facultative methylotqpphic and can be cultivated using
methanol, glycerol, or glucose as carbon sources. It has similar properties to
P. pastoris(Romanos et al., 1992). In contrast?gpastoris H. polymorpha
expresses just one methanol oxiddd©k), as alcohol oxidaseAQOX) gene

and, thus, just has two phenotypes regarding methanol utilization (Porro et
al., 2006). Three strains which possess different features and independent
origins have been identified: CBS4732, 12| and NCYC495 Koer et al.,

2007). Products such asrhiu di n, hepatitis B-2ovacci ne,
have been expressed successfully in this host and Hepatitis B vaccines,
| F NRH, or insulin have reached the mark&tpolymorphacan be recruited

as a model organism for conducting researches on peroxibmgenesis

and function and nitrate assimilation, which is absent in other methylotrophs.
Both inducible and constitutive promoters are available for this Iqueik(

and¢ al e k ,. Th@ prdmbter of peroxisomecated enzyme, methanol
oxidase MOX), is used to express foreign proteins as first generahtibX

gene is derepressed in absence of glucose and, therefore, makes a methanol
free process possibleBfer et al., 200/ As a novel promoter for this
expression system, formate dehydrogenaB®) promder has been
isolated and used (Porro et al., 2005). M@X promoter,DHAS promoter,

and theFMD promoter are totally repressed in the presence of excess
glucose and are highly induced by methanol; derepression of the mentioned
promoters is possible by plying the glucose or glycerotlimiting
conditions (Nel et al., 2009). Furthermore, the nitrate assimilation pathway

genes promoters can also be used in this y&isr(et al., 2007Nel et al.,
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2009). Constitutive promoters also can be mentioned suttte ggomoter of

the plasma membrane tATPase PMA1promoter) andsAP gene promoter
conditions (Nel et al., 2009).

The main difference with. pastorisis that, theMOX gene is derepressed in
absence of glucose (or glucose limitation) when using suéstsich as
glycerol, or sorbitol and therefore the tight regulation of promoter is lost
during biomass increase phase (Romanos et al., 1992). However, its growth
rate on simple media is higher in comparison Witlpastorisand C. boidinii

(Nel et al., 200). This yeast is more tolerant of higher temperatures (up to
49eC) and, therefor e, the risk of contamin:
decreased by elevated temperatures (Nel et al., 2009) and, further, makes it
suitable for the expression of thernase enzymes and proteinSefik and

¢al &k, InHOpblfmorphait is possiltle to target the heterologous
membrane proteins to localize in peroxisomal membranes by the targeting
signal and then use of the membrane proteins in different researchek; so,
polymorpha can be regarded as a suitable platform for production of
membrane proteins (Nel et al., 2009). A peroxisomal fate can also be helpful
in the case of expressed proteins that may be deleterious to the host cell
(Hollenberg and Gellissen 1997).

2.1.2.2.9.4Pichia pastoris(Komagataellaphaffii)

The methylotrophic yeasP. pastoriswhich has been reclassified as new
genus ofKomagataellais a Crabtreenegative (Mattanovich et al., 2009)
with four chromosomes (De Schutter et al., 2009). Taasyis homothallic
which remains haploid unless forced to mate (Nel et al., 2009) Pidtea
genome has been sequenced for three different strains including GS115
which is auxotrophic for histidine, DSMZ 70382 a@BS 7435with the
respective genome siod 9.43 Mbp, 9.4 MbP, and 9.35 MI{pe Schutter et

al., 2009; Mattanovich et al., 2008&uberl et al.,, 201l All P. pastoris
expression strains are derivatives of NRRL11430 strain (Northern

Regional Research Laboratories, Peoria, ({C¢reghino and @&gg, 2000
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which has been deposited Bs pastoris CBS 7435 Kuberl et &, 2011).

During the 1970s, this yeast was considered as a promising source of single
cell protein (SCP). Due to the oil crisis, such a process failed economically
and, thus, the scarno changed and this yeast was considered as a potential
host for kprotein production by the efforts and investigations conducted by
Philips Petroleum Company (Nel et al., 2009ell biologists initially
became interested IA. pastorisbecause it pragles a convenient system for
studying peroxisome biogenesis (Sears et al., 1988ty to grow on a

sole carbon source along with the presence of highly inducible methanol
utilization pathway enzymes especially alcohol oxidase enzyA@X1 and

AOX2 which are strongly induced upon growth on methanol (Potvin et al.,
2012; Staley et al., 2012), and, subsequently, their promoters makes it one of
the preferences in rDNA technology.

The major advantage d®. pastoris over E. coli is the ability to
produce dulfide bonds, glycosylation which inhibits the formation of
misfolded proteins in the form of IBs, and extracellular production of protein
(Demain and Vaishnay 2009) In addition it conducts proteolytic
processing present in other eukaryotic organigrheh altogether leads to
obtaining correctly folded and, thus, functional proteins. In comparison with
mammalian and insect cells, this yeast needs less expensive media which
makes the process more economical. Secretion pathway. qfastoris
resemblesd eukaryotes me thanS. cerevisiaeand other noitonventional
yeasts do (Corchero et al., 2012)dditionally, the notable difference
between P. pastoris and S. cerevisiaeis the (frequent) absence of
hyperglycosylationin the former; Nglycan chain lenip in P. pastoris is
shorter than that found i8. cerevisiae Furthermore P. pastoris expresses
less antigenic proteins (Cereghino and Cregg, 2000). MoreBvgastoris
secretes low levels of endogenous proteins to the extracellular medium
which can lad to a less problematic purification procedure and therefore a
less complex and cheaper downstream processing unit (Li et al., 2007).

Cumulatively, three key reasons that makepastoris suitable for foreign
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protein expression are (i) being easily matafed at the molecular genegic
(i) high-level protein expression due to the feasibility of high cell density
fermentation, (i) performing many “higher eukaryotic" protein
modifications (Cereghino et al., 2002). Economical and-defihed mineral
meda containing only glycerol or methanol, biotin, salts, and trace elements
(Chauhan et al., 1999; Cereghino et al., 2002) has made-sSkeae
production of fproteins by P. pastoris more convenient. Due to the
preference of the respiratonyathway contray to S. cerevisiae, higher
biomass production iR. pastorisis readily achieved which results in higher
amount of recombinant produ¢Cregg, 1999 Fermentative pathway leads
to the production of toxic fermentative product (i.e., ethanol) that is
deleteious to the cellsP. pastorishas GRAS status and, thus, its utilization
in foodrelated applications is allowable. From 2000 to 2010, over 700
proteins form bacteria to human have been produc@d pastoris(Li et al.,
2010). Some of the proteins thdiave been expressed kh pastorisare in
clinical trials to be used as human therapeutics (Nel et al., 2009). In 2009, a
synthetic peptide expressed Bypastoriswas approved by FDA for the use
in treatment of hereditary angioedema (Corchero et a2)20

The main problem in this yeast such as the other yeast platforms is
the inability of the host to imitate the correct PTMs on the artificial product
during passage from protein processing machinery (Nel et al., 2009). In
addition, P. pastorisis unableto produce proteins that need chaperonins for
correct folding.Remaining deficiencies in a glimpse can be summarized as
high protease expression levels, high sensitivity to methanol levels, nutrient
deficiency when grown on defined media, and health afietys concerns
associated with methanol (Potvin et al.,, 2012p perform genuine
glycosylation,P. pastorishas been genetically modified to result in human
type glycosylation Demain andVaishnay 2009) Positive and negative
features ofP. pastorisas rprotein expression host have been summarized in
Table 2.3.
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Despite advances in protein expression field, to match a protein with

a suitable expressing host and also

increasing the expression yield is still a

matter of "trial and error" and time and lalbooonsuming approach

(Boettner et al., 2007). In current

study the selected host -fwotein

expression i¥. pastorisand, therefore, the remaining parts will be allocated

specifically to this yeast.

Table 2.3.Advantages and disadvantage®ofpastais expression systeliCregg, 1999

Advantages

Disadvantages

Culturing
Rapid growth
High-cell density
Clean medium
Easy scale up to large volume

Molecular genetics
Availability of classical genetic method
Molecular methods similar to
S.cerevisiae
Stable integrative vectors

Promoters
Strong, tightlyregulated, and
easilycontrolled Rox:
Strong constitutive §\p

Expresson
Eukaryotic environment assists
folding of r-proteins
High expression level

Secretion
Proper PTMs
Disulfide bond formation
Secretion SP processing
Folding
Glycosylation

High level fermentation product (g/L)

Few endogenous proteins in medium

For highlevel productionof r-protein,
bioreactor ioftenrequired

Limited range of vectors

Improper PTMs
Native signals are not always
processed
Protein stucking in seetory pathway
due to the misfolding
Lower eukaryotietype glycosylation
Degradation of+protein in medium by
proteases

47



2.1.2.2.9.4.1Pichia pastorisvectors
After choosng a host . pastorisin present study), a vector with suitable
promoter (for transcription regulation) and a selectable marker should be

selected for transformation of the host organism. A list of comwemtors

used inP. pastorissystemdhas been pragedin Table 2.4.

Table 2.4.CommonP.pastorisexpression vectors (Cregg, 29

Name

Marker

Features

Intracellular expression

pHIL-D2 | HIS4 AOX1gene replacement happens

pAO815 | HIS4 Able to generate multicopy vector

pPIC3K | HIS4 & Presence dfICS, G418 selection for multicopy strains

karl

pPICZ ble Presence of M6, Zeocin selection for multicopy strain
potential for fusion of foreign protein to Hiand myc epitope
tag

pHWO10 | HIS4 GAP promoter

pGAPZ ble GAP promoter, Presence of MCS, Zeocselection for

multicopy strains, potential for fusion of foreign protein togh

and myc epitope tag

Extracellular expression

pHIL-S1 | HIS4 AOX1 promoter, PHO1 secretion signal, several cleavage
for insertion of foreign genes

pPICOK | HIS4 & AOX1p r o mo 4ME segretidh signal, several cleavage si

karl for insertion of foreign genes, G418 selection for multic

strains

pPl CZ blef AOX1 p r o mo tMFrsecretibh signal, Presence of MC
Zeocin selection for multicopy strains, potential for fusidn
foreign protein to Hisand myc epitope tag

p GAP Z blé GAP p r 0 mo tMFr secretion signal, Presence of MC

Zeocin selection for multicopy strains, potential for fusion

foreign protein to Hisand myc epitope tag
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The expression of any foreign genn a host (hereP. pastorig
comprises (i) insertion of the gene in expression vector, (i) transformation of
the host cell and stable maintenance in host, (ii) selection of the desired
genepossessing strains and verifying their ability in productmrselect the
best producing strain (Macaul@atrick et al., 2005).

Presence of an expression cassette is one of the major features which
iIs common in allP. pastoris expression vectors; it includes a promoter
sequence, most often th&®0OX1 gene promoter (Paox1), In the case of
extracellular production a secretion signal sequence which is fdeine
with the gene of interest, a transcriptional termination (TT) sequence derived
from AOX1 gene that directs efficient 3' processing and polyadenylation of
the mRNAs, and a site for insertion of gene of interest called multiple
cloning site(MCS). The MCS, containing multiple restriction sites in order
to facilitate digestion by suitable restriction enzymes, is located between the
promoter and terminator seque for insertion of the desired gene. The
commercial P. pastoris expression systems are supplied by Invitrogen
Corporation; the vectors comprise either wmiducible Paoxi, or the
constitutiveGAP promoter (Rap) and theHIS4 gene (or thesh blegene) for
selection.Sh ble(or Zeg gene confers resistance to the drug Zeécmd
substantially decreases the size of plasmids. In the case of application of
HIS4-based vectors, the his4 auxotroph strains should be employed;
however, wherZeocin -resistancebased vectors are used the prototrophic

strain should be recruit§€regg, 199%

2.1.2.2.9.4.2Pichia pastoristransfection

P. pastoriscan be transfecteloy electroporation, or a spheroplast generation
method, or whole cell methods such as those inojudihium chloride (or
lithium acetate) and polyethylene glycol (Nel et al.,, 200®ihce lithium
acetate method does not work f@ichia transfection lithium chloride
method is selected d@bke method of choice (Invitrogen, 20103t this time,

the lithum chloride and electroporation methods are the common
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transfectionmethods. HigkHrequency DNA transformation is one of the
important features d®. pastoris(Nel et al., 2009).

In general, both of episomal and integrative vectors are available for
the hats; i.e., after transformation, the newiyroduced (recombinant)
DNA can either integrate itself into the host genome (chromosomal DNA) or
remain separately and replicate autonomously as a circular plasmid referred
as episomal (Nel et al., 2009). Intagive vectors could provide more
benefits as the problem of plasmid loss will be minimized in other words, the
genetic instability due to segregational loss will be eliminated (Wu et al.,
2003a) and, consequently, uniform expression will be achieved (Seats
1998); in order to have a robust industrial process, the strain should be
genetically stable without any need to selective pressure (Porro et al., 2005).
Similar to S. cerevisiaethere is a tendency for homologous recombination
between genomic anidtroduced DNA inP. pastoriswhich leads to either
single cross over or gene replacement events. This phenomenon is stimulated
by plasmid digestion within a sequence shared by the host genome; free
DNA end facilitates homologous recombinati¢@regg, 199; Nel et al.,
2009). In orderd have more stable transfectarite expression is conducted
preferentially by chromosomal integration with the help of the vectors
designed to be integrative (Sreekrishna et al., 1997). However, utilization of
a few episoral vectors has been reported in this host (Lee et al., 2005; Hong
et al., 2006). AlP. pastorisexpression vectors have been designed. asli
/ P. pastorisshuttle vectors (Cereghino and Cregg, 2000). Gene insertion and
gene replacement events are degad in Figure 2.3. IrP. pastoris gene
replacement happens at lower frequencespared tdS. cerevisiae(Nel et
al., 2009).
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Figure 2.3. Linealized vectorand its integration to the. pastorischromosome (Daly and
Hearn, 2005).
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Regarding theability of P. pastoris growth on methanol the strain
phenotype is different; Mitis the wild type which possesses bat®X1and
AOX2genes, Muthas undergonAOX1gene deletion, and Muwhich both
AOX genes have been removed. The last strain is urtablgrow on
methanol. It should be reminded that foreign genes unggn BPontrol are
still induced by methanolCregg, 1999 In the case of intracellular
expression, Mdtcells are preferred to be employed because of increased
specific yield of fprotein If secretion situation is intended, either one of

Mut® or Mut® strains can be use@lgiruvolu et al., 1997

2.2. Notable yieldaffecting parameters

Considering thefermentation, parameters that can have effect-protein
expression yield can beowsidered in two different levels: genetic level (or
cell level) and process level (or cultivation level); virtually they can be
supposed as micrievel and macrdevel parameters (Macauldatrick et

al.,, 2005). The former is related with the gene ofredt the expression
host, the vector and the latter takes into account all factors that can affect the

fermentation in shake flask (or bioreactor) after transformation completed.

2.2.1. Genetic parameters

Parameters in this category are genetlatedfeatures and elements before
initiation of cultivation for production; factors such as strain of the host cell,
codon usage bias of the host in comparison with the gene of interest, A+T
and G+C content of the gene of interestserted gene copy number
promoter, secretion signgleptide and epitope tag in the vector can be

included in this class.

2.2.1.1. Promoters
One of the essential elements required for any expression system is a strong
promoter(Cregg, 1999 The site on the DNA to which tHeNA polymerase

molecule binds prior to initiation of transcription is called the promdter.
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other words, promoter is the mediator of transcription which provides
specific binding site for transcription machinery and transcription factors
(Vogl and Glieder, 203); the schematic representation is represented in
Figure 2.4.In addition to providing a binding site for the polymerase, the
promoter contains the information that determines which of the two DNA
strands is transcribed and the site at which transanifnggins(Karp, 2008).

The major distinction between transcription in prokaryotes and eukaryotes is
the requirement in eukaryotes for a large varietyacdessory proteinsor
transcription factors(TFs) (Karp, 2008) cellular RNA polymerases are not
capale of recognizing promoters on their own but require the helhede
additional protas.

Choice of the promoter for heterologous gene expression highly
affects yield but the toxicity of the product must be considered in this
selection Celik and¢ a | Z0k1), The promoter can be native to the host as
well as fom another microorganism. In the case of yeasts, generally,
promoters of the yeast species are recruited (homologous promoters) since
nonyeast promoters (heterologous promoters) often do not certdugood
efficiencies (Porro et al., 2005).

Promoters can either be inducible (regulated) or constitutive based on
the mechanism of actiorfhe former one is dormant and the gene under
control is not expressed until the inducer compound would be prhasetite
latter is permanently on and expression continiksst foreign proteins are
at least somewhat deleterious to the cell when expressed at high levels, thus,
the ability to maintain the culture in a repressed or "expression off' mode is
preferable(Cregg, 199%. Classically used promoters (benchmark promoters)
in P. pastorisexpression system are alcohol oxidase 1 gene promaigu)P
and glyceraldehyd8&-phosphate dehydrogenase gene promotess(FVogl
and Glieder, 2013)Most of the promoters iR. pastorisexpression system
such asPaox1, Paoxz Prip1, Peexs Prpri Ponas Pcii, Prer and Rap are
controlled by the carbon sources for foreign gene expression and some of

them might also be regulated by nitrogen source, su€h as(Zhang et al.,
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2009). It is useful to have a selection of different promoters suitable for
recombinant expression of heterologous or homologous genes, varying from
strong promoter activity to weak or reduced promoter activity for host
engineering purposes (Stadimayr at, 2010). The promoters have been
hitherto used irP. pastorishave been presentegdTable 2.5

“PROMOTER regulates initiation of transcription”

Transcription Start Site Transcription Termination Site
| «
6T | S E ﬁ
i - )

TBP

TATAbox RNA PolymeraseII ATG

o J
s 28

Promoter Region

Figure 2.4.Simple representation and explanatiothapromoter region of a gene with the
general structure of the gene under control. There aranstdited regions (UTRs) before
and after the coding sequence (ORF) which possess special responsibilities. GTFs: general

transcription factors and TBP: TATBinding protein.

2.2.1.11. Inducible promoters (Gene switches)

High level expression of a fog protein can impose a significant metabolic
burden on the host which leads to the reduced growth rate and gene
expression. Furthermore, the recombinant product may be toxic for the host
cell, thus, the use of tightly regulated promoters is advantageeusodthe
having a more controllable expression as the result of separated growth and

induction phases.
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Table 2.5. Constitutive and inducibl@romoters used i?. pastorisfor expressionof r-
proteins.Expression level is relative to two classigf and Psap (¢ a | eBak, 2015).

Gene _ _
Gene Product Regulation Expression Level
Name
Constitutive
GAP Glyceraldehyde 3 Expression on
phosphate glucose, to a lesser
Strong promoter
dehydrogenase extent on glycerol
and methanol
ENO1 Enolase - ~ 2070% of Rap
Phosphoglycerate
GPM1 - ~1540% of Rap
mutase

HSP82 | Cytoplasmic chaperon
(Hsp 90 family)
KAR2 ER resident chaperong

- ~ 1040% of Rap

- ~1070% of R
(also termed BiP) o

PET9 ADP/ATP carrier of the|

inner mitechondrial - ~101700% of Rap
membrane
Phosphoglycerate
PGK1 . - ~ 10% of Rap
kinase
SSA4 Heat shock protein - ~ 10-25% of Rap

TEF1 Translation elongation Strong growth o
Strong (similar to Bap)

factor association

TPI1 Triosephosphate
. - ~ 10-80% of Rap
isomerase

YPT1 GTPase involved in

. - Weak
secretion
GCw14 Potential glycosyl Expression on

o 5-10 fold higher than
phosphatidyl inositol | glucose, glycerol, ant

. PGAP
(GPI) anchored proteir methanol

SDH Sorbitol dehydrogenas - ~ Similar to Rap
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Table 2.5.Constitutive and induciblpromoters used iR. pastorisfor expression pf-r

proteins Expression level is relative to tvatassic Rox;and Rap (Continued).

Gene ) ]
Gene Product Regulation Expression Level
Name
Inducible
Strong
AOX1 Alcohol oxidase 1 Induction by methanol (~30% of total
protein)
AOX2 Alcohol oxidase 2 | Induction by methanol| ~ 510% of Rox:
Expression on glucose
AOD Alternative oxidase | but not on methanol of ~ 40% of pGAP
upon glucose depletiol
DAS Dihydroxyacetone ) Strong (similar to
Induction by methanol
synthase Paoxi)
Formaldehyde Induction by métanol Strong (similar to
FLD1 dehydrogenase and methylamine Paox1)
Repression by glucose
) derepression by glucog  Not compared to
ICL1 Isocitrate lyase ] )
depletion and classic promoters
induction by ethanol
Peroxisomal matrix | Induction by methanol
PEXS8 ] Weak
protein or oleate
(putative) Sodium ) o
PHO89or Induction by phosphat{  Strong (similar to
coupled phosphate o
NSP limitation Psap)
symporter
THILL Protein involved in | Complete repression b  ~ 70% of Rap0On
thiamine biosynthesis Thiamine medium lacking
thiamine; 63% Bap
Repression by glucose
Alcohol and methanol,
ADH1 ) ) -
dehydrogenase induction by glycerol

and ethanol
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Table 2.5.Constitutive and induciblpromoters used iR. pastorisfor expression pf-r

proteins.Expression level is relative to two classigR, andPsap (Continued).

Gene ) ]
Gene Product Regulation Expression Level
Name
ADH3 Protein involved in| Induced by ethanol Strong (similar to
Ethanol utilization Paoxas and  Rap
(Karaoglan et al.,
2016b)
Repression by
) methanol, indution by
GUT1 Glycerol Kinase -
glucose, glycerol and
ethanol
) o Glycerol repression,
High-affinity glucose ] ) Stronger than £p
Gl induction by glucose
transporter o (~230% Rap)
limitation
] Glycerol repression,
Putative aldehyde ) ) Weaker than E\p
G6 induction by glucose
dehydrogenase o (~ 40% R.ap)
limitation
Repression by additior]
. 13% Rsap
) ) of L-threonine, L .
THR1 Homoserine kinase ) ] In nonrepressing
valine, L-leucine and .
) ] conditions
L-isoleucine
13% R
Rpresion by addition ol .
MET3 ATP sulfurylase o In nonrepressing
of L-methionine .
conditions
. , " 1% Rsap
3-phosphoserine Repression by additior )
SER1 ) ) In nonrepressing
aminotransferase of L-serine N
conditions
o . o 40% Rspp
Phosphatidylinositol | Repression by additior .
PIS1 In nonrepressing

synthase

of zinc

conditions
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2.2.1.11.1. Alcohol oxidase 1 gene promoter
P. pastorispossesses a highnducible methanol utilizabin pathway (MUT)
which has beedepicted inFigure 2.5.

S N
CH,OH Peroxisome Cytosol
0O, 9 - |
H,0, AOX 1GSH <&/—————
GS-CH,0OH o L2 GS-COH -—-—) HCOOH
NAD* NADH NAD*
1/@ 02+ H20 AARL FDH4
1 XuP
13 ﬂ CO2 —=>CO,
- Free energy
Pentose phosphate - )
pathway reactions | /2 GAF ==>Biomass
DHA GAP
Pi
TPI F, ¢BP .—_’,L'> FoP
FBP™
DAK
DHAP

A%
ATP ADP

Figure 2.5.The methanol utilization pathway P pastoris(De Schutter et al., 2009)

1.AOX: alcohol oxisase, 2.FLD: formaldehayde dehydrogenase, 3. FGH: S
formylglutathione hydrolase, 4. FDH: formate dehydrogenase, 5. CAT: catalase, 6. DAS
(~DHAS): dihydroxyacetone synthase, 7. DAK: dihydroxyacetone kinase, 8. TPI:
triosephosphate isomerase, 9. FBA: fructbge biphosphate aldolase, 1BBP: fructose

1,6- biphosplatase

The base for the heterologous protein productidp. ipastorisis the
availability of methanol metabolism enzymes when grown on methanol, i.e.,
they are induced by methanol. Most promoters useB.fpastorisup to date
have been derived from ges that code for enzymes involved in the
methanol metabolism (Stadlmayr et al., 2010). HowevgsxiFhas been the

most widely used because of its strength and tight regulation (Sreekrishna et
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al.,, 1997; Nel et al., 2009). The highest expression level pastorishave

been reported by the use ofadRi which were 22 g/L and 15 g/L
intracellularly and extracellularly respectivef)ogl and Glieder, 2013)
Alcohol oxidase enzyme is coded by two geA€X1andAOX2 According

to the MUT, cells that grow on ethanol have high oxygen requirement
which urges to add pure oxygen to the medium which increases the cost of
the process (Bollok et al., 2009). As the affinity of AOX1 enzyme for
oxygen is low, theP. pastoriscell by overexpression of this enzyme omits
this shortage and, thus, the enzyme can reach 30% of total cellular protein
when grown on methanol as the only carbon source (Daly and Hearn, 2005).
Cells that grow on repressing carbon compounds (such as glucose, glycerol,
and ethanol) show complete absenof AOX activity. As soon as the
repressing carbon source in the medium is going to be depleted or becomes
very low in the medium, the promoter reaches the derepression(\étage

and Glieder, 2013)Paox1 is induced only by methanol as the only (and
cheaper) carbon source but supplemental carbon sources may improve the
production of fprotein (Zhang et al., 2009). Regulation and induction of
heterologous gene expression by methanol have been shown to be simple,
easy to scalep and coseffective for lage-scale fermentations (Wu et al.,
2003a).Mut® phenotype has the benefit that leads to consumption of less
amount of methanol for expression; growth can not be supported just by
methanol and addition of an alternative carbon source, such as sorbitol,
manritol, alanine, and trehalose all of which have not any repressing effect
on Paoxiduring expression phase, is inevitafialy and Hearn, 2005)

Although the Roxihas been successfully used to recombinant protein
production, it should be reminded that i{igh methanol concentrations will
conduce to accumulation of formaldehyde and hydrogen peroxide inside the
cells as toxic substances and, so, methanol addition should be finely tuned,
(i) methanol is a potential fre hazard and storage and deliveryrgé la
amounts causes safety problems, (i) methanol is not suitable for production

of food stuffs (iv) relatively long fermentation times required along with
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sophisticated feeding strategies for industrial applications, (v) strong
induction on methanol magxceed the secretory capacity of the host cells
(Menendez et al., 2003; Ahn et al., 2007; Nel et al., 2009; Stadimayr et al.,
2010), and (vi) in small scale productions such as shake flasks, the volatility
of inducer methanol may cause problem also théelimoxygen supply in
shake flasks can be another problem to provide sufficient oxygen for
methanol metabolism (Resina et al., 2005); advantages and disadvantages of
Paox1 has been summarized in Table 2.6. Consequently, there is a strong
demand for regulad promoters other than the methanol inducible, i.e.
methanoilindependent ones, where no toxic inducer would be requited.
should be emphasized that, some inducers may be expensive or could
interfere with the purification of the end product (Porro et24105).

Table 2.6. Advantages and disadvantages @bbased expressioaystem Kacauley
Patrick et al., 2005

Advantages Disadvantages

Tight regulation of +protein expression by  Difficulties in methanol mortoring during
repression/derepression mechanism process

Expression of high levels ofprotein even if As a fire hazard, storing large amounts of
they are cytotoxic methanol is undesirable

Transcription repression by the initial carbc Due to the mainly petrochemical origin of
source leads to acceptable cell growth befi the methanol, its utilization in food product
overexpression of-protein and additives is not suitable

Easy induction of transcription by methanc Requirement for two carbon sources
addition

2.2.1.11.2. Alcolol oxidase 2 gene promoter

The alcohol oxidase 2 gene promo(Brox2) can be considered as another
inducible promoter optian AOX2gene also produces alcohol oxidase but
with a 1620 times lesAOX activity thanAOX1 gene MacauleyPatrick et

al., 20095; as the result of transcriptional regulati?©X1 is much more

60



strongly transcribed thadOX2 (Vogl and Glieder, 2013) therefore, the
methanol induction system is usually adopted A®X1 promoter. Two
genes AOX1and AOX2 are 97% identical in amino acgkquences but no
clear similarity in promoter part is observed (Vogl and Glieder, 2013). The
pattern of action ifPaox2 is similar to Roxi where it also requires absence of
repressing carbon source and presence of inducer. If the limiting step in the
way to reach an active protein is its folding or processing in secretory
machinery, then it will be wise to use a weak promoter which causes weaker
expression (Vogl and Glieder, 2013). Because of lower expression level of
AOX2 the strains with this phenotyg®ut®) grow slowly on methanol. In
some deletion and insertion studies carried out for revealing the pattern of
regulation inAOX promoters, in addition to finding positive and negative
regulatory sequences, it was understood that deletiorA@K1 gene
profoundly decreased the growth rate on methanol; however, the deletion of
AOX2 led to a wild typeike growth (Vogl and Glieder, 2013).
Physicochemical environment has effect on this promoter and as reported,
addition of oleic acid to medium in production lmfman serum albumin has
increased the protein expressitoy improving transcriptional regulation
(MacauleyPatrick et al., 2006

2.2.1.11.3. Dehydroxyacetone synthase gene promoter

In addition to the Rbxi, other methanehduced dehydroxyacetone syasie
promoter (Byag) has also been studied to expregwateins. The DHAS
protein solely can constitute up to 20% of the total cell protein when grown
on methanol (Daly and Hearn, 2005). After sequencing of the whole genome
of P. pastoris it was comprehaled that there are two very simiBHAS
genes (91% similar) but the used one in researches ha®bed2gene. It

has been noticed that bditHAS1andDHAS2are induced to same extent by
methanol (Vogl and Glieder, 2013). In contrast t@x?which is hduced by

glucose starvation, such a pattern was not observedpfog Rhe Ryyas is

not activated by carbon sour c-e staryv
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galactosidase when the transformants were grown on methagel; P
expressed fivtime greater product in comparison tenks (Daly and Hearn,
2005).

2.2.1.11.4. Formaldehyde dehydrgenase gene promoter

Some of the yeasts such Rspastorisare able to use methylated amines as
sole nitrogen source. FLD1 (glutathionedependent formaldehyde
dehydrogenase) gene is inducible by both methanol and methylamine
(MacauleyPatrick et al., 2006and, thus, allows the investigator to choose
carbon or nitrogen source regulation with the same expressing strain.
Formaldehyde has role in both methanol and methylamine pathways.
Together with methanol metabolism, Formaldehyde dehydrogenase (FLD)
enzymeplays role in assimilation of some-@mines such as methylamine as
nitrogen source (Resina et al., 2005; Cos et al., 2006) which has been simply
represented in Figure 2.6. The FLD enzyme can form up to 20% of the total
cell protein (Daly and Hearn, 2008nd it clearly shows the strength of its
promoter. Therefore, g, offers the flexibility of inducing high levels of
protein expression with methylamine, as an inexpensive nitrogen source (Li
et al., 2007). Rp1 can be an attractive alternative for naetbtindependent
expression of -protein MacauleyPatrick et al., 2005Vogl and Glieder,
2013). It should be reminded that yeasts are not able to use methylamine as
the sole carbon and nitrogen source and a carbon source should accompany it
(Cos et al.2006).

Recently a Rpi-based vector has been designed (Figure 2.7) by Life
Technologies Corporation (Vogl and Glieder, 2013). As a typical research
regarding PLpi1, the production oRhizopus oryzaépase inP. pastorishas
been conducted in some receasearches in different conditions (Resina et
al.,, 2005; Resina et al., 2009). Specific growth rate has proved to be a key
parameter for the productivity of secreted proteindinpastoris and, in

particular, of R p;-based systems (Resina et al., 2009).
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AOX

Methanol |||](:> Energy Production (NADH)

Formaldehyde

Methylamin III]:> Biomass Production

AmOX

Figure 2.6. The role of intermediate formaldehydddcauleyPatrick et al., 2005 By the
oxidation of methylamine in peroxisomes using methylamine oxidase (AmOX)

formaldehyde is produced which either can be oxidized tp & @hanged to biomass (Cos

et al., 2006).

Figure 2.7.Map ofthepFLD (Web13).
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2.2.1.1.1.5. Isocitrate lyase gene promoter

Isocitrate lyase is amnzymein the glyoxylate cyclethat catalyzesthe
cleavage ofisocitrate to succinateand glyoxylate Together withmalate
synthaseit bypases the two decarboxylation steps of thearboxylic acid

cycle (TCA cycle) and is used by bacteria, fungi, and plants. isocitrate lyase
gene [CL1) promote (PcL1) is induced by ethanol (Stadlmayr et al., 2010),
repressed by glucose, and is derepressed by glucose absence (Menendez et
al.,, 2003). It can be regarded as a potential alternative for commonly used
Paox1 and Rsap which needs more investigation. Wever, there are no
comprehensive results about the direct comparison s@kiPand Rcia
strengths and, therefore, in each case of production a preliminary screening
may be troubleshooting. Although it is most probable thajxHeads to
better results buif avoiding methanol is inevitable, by the changing the gene
copy number (gene dosage) the lower strength of other choices may be
compensated. ThdeCL1 gene from P. pastoris has been cloned and
characterized and its promoter was used for the exprestidextranase

from Penicillium minioluteunfMenendez et al., 2003).

2.2.1.11.6. CUP1genepromoter

In some cases it is not so desirable to alter the nitrogen or glucose source to
regulate the expression of a protein and the use of another inducer is more
pertinent (Koller et al., 2000). The benefit of coppetucible system is that

it does not interfere with the normal physiology of the affected organism.
The coppeiinducible CUP1 promoter (Rup) from S. cerevisiaehas also

been used irP. pastoris systen that can act as an alternative and it was
showed that the amount of expression depends on amount of copper in the
medium (Koller et al., 2000). It is based @introl elements that regulate the
expression of copper detoxification genesSincerevisiaein response to
elevated copper concentrations (Gatz and Lenk, 1$3&)e, the addition of
copper, as inducer, to the medium may cause health problems, thus, this

promoter can be considered as the least important and compatible choice.
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2.2.1.11.7.PHO89genepromoter

PHO89 gene codes for a putative sodieoupled phosphate symporter.
Phosphat@esponsive promoters have been previously analyzdd. iooli

and S. cerevisiae The promoter of this gene is strongly dependent on
phosphate and is regulated byopphate available in growth medium
(binding sites on promoter are available for transcription factor Pho4p).
Using lipase as reporter it was revealed that at high phosphate concentrations
no lipase activity was observed, but in reduced phosphate conmergrat
lipase activity similar to fr1- and Rap- based systems was achieved. This
expression system could be promising candidate for metfr@@okystems

but different reporter enzymes should be assessed to analyze the extent of
expression (Vogl and Glieer, 2013).

2.2.1.1.1.8. alcohol dehydrogenase gene promoter

Two alcohol dehydrogenasdPH) genes have been annotated from the
genome of. pastoris ADH and ADH3, according to the available sequence
homology to theS. cerevisiaeADH genes. ADH3 gene issolely responsible
for ethanol utilization irP. pastorisand ADH gene does not have any role in
ethanol metabolism (Karaoglan et al., 201@€d)H3 gene promoter (fn3)
strength has been compared witkh;gd and Rap in production ofA. niger
xylanase. Th results revealed thaids can be a promising alternative for

generally used Bx;and Rap(Karaoglan et al., 2016b).

2.2.1.11.9. Alternative oxidase gene promoter

Alternative oxidases (AOS$) are present in the mitochondria of plants, fungi
and may types of yeast. These enzymes transfer electrons from the
ubiquinol pool directly to oxygen without contributing to the proton transfer
across the mitochondrial membrane and, thus, act such as alternative shortcut
to the standard respiratory pathway.isThllows respiration even in the
presence of complex Il and IV inhibitors like antimycin A or cyanide (Kern

et al., 2007). The findings suggest a major contribution of the AOB.to
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pastoriscell viability. By glucose depletion, the expression froppdstops

(Vogl and Glieder, 2013) and by considering thapdPis not induced by
methanol, it is inferred the regulation is dependent upon carbon source. So,
by the current knowledge it is postulated thasdAs a strong promoter that

on glucose can be comeda to Rap and encounters a repression or missing
induction when glucose is exhausted or methanol is available (Vogl and
Glieder, 2013).

2.2.1.12. Constitutive promoters

The type of the promoter is highly dependent on the nature of the product
and, thus its subsequent effect on the regular metabolic activity and

proliferation of the host organism. In the case of expression of a host

friendly compound by the cell, the constitutive mode can be chosen where

the production and biomass accumulation (celingh) are synchronized.

2.2.1.12.1.Glyceraldehyde 3-phosphate dehydrogenase gen@omoter
Glyceraldehyde3-phosphate dehydrogenase (GAPDH or GAP) is a key
enzyme in the glycolytic and gluconeogenesis pathways (Fig@je IR.is
major protein in the orgasms such as brown algae and cyanobacteria; in
addition, presence in the amount 06% of the poly(A) RNA in yeasts
suggesting that th&gap is very strong and active (Jia et al.,, 201Zhe
nucleotide sequence tife GAPDH geneof the P. pastorishas ben obtained
with the aid of probing the genomic DNA with tli@APDH gene available
from S. cerevisiae(Waterham et al., 1997); it has been indicated that
pastoris genome contains only on8AP gene. The gene product has a
molecular weight of 35.4 kDa (iheling 333 amino acids) and theABis an
approximately 50p fragment (Waterham et al., 1997).
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Figure 2.8.Central carbon metabolism Bf pastoris(¢ a |egak, 2015).

67



Pcap is one of the strongest constitutive promoters in yeasts and,
consequentlyGAP promoterbased system was developed as an alternative
to AOX1promoterbased system (Wu et al., 2003a; Ahn et al., 2007; Khasa
et al., 2007) Peap is not a suitable choice in the case of proteins that have
toxic effects on the cell (cytotoxic effects) and is a convenient alternative in
the case of netoxic products (Wu et al., 2003a; Li et al., 2007; Driss et al.,
2012). Rap-based production cacross out the imperfections related with
inducible expression and, thus, can confer greater variability toPthe
pastorisbased expression systems. Conflicting results have been reported by
different authors in comparing efficiency of classic promot&gx: and
Pcar, SOme data approvedX: as better and some; i (Zhang et al., 2009).
Synchronization of product formation and biomass accumulation will never
guarantee the uniformity of product yieldgY) in different rproteins where
some proteins nyabe "difficult to be expressed” (Pal et al., 200Ghis
system can be easily adapted for continuous production (Wu et al., 2003a).
The Rsap -containing vectors allow for continuous and lasgale production
of the recombinant product avoiding tfeslbatich fermentation by methanol
inducible system which is complex and needs technically sophisticated
carbon source shifts (Kottmeier et al., 2012). Thus, the microorganism
growth and +protein production become straightforward and the hazards and
costs arosevith the storage and delivery of large volumes of methanol are
eliminated (Cos et al., 2006). In the case of production of recombinant
human chitinase, the amount of intact protein increased perhaps because of
continuous separation from the culture asesult of continuous operation
mode (Goodrich et al., 2001). However, in some instances the negative effect
of Psap On the specific growth rate of the microorganism showed the
inefficiency of this promoter (Cos et al., 2006).

Pcapdriven systems can be a l#ion for accumulation of
formaldehyde and hydrogen peroxide in the host organism due to the
methanol metabolism (Zhao et al., 2008) which in turn results in the less

contaminating proteins as the direct consequence of the cell lysis in
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comparison to Rx-driven systems where methanol metabolism and high
cell density cultures lead to lower cell viability (Wang et al., 2012).

Because of elimination of the induction phaselltivation under
controlled conditions is not so vital in the case afaPand contol
requirements are minimized (Potvin et al., 2012). Furthermore, this system
needs no washing to put aside froathanolic carbon sources as in methanol
induction phase (Cos et al., 2006).

GAP is actually a constitutively expressed enzyme, but, it has bee
shown that carbon source has effect on the strength of the expression
(Waterham et al., 1997). Glucose, methanol, glycerol, and oleic acid have
been reported as the sole carbon sources for systemsAs@ifang et al.,
2009); where glucose resulted time highest expression levels and glycerol
and methanol as the subsequent substitutes for obtaining high expression
levels (Potvin et al., 2012); generally, the used substrates are glucose or
glycerol (Cos et al., 2006).

As described, usage ofgkd instea of Pioxi leads to replacing
methanol with sources such as glucose. By using methanol, oxygen
limitation could lead to decreased growth, as the growth on methanol is
aerobic, regardless of methanol provided. However, when glucose is used as
carbon sourceoxygen limitation leads to facultative anaerobic behavior,
namely production of ethanol as -pyoduct, by shifting to a different
pathway; Rap gives the opportunity to examine the hypoxic conditions
better (Baumann et al., 2008). The increased difiglycolytic pathway in
low oxygen availability conditions can be representative of increased
expression of genes such @&AP gene (and hence, its promoter identity);
thus Rsap has the possible potential to be utilized in production of proteins in
hypoxic condions. The major advantage of this approach will be lower
aeration rate (Baumann et al., 2008) and, thus, paving the way to a more
economic process.

According to the homology present between yeast spdeigs,of

the P. pastoris has been recruited sucstsgly in S. cerevisiaeexpression
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system in order to intracellular expression of hepatitis B surface antigen
(Vellanki et al., 2007). In addition, efficient gene expression &y Pom P.
pastorisin a strain ofP. thermomethanolicahas been reported cently
(Tanapongpipat et al., 20L2As a different expression strategwok: and

Psap Were utilized in combination in order to increase the expression level of
Pcap System; the purpose was to indugg,k with methanol after exhaustion

of glucose As an example, the production of human granulocyte
macrophage colorgtimulating factor (hGMCSF) increased when
expressed under the combinegd and Rap (Wu et al., 2003a). In the case

of presence of combined promoters, final cell concentration reached/¢o |
amount than the condition of solgAB but the secretedprotein was higher

in the former which suggests that instead of being used for growth, part of
resources were diverted to express Hpeotein when methanol was added

to turn on Roxi(Wu etal., 2003a). A sequential expression strategy can also
be developed to separately produce and recover two degiredeins (Wu

et al., 2003b). A comprehensive and thorough review eprBased
expression systems iR. pastoris from utilization of carbonsource to
different process conditions and bioreactor feeding strategies adopted

hitherto is also availabl e whi ch ¢

2.2.1.12.2. YPT1gene promoter

YPT1 gene encodes a small GTPase involved in secretion (Sears et al.,
1998; its promoter provides constitutive but low level (moderate
constitutive) expression (Zhang et al., 2008 an outcome of the
probability of highlevel expression resulting fromadk: (or Psap, Pripi)
overwhelming the postanslational machinery of éhhost cell causing a
high proportion of misfolded foreign protein, moderately expressing
promoters (such asvF and Rexg are considered as the best choices
(Cereghino and Cregg, 2000). Maybe as a result of low expression levels
Pypr1 and Rexgshave no been widely usedMacauleyPatrick et al., 2005

Expression levels obtained fromdPiwas reported to be lower tharsAB
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(Sears et al.,, 1998) which can be observed in Table 2.7. $Sanie a
promising substitute for expressing genes that would bec tevhen
overexpressed; host cell tolerates the toxic effects of foreign gene expression

in moderatelexpressing promoters (Swdge et al., 2007).

Table 2.7.Activities of the various promoters . pastoriscells grown on different carbon
sourcesbase on (i nt r a-glecurdniddse) ac)ivity@d8s ef ah, 1998).

Integrated plasmid | Carbon source | GUS activity
pIB2-GUS (Rsap) Glucose 70.4
Glycerol 48.8
Methanol 11.3
Mannitol 18.8
pIB3-GUS (Rpt) Glucose 0.63
Glycerol 0.84
Methanol 0.45
Mannitol 1.67
pIB4-GUS (Rox1) Glucose 0.05
Glycerol 0.34
Methanol 587.6
Mannitol 20.3

2.2.1.12.3. Translation elongation factortUgene promoter

Translation elongation factod ( TEF1) is one of the
the translation machinery of eukates where it is responsible for the
efficient transport of amino acyl transfer RNA complexes to ribosome to
continue the elongation of the polypeptide chain (Vogl and Glieder, 2013).
As one of the most abundant soluble proteins in eukaryotic d@is]1-U

genes coding this protein were shown to have strong promoters (Ahn et al.,
2007). Regarding its function, it has a grow#itated expression behavior
and level of the related mMRNA is decreased in stationary phase (Stadimayr et
al., 2010; Vogl and Gliede 2013).
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A comparison was made between the strengthrgfRnd Rap (by
singlecopy transformantsy expression of lipase iR. pastoris(Ahn et al.,
2007). The results (Table 2.8) indicated that-Phas the more constitutive
characteristics when ogpared to Bap. Strength of Rgiin the carbon
limited semibatch environment is higher than that ofaf and strong
promoter activity produces-proteins at levels similar tocRe. However,
depending on the reporter protein, and cultivation time, theesgon would
be different and might be similar or lower thaga® (Vogl and Glieder,
2013).

Table 2.8.Comparison of the strength ofd?, and Rapin carbonlimited fed-batch culture
(Ahn et al., 2007).

Construct | Carbon source | Cell density (Asog) | Secreted lipase activity
(U/mL)
PsarCLLIp | Glucose 393 100
Glycerol 376 201
Prerr-CLLIp | Glucose 397 226
Glycerol 348 410

2.2.1.12.4. 3phosphoglycerate kinase gene promoter

3-phosphoglycerate kinas®GK1) gene, as a housekeeping gene, encodes
PGK enzyne form glycolytic pathway; genes from glycolytic pathway are
known to be highly expresse®GK1 gene falls under this category and
therefore its promoter can be used in the construction of expression vectors
(de Almeida et al., 2005; Stadlmayr et al., 2040d according to its strength

it represents a potential alternative to constitutive heterologous expression in
P. pastoris However, it is regarded as a rather weak promoter (Vogl and
Glieder, 2013). It was shown that promoter is regulated moderatelyeby

carbon source, since the mRNA levels were higher on glucose compared to
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glycerol (Vogl and Glieder, 2013). TH&GK1 gene is represented by a single
copy inP.pastorisgenome (de Almeida et al., 2005).

Il n a c¢ ond uanylase prosictiordhas beesed as a probe
to compare Rski With Paoxi. Figure 29 can be illustrative of the gk
strength (de Almeida et al., 2005). A new expression vector (baseg:ri) P
has been developefbr controlled constitutive expression IA. pastoris
(SungJae et a).2007). Prck1 (and also Fry) in some cases can result in
productions in the same order ogAB ; however the gene copy number
should be included and also should be analyzed in each product case, since
different authors have reported different results.

PPGK ! PAOXI

]
°

Glucose

Glycerol

Methanol

Figure 2.9. Ppga and Rox: activities in directing the expression of tlie. subtilis U
amylase. The ability to produce starch hydrolysis halos by iodine vapor staining of starch

containing plates (de Almeida et al., 2005).

2.2.1.1.3. Novel promoters
In order to find novel promoters forprotein expression ifP. pastoris a

research was performed and several promoters were selected based on both



microarray analysis and literature survey and were compared with reference
promoters, i.e., kBx1 and Rap by production of reporter proteins
(Stadlmayr et al, 2010). The thiamine respive promoter (Fu11) was
shown to be a promising new alternative. The derepressible promoter can be
used for the expression of target gene by the addition or absence of thiamine
from the cultivation medium, independently from carbon and nitrogen
source, thereby enabling a very easy induction stratégyaddition, two

types of novel inducible promoters have been introduced 4protein
production inP. pastoriswhich does not rely on the physical compounds
added to the medium; oxygeegulated promots and heainducible
promoters.

Promoters whom their activity can be controlled by oxygen
availability appear to be interesting alternatives for heterologous protein
production. Improving the production of heterologous protein by
implementation of hypo=i can be so captivating from an applicative point of
view, because of being cheap and easiifainable which leads to a straight
forward induction (Camattari et al., 2007). Ethanol fermentation is
illustrative of oxygen limitation in shake flask fermeidas but hypoxia can
be achieved by nitrogen sparging in bioreactors. In this category (alcohol
dehydrogenaseADH2) gene promoter (n2) of P. stipitis (Passoth and
Hahnhagerdal 2000; Chien and Lee, 2005) aktPDC1 promoter (Rippc1)
of K. lactis (Canmattari et al., 200)/both can be mentioned; the former has
been checked iR. pastoris(Figure 2.10 and(Figure 2.11) but the latter has
not been specifically used . pastoris KIPDC1 gene, another choice for
oxygen limitationinduced expression, isghunique gene coding for pyruvate
decarboxylase (PDC) K. lactis It can be induced by glucose and repressed
by ethanol and autoregulation; i.e., the presence of KIPdRDC1 gene
product) is necessary for oxygen limitatiowluced feature of dbpc.
Different reporter proteins were expressed by the aik@hf in K. lactis,
Zygosaccharomyces bajliiand S. cerevisiae The results showed the

feasibility of usage of gbpc1in other yeast specie€émattari et al., 2007
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The important point is thathe host must be proliferative in oxygen
presence and then cease to growth in its absence and, thus, by oxygen
limitation the gene starts to be expressed and the growth and production
phases can be separated. This kind of induction is very easy arstl s/ju
interruption of oxygen flow to the system. Important consideration is
keeping on aeration with low flow rate of oxygen (after sparging with
nitrogen) in order to guarantee hypoxic conditions without any reduction in
cell growth; strict anaerobic comidn is not so favorable.
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Figure 2.10.Induction of the endd,4- b-xylanase expression iR. pastorishost under the
control of Rpnp Of P. stipitis (Passoth and HaHmagerdal 2000). Enzyme activity is the

base of judgment.
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Figure 2.11.Expression of the bacterial hemoglobin (VHb)Rnpastorisunder the control

of Papnz Of P. stipitis. Growth curve in microaerobic conditions for transformed and wild
type strains. As VHb lets to survive and grow ipdor environment, thus, the amount of
VHb-harboring cells increase in the microaeramadition by the help of newdintroduced

foreign gene (Chien and Lee, 2005).

The heat shock proteins (HSPs) are families of proteins that have role
in protein folding and unfolding and their expression is elevated in increased
temperatures or other resses. Theyare also present in nestressful
conditions and just monitor the proteins of the cell and for example help old
proteins to go to proteasomes which represents their housekeeping
responsibilities as a part of cell stress response or "thestheelt response”.
Heatinducible promoters are the other new candidates, where the promoters
of heat shock proteins are recruited. These promoters are induced just by
shift in temperature. The heat shock promoters have proven to be among the
strongest promets ever tested, and temperature is the only requirement for
their induced expression. Recently, a hedticible promoter drived the

gene expression imetrahymena thermophilas expression host (Yu et al.,
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2012). Usage of heanducible promoters introcies some difficulties such
as the method of temperature shift and its duration. Furthermore, the heat
may be benign to the foreign product; thus, again the nature of the product
will be conductive. An interesting point is thedR: which possesses a heat
shock element that may lead to its usage as a component of this division.

In recent years, six novel regulated promoters have been
characterized fronk. pastoriscultures for glucoséased proteiexpression
in order to providemethanolfree expressiorfPrielhofer et al., 2013). The
strongest inducible promoter was found to be for the gene ofaffigity
glucose transporter name@TH1 gene. This promoter toolbox allows
avoiding usage of inducer which in some cases can exert additional costs to
the praess.

Briefly, after selection of the product it will be easier to decide on the
promoter. Productletermineghe type ofthe promoter as being inducible or
constitutive; the product price in the market and its usage area defines the
used materials ithe medium for induction or regulation of the promoter.
The product determines whether the combined use of promoters is beneficial
or not. Selecting the best choice in each category needs screening of different
promoters available since the contrary resulissHaeen reported in different
cases about the strength of the promoters and, thus, the selection-is case
dependent.

In addition to the available set of promoters for eagbrotein
expression system, artificiallyesigned promoters can be very beneficial.
Promoter engineering can provide us with the opportunity oftfineng of
the expression of heterologous genes in hosts and, thus, obtaining higher
titers of desired -protein (Vogl et al., 2014). Random mutagenesis as the
common approach for manipulatioof the selected yeast core promoter
region, alteration ofhe upstream regulatory sequences, and combination of
the cis-acting elements of a promoter with another natural promoters have
been the prevalent methods in order to obtain engingeoedotersn lower

eukaryotessuch as yeast (Qin t al.,, 2011a; Qin t al., 2011b; Vogl et al.,

77



2014). Afterwards, analyses thfe function/sequence relationships can reveal
the strength of each synthetic promoter. Recently, a synthetic core promoter
has been designefibr P. pastoris by aligning four core promoters and
refining the sequence with insertion of common transcription factors binding
sites (TFBS); this fully artificial sequence was used, subsequently, for
engineering of kbxiin order to obtain a promoter fdry with different
characteristics (Vogl et al., 2014).

2.2.1.2. Secretion signal peptides
As the second genetitactor, secretion signal peptides which guide the
expressed proteins into the secretory pathway and facilitate their secretion to

the extraellular medium are considered.

2.2.1.2.1. Importance of secretion
Any heterologous protein production places a substantial "metabolic burden”
on the host organism influencing metabolism which ends with halted growth
rate and, thus, affected gene expmssThe effect can also be in the form of
direct toxicity, hampering cell's normal working plan, in the case of
intracellular expression (Boettner et al., 2002); contamination of target
protein with endogenous compounds could also be another probable
outaome. Intracellular location of the expressed protein also makes the cell
lysis and cell debris removal steps of downstream purification inevitable
which increases the capital investment of the whole process. Furthermore,
entering the secretory pathway makke final fproduct further similar to its
original eukaryote counterpart. Finally, the desired h®spastoris secretes
low levels of endogenous proteins and leads to an dwsiljled separation
(Cereghino and Cregg, 2000). As a consequence, rassaagn finding the
improved methods of directing the foreign protein to the outside oPthe
pastoriscell, have occupied the spotlight recently.

The crucial requirement for extracellular expression of tpeotein

is an efficient signal peptide, i.esecretion signal peptide, which is
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improvised in the plasmid structure in thefiame fusion form by the N
terminus of the desired gene. This expressed protein will be allowed to enter
the endoplasmic reticulum (ER) to travel within until final destimatit

worth mentioning that the choice of the secretory mode of expression is
efficient and rational for proteins that are secreted in their native hosts, as the
passage through the ER and Golgi can highly alter the structure and,
consequently, the functioof the proteins that are not secreted normally
(Cereghino and Cregg, 2000). However, it has been reported that proteins
which are not secreted naturally, have been secreted successfully; it can be
problematic if there are possible glycosylation sitesniRwos et al., 1992).
Additionally, the choice of an efficient SP for a product is rather arbitrary
and a matter of trial and error which depends on the protein itself and the
host (Sreekrishna et al., 1997; Damasceno et al., 2012); therefore, access to a
repertoire of SPs will provide a better opportunity to try many choices and
choosing the best option based on the secretion efficiency and protein

authenticity.

2.2.1.2.2. Signal peptides

Generally it is possible to specify the localization of the expregsoteins

by interpreting their amino acid sequences (Nakai 2000). Signal peptides are
specific amino acid sequences that determine whether a protein will pass
through a membrane into a particular organelle, become a transmembrane
protein (TM), or be seeted to the extracellular medium (Chou, 2002).
Although signal peptides usually locate in thadxminal of the proteins for

most secreted proteins and transmembrane (TM) proteins, they can also be
detected within or at the -@rminal of the protein (Chou2002), such as
nuclear localization signal peptides and peroxisomal targeting signals which
can be found in both f&rminal and @erminal (Nakai, 2000). Nerminal

signal peptides lead to the entrance of virtually all secretory proteins to the
secretorypathway (Chou, 2002)In a few exceptions there are proteins

transported by other means than conventionaldmR)i assembly so a signal
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peptide can not be identified (Huang et aD11). In eukaryotes, the climax
of the protein expression procedure i8 #ntrance of the translated (or being
translated) protein into the secretory pathway (starting from ER) in order to
being further processed and folded to the final biologically active
conformation and, then, being secreted. The ER is the hub of thenprotei
secretion and posttranslational processing system which also entails the
collaboration of Golgi apparatus. Entering to ER means residing in ER or
being dispatched by vesicular transport system to: (i) different organelles, (ii)
cell membrane, or (iii) @xacellular medium; proteins that are transported to
the nucleus or remain in cytosol are produced by free ribosomes and do not
enter ER (Karp2008).

Briefly, N-terminal signal peptides are 2o 30amino acid
sequences which are responsible for dingctihe secretory protein toward
ER and mediating its passage through ER membrane. These signal peptides
are referred to as secretion signal peptides (SPs) throughout current

manuscript. SPs are of-prwo types: i Aprceanttyn
tothe fipred sequence cleaved while passing
Aproo sequence is proteolytimaein)f y cleaved f

in the membrane of the trans Golgi or in the secretory vesicles (Chauduri et

al. 1992). It has been found thatsmro me cases fAproo sequence in
as a molecular chaperone which aids protein folding (Chaudhuri et al., 1992;

Ide et al., 2007). Also it is known to take part in the transportation of

i mmatur e protein (I de et al . ,ter 2007) . As
cleavage of dApreo $BEMssuehnas glycosylationavray under go
t he c awFeandiqnalitycontrol which both can affect protein secretion

efficiency (Oka et al., 1999)he SPs should not be regarded as removable

elements that their functn terminates after cleavage, but instead some roles

have been discovered for them after cleavatgg@e and Bernstein, 2006
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2.2.1.2.3. Features of the secretion signal peptides

Although there is a common basic structure of SPs between bacteria and
eukaryotes, there has been discovered no concrete consensus sequence
among the prasequence of SPs, whetherjype or prepretype. However, a
threedomain structure can be recognizedrdgion, Hregion, and &egion
(Martoglio and Dobberstein, 1998; Naka000) where each can be assigned

a specific feature (Figure 2.12). These three regions are conserved among the
SPs derived from wide variety of organisms (Nagarajan, 1993). Fhe N
region locates at the-Merminal of the SP and is a basic segment oftéh wi
positively-charged polar residues. The-region, hydrophobic domain,
generally has a length ofI5 amino acids. It has not been interrupted by
charged residues with distinguished preference for leucines or alanines
(Stroud and Walter, 1999; Hegde andristein, 2006). This domain is the
most essential region required for targeting and insertion into the ER
membrane (Martoglio and Dobberstein, 1998)-region spans the ER
membrane and facilitates the translocation (Nagard@®3). Providing that

the hydrophobic core region retained, any change in amino acid sequence of
SP can be tolerated (Stroud and Wall€99). The end of the #gion can

be predicted by the pr egumniteCregidn r esi du
in the Gterminal of the SP (binds to the-tdrminal of the mature protein) is
neutral but slightly polar and serves as a recognition siteldavage of SP
(Stroud and Walter 1999; Kjarulff and Jens@005). The SP directs the
molecule to the ER and then is cleaved meanwhile the protein molecule is
translocated into the ER or shortly after completion of the translocation
(Kjarulff and Jensen2005) there can be detected a "weak consensus
pattern” to determine this cleavage site (NaR@00). Ptential SPs and their
corresponding cleavage sites can be predicted isflidn analyses with
programs such as: SignalP, Phobius, and WolfPs@bnseuently,
prediction of the SPs and their corresponding cleavage sites is considered as
one of the crucial steps in directingproteins toward extracellular medium.

Novel SPs are extracted from different secretome results by the help of in
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silico analysesand, subsequently, can be recruited in combination with
different rproteins in experiments in order to elucidate their applicability
and efficiency to give credit to predictor softwares.

2.2.1.2.4. Mechanisms of secretion in eukaryotes

Upon emergence othe SP from the ribosome in cytoplasm during
translation, the process of the targeting of the secretory protein is initiated.
The basic mechanism for secretion of proteins across cell membrane appears
to be universal containing many similar features betwéeacteria and
eukaryotes (Nagarajan, 1993)wo common pathways are available for
targeting in eukaryotes (Zimmermann et al., 2011}traaslational signal
recognition particle (SRRJependent and postanslational SRP
independentIn the former, the SRs recognized by a signal recognition
particle (SRP) while protein is being translated on the ribosome. In the latter,
the SP is recognized by a protein complex on the ER membutaeever,

since these two parallel pathways entail collaboration of Sedepro(as
translocon) by converging at Sec61p translocon both of them are considered
Secdependent. It should be reminded tbatne proteins require both routes
(Figure 2.B).

In co-translational translocation, ribosome recognizedeixhinal
amino acid ofnascent polypeptide and recruits the SRP. SRP is a-RNA
multiprotein complex (Buske et al., 2009) thought to prevent folding of
newly (being) translated polypeptide since the folding of emerging
polypeptide chain can pose an obstacle for translocation ghrd&R
membrane (Hegde and Bernstein, 2006). Upon binding SRP to SP, ribosome
slows down the translation (Stroud and Walter, 1999; Buske et al., 2009). By
interaction with SRReceptor on ER membrane, docking protein (DP), the
complex of ribosome, nascenblppeptide, and SRP is brought toward ER
and specifically to the translocon complex, Sec61p, which provides a pore
through the ER membrane; this happens via interaction betweesitéMon

ribosome and Sec61p translocon complex (Stroud and Walter, 198), T
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SRP dissociates and DP slides away on the membrane. As the nascent
polypeptide places at the entrance of the pore, translation elongation causes
the protein to enter the ER.

In contrast, in postranslational translocation, the Sec62ec63p
complexin ER membrane performs the recognition of the SP. Since folding
correctly or misfolding will prevent the recognition of SP, prevention of
protein folding in the cytosol by the aid of cytosolic chaperones will be of
supreme importance in this pathway (Melio and Dobberstein, 1998;
Damasceno et al., 2012). Furthermore, it appears thasguence could
conduce to delay in folding and aid translocation. There is evidence that
some assistant proteins in yeast play role in translocation probably by

relaxaton of any form of tertiary structure (Chaudhuri et al. 1992).

Pn:prr.i—:il:qucnci:
3 -1)/(+1)
N-region H-region C-region LGOS T Mature protein N-terminus

“\\ SPase

Pre-sequence
(-3 -1)/(+1)
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SPase cleavage point

Figure 2.12. Tripartite structure of a secreti@®P.Central hydrophobic Hegion (yellow)

and hydrophilic N (red) and Germinal (blue) flanking regionS§ Ps can be eit her
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The selection between abovementioned two translocation pathways is
dictated by the features of the SP (Hegde and Bernstein, 2006nainly
depends on the hydrophobicity of the hydrophobic coreedion, of the SP
(Ng et al., 1996); this factor plays more important role than the length of the
H-region in recognition of the SP by SRP (Hatsuzawa et al., 1%H).
discrimination by SRHAs available in microorganisms such as yeasts and
bacteria and SRP binds to the SP primarily by its flexible hydrophobic region
(locates in SRP 54 kDa subunit) which has the ability to interact with a wide
range of hydrophobic SPs. Yeast (and bacterialPsSBind preferentially to
highly hydrophobic SPs (Hegde and Bernstein, 2006). It seems that this is
the Hregion of SPs which discriminates between SRPpendent and SRP
independent pathways; SPs with highly hydrophobiegion direct proteins
toward the SRRdependent pathway (Martoglio and Dobberstein 1998).
Altering the hydrophobicity of Hegion can change the pathway of the
translocation (Hegde and Bernstein, 2006). However, hydrophobicity is not
the only requirement for SRéeependent pathway (Stroashd Walter, 1999).
Furthermore, improvement of the secretion efficiency by increasing the
hydrophobicity of SP has been reported (Xue et al., 199&)ertheless, it
has been mentioned thattBrminus or main body of the protein can also be
important Nagaajan, 1993 Andrews et al., 1988; Ng et al., 1996; Matoba
and Ogrydziak, 1998) especially presence of proline residues in positions
near to the cleavage site may be decisive since they affect the positioning of
the SP in the space and, in turn, influent®e interaction with ER
translocation machinery, specifically SRP.s plausible that the net charge
of the Nrregion can also play role in selection of the pathway, as it affects
translocation efficiency while passing the ER membrane (Nakai, 2000). The
efficiency of SP cleavagenay be influenced by the-Mrminal amino acids
of the mature protein; Substtuntcant i on of
affect the processing of SP (Nagarajan, 1993).

During the passage of polypeptide through ER membrane in both

pathways, accord@nto the composition of the hydrophobicreggion and
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availability of a cleavage motif in the SP, the SP becomes a signal anchor in
the case of TMs or is cleaved by the action of a signal peptidase enzyme
(SPase). SPase is an integral membrane enzyme assoavith the
translocon (Stroud and Walter, 1999; Buske et al., 2009). SPases are of two
types: class | and class Il. SPases | that includerieRbrane SPase, cleave
the usual SPs and SPases Il cleave the SPs belong to lipoproteins (Nakai
2000). It worthmentioning that cleavage of SP is not an imperative pre
requisite for protein secretion (Monod et al., 1989). By assuming cleavage
between-1/+1 amino acid residues (Figure 2.11a}) (ule of cleavage can

be inferred from the statistical analysis; thetadbment of SP depends
mainly on the amino acids a3] and (1) positions. Presence of a sheide

chain amino acid at-1) position, presence of small or hydrophobic amino
acid at ¢3) position, and absence of a charged or aromatic amino ac) at (
position will make the cleavage possible. In addition, the cleavage site
should be in a 4to 10 amino acid distance from the end ofrégion.
Generally AlaX-Ala sequence can be recognized before cleavage point
(Monod et al., 1989). However, it is diffittuo forecast a cleavage event just

by presence of e simple3( -1) pattern and it is not sufficient solely (Monod

et al., 1989; Nakai, 2000). Correct processing of the SP is of great
importance in protein activity (Kato et al., 2001) and can be tesyed b
verifying the authenticity of the f#rminal of the protein expressed.

It should be considered that it is the structure of SPase that leads to
the specificity for {3) and (1) residues (Stroud and Walter, 1999). The
cleavage site must be sterically assible for SPase (Monod et al., 1989) and
any change in SP sequence which brings about steric hindrance would impair
cleavage. Reaching cleavage site and recognizing it by SPase is dependent
on the length of the SP and specificallyrégion (Monod et al.1989).
Increase in kregion length can decrease the probability of cleavage
(Martoglio and Dobberstein, 1998).

Due to the presence of a number of stages in the secretion procedure,

in each step a problem can be faced. The yeast proteins which play role in
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folding and disulphide bond formation differ from their counterparts in
higher eukaryotes and this may affect folding of foreign proteins. There are
also reports of proteins being retained in the Golgi, again possibly due to
improper folding. Retention irthe cell wall has also been a problem,
especially with larger proteins, although factors other than molecular mass
are known to be important (Romanos et al., 1992).

As the efficiently targeted, translocated, or cleaved SPs can conduce
to higher amounts ahe secreted proteins, by engineering the SPs it will be
possible to control the amount of the secretpdotein. In addition, SPs can
be tailored based on specific requirements in the production of desired
substrate attached with in terms of timing déavage, time span of
association with the translocon which in turn leads to folding in a specific
manner or specific modification required (Hegde and Bernstein, 2006). The
effect of point mutations in last amino acid residue on the processing and
secretim of yeastPHOS5 gene protein has been shown (Monod et al., 1989);
deletion of a 4amino acid region-{ to- 4 relative to the cleavage site) at the
end of the SP also led to intracellular accumulation of the protein. SP
optimization can be another optidn enhance the yield of theprotein

production as was applied ki coli (Klatt and Konthur, 2012).

2.2.1.25. Secretion signal peptides iPichia-based systems

In secretory expression I§. cerevisiae two approaches have been
used: utilizing endogeus SPs and utilizing exogenous, +Hon
Saccharomycespecific SPs. It seems that homologous (with yeast origin)
SPs obtained from naturally secreted proteins will produce better outcome
than heterologous (with neyeast origin) SPs (Chung et al., 1996; Zuyah
al.,, 2012) by regarding the specific featureshafsecretion pathway in each
organism. However, by considering tHatcerevisiaehas a low specificity
requirement in secretory pathway and, thus, flexibly recognizes unspecific

SPs (similarly mayP. pastorig, many proteins have been expressed
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successfully inP. pastoris by their native SPs (Daly and Hearn, 2005;
Korona et al., 2006).
Overally, in Pichia-based systems, various SPs have been recruited
until now, and they can be classified into two gs: exogenous SPs,
endogenous SPs. Exogenous group comprises products own SPs and SPs
from other yeast ggies, fungi, higher eukaryotes whiadogenous SPs
belong to theP. pastoris own secretome proteins. Products own SPs are
casedependent and can lexemplified by:Bacillus licheniformisU-amylase
(Paifer et al., 1994)Phaseolus vulgarisgglutinin Eform (Raemaekers et
al., 1999) Bacillus StearothermophilusD-alanine carboxypeptidase,
Aspergillus awamori glucoamylase,S. cerevisiaei nvert as e, barl ey U
amylase, honey bee odordnbhding protein (ASP2), mouse major urinary
protein complex (MUP), bile safitimulated lipase, gastric cathepsin E,
human serum albumin (Cereghino and Cregg 2000), human midkine
(Murasugi et al., 2001)Aspergillus nigerexoinulinase Moriyama et al.,
2003, A. niger xylanase (Korona et al. 2006), thaumatin (Ide et al., 2007)
interferonU 2b ( Gho s al kaadRhizepus oayta&lamylasd (Qi 8 )
et al., 2011).
S. cerevisiad}MF has been the most widely used exogenous SP in
P. pastorisand in some casesenw has | ed to better secretio
own SP (Macaulefat r i ck et al ., 2005 ;-MFI de et al .,
lacking GluAla repeats, with only Kex2 cleavage site, enhanced the
secretion level with valid Nerminus. The GhkAla repeats help to impke
the protein processing by facilitating Kex2 cleavage. It has been shown that
mut at i 4R can alter théefficiency ahe secretion where the deletion
of amino acids 570 led to increase of protein secretion (Orreghino et
al, 2013). Thesuoru ndi ng a mi-MFocananfluentestheicleavage
of the fAprod sequence by Kex2 and Stel3 ¢
sequence and Glala residues, respectively. Furthermore, the tertiary
structure of the protein can make the cleavage site inaceefsiblespective

protease enzymes (Cereghino and Cregg, 2000). The effectivertbesUof
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MF cleavage is reported to be very caspendent and inefficient protein
processing has been reported in bo8accharomycesand Pichia
(Raemaekers et al., 1999). The f o-ME may dot be suitable for all
proteins and if the authenticity of-términus of the protein is inevitable,
other SP choices should be tested empirically.

The other common SPs dpre pastorisacid phosphatase (PHO1) SP
andS. cerevisiaenvertage (SUC2) SP. The available commercial vectors for
expression irP. pastorisp 0 s s @& and PHO1 secretion signal peptides
(Damasceno et al., 2012).

Even though available set of SPs Richia platform have conducted
successful secretion ofhe heterolo@us proteins, searching for more
efficient and more hostompatible SPs can lead to more efficierrotein
secretion.The endogenous SPs of the host microorganatgined from
discovery of its secretomeare regarded as the fiiste candidates
recogrized by the secretion machinery of the corresponding host (Mori et al.,
2015). In consequenceecruitment of the endogenous SP$opastorisfor
r-protein production seems to be a promising alternative for classic and
previously utilized SPs. This nes#iates having a secretome data Rr
pastoris secretome of the. pastorisDSMZ 70382 strain has been predicted
and validated using the microorganism grown in gludmssed medium
(Mattanovich et al., 2009). Also a detailed profile thie hostsecreted
proteins has been provided for methaindluced P. pastoris X-33 strain
(Huang et al., 2011). By utilization of available secretome data asiticm
analyses for prediction of SPs in order to find their amino acid sequence,
novel SPs can be found and m&ted for rprotein production inPichia-
based systems. Until now, five endogenous SPP.gdastoris have been
utilized successfully inPichia system for +protein production and can be
regarded as positive control in relatedsiico analyses (Murasugand
TohmaAiba, 2001; Yoshimasu et al., 2002; Khasa et al., 2011; Liang et al.,
2013).
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2.2.1.3.Codon optimization

In heterologous protein expression, along with genetic factors such as signal
peptide, promoter strength, Alch regions, and GC coent, codon
optimization has been considered ase of theuseful strategies for
efficiency improvement.

A raised problem in -protein expression is the biased usage of
codons, or biased codon usage (Lee et al., 2010); yhisngmous codon
usage bias caie a translational barrier which can decrease expression,
although, high mRNA levels has been detected (Sinclair and Choy, 2002).
Whole living systems have been dissected hitherto possess a general non
random preference toward a group of the 61 availablese codons, i.e.,
nontrandom usage of alternative synonymous codons, throughout a specific
genome and this tendency is in correlation with the tRNA pool present in the
cell. Based on a proposed modelicsa | | ed fAmaj or codon
major decidig factor for imposing such kind of preference is translational
efficiency (Sinclair and Choy, 2002). During translation elongation, the
aminoacyitRNA complex is brought to the ribosome based on the
corresponding codon on mMRNA,; the limiting parameter ti@nslation
proceeding is the rate at which the aminodBNA is made available on
ribosome, so, the waiting time is proportional to the available aminoacyl
tRNA in the cell. Consequently, the protein translation rate can be increased
by using the codonthat match most common tRNAs in the host. Thus, the
difference between the codon usage in host and gene of interest can greatly
influence the expression level (Jia et al.,, 2012) and optimization of the
codons of the gene of interest according to the cddas of the host can
greatly enhance expression efficiency. The full optimization of coding
regions of gene of interest toward the bias of the host organism has lead to an
increase about 10to 50fold for foreign protein production in several
different hest cells for different proteins (Sinclair and Choy, 2002).

The codon usage bias d¢i. pastoris from Kazusa database is

represented in Table 2.9. The natural tendenck.qfastorisis toward the
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A/T-ended codons instead of G&Dded codons in mammalianngs (Hu et

al.,, 2006), so removing rare codons in desired genes and replacing by
frequently occurring oneO(tchkourov et al., 2002will lead to lower GC
content and, thus, higher AT content which renders the secondary structure
of MRNA less stable; subgquently affects the initiation of translation (Hu et
al., 2006); the alteration of the GC content can be considered agradyct

of the changing of the codons (Sinclair and Choy, 2002). In contrast, it
should be reminded that high content of A+T leads premature
transcription termination; so, in order to overcome this problem, the redesign
strategy would be to limit the A+T content in a specific range. To date,
numerous efforts have been made in order to improve expression of r
proteins inP. pastoriswith codon optimization which some examples can be
mentioned Chondrus crispushexose oxidase (Wolff et al., 2001), hyper
thermostableThermotoga maritimacylanase (Jia et al., 2012), barlgyD-
glucan exohydrolase HvExol (Luang et al., 2010), human Zbtb7A (Wang et
al., 2008) Penicillium notatunglucose oxidase (Gao et al., 2012).

In order to quantify the degree of bias in codon usage in each gene,
many efforts have been made and differgmraaches and measures have
been proposed. Codon adaptation index (CAl) is a simple and effective
measure of synonymous codon usage bias. The index uses a reference set of
highly expressed genes from a species to assess the relative merits of each
codon, ad, then, a score is calculated for a gene from the frequency of use

of al |l codons in that gene (Sharp

anec

synonymous <codon usageo (RSCU) tabl e

genes of the host organism as a reference taillebe the first step to
determine CAI; RSCU is calculated for each codon regarding specific amino
acid. CAI for a gene is calculated as the geometric mean of RSCU values
(from constructed reference table) corresponding to each of the codons used
in the gene of interest divided by the maximum possible CAIl for a gene of
the same amino acid composition (Sharp and Li, 1987). This index will be

useful in prediction of the probable success of expression of a foreign gene
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in a host. Highly adapted genes withdoo choice identical those preferred
by the organism in question will yield CAl value of 1. While genes with
lower overall magnitudes of bias, or bias towards a different set of preferred
codons will yield values approaching zero. Therefore;protein expression

it will be beneficial to make CAI close to unity such as expression of
Thermus thermophiluglucose isomerase (Ata et al., 2014).

2.2.1.4. Gene copy numbgiGene dosage)
In order to improve -protein expression, standard steps are codon
optimizgion and increasing gene copy number (Inan et al.6200The
heterologous protein yield is directly proportional to mRNA transcript which
is further dependent on the inserted gene copy number on the vector plasmid.
Multicopy integrants have the potentitd express substantially higher
foreign protein (Athmaram et al., 2012). Furthermore, in the case of probable
mutation of one gene, its undesired product proportion in total protein fades
by contribution of genuine genes action (Daly and Hearn, 2008holild be
emphasized that multicopy strains of host can exist naturally at a level of a
few percent (4110%) among transformants with singlepynumber vector
(Cregg, 1999Daly and Hearn, 2005).

Higher copy number will lead to overexpression of the pmotgnich
will not only exert more metabolic burden on the host but also result in
problems such as saturation of secretory pathway that can lead to misfolded
proteins. Therefore, there will be an optimum instead maximum point for
gene dosage which is produ and expression construdependent
(Hohenblum et al., 2004) where the increase in copy number will not further
increase yield as a result of firstly, overwhelming the host secretory
machinery capacity to process and fold the protein in authentic famnaht
secondly, lack of required precursors and also energy (MaeBateigk et
al., 2005); it is less probable to be because of the latter, as the expression

level is low to medium in yeast expression system (Zhu et al., 2011).
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As increased gene dage leads to increased flux of foreign protein to
ER, chaperones such as PDI, BiP within the ER are depleted which ,
subsequently, leads to accumulation of improperly folded peptide in ER
referred as protein folding stress or conformational stress (Ziy 2011).

Totally, by highcopy transformations physiological effects are
brought about. Although, generally the irase of gene copy number hag le
to increase in protein expression (Cos et al., 2005); but, there has also been
conflicting results inassaying the effect of increasing copy number on yield
and, thus, the result would remain unpredictable (Sreekrishna et al., 1997). It
worth mentioning that gene copy number as an optimization strategy should
be chosen by considering the identity (the rsith) of the promoter
(MacauleyPatrick et al., 2005); imperfection of weak and moderate

promoters can be compensated by increasing the gene copy number.

2.2.2. Process parameters

All microorganisms have a set of biochemical reactions (anabolic and
caabolic) which obey the general rules of reactions thermodynamics and,
based on the chemical kinetic rules, have dependency on temperature, pH,
and substrate concentration originating from the effect of temperature and
pH on the activity of the correspondi enzymes.Unicellular organisms
require specific internal conditions for optimal growth dmadction; however
abrupt variations in the interacting environment can perturb the internal
milieu, disrupting normal processes (Gasch, 20@3l, itself, contols all
intracellular reaction network and reacts to the environmental changes via its
signal transduction pathway and, therefore, adopts a suitable new internal
state. In consequenceprtrolling the critical external parameters which
influence cells bioleemical reaction network is swucial and determination

of optimum condition or strategy developddr each fator increases the
stability of the production. Thus, r@duction of fprotein in controlled
environment of a bioreactor compared to shake bitoealsrings higher

yields. However, higlyield expression of heterologous protein is usually a
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matter of "trial and error" (Boettner et al., 20075 #he normal functions of

a cell directs the production of metabolites in required levels for cell, in order
to reach economically acceptable levels of a product it may be necessary to
increase the desired product production by a metabolic stress aiming abuse
the cellular system.

One mechanism which is common in responding to the
environmental perturbations iso tinitiate a common gene expression
program that generally protects the cell during stressful times and conduces
to the protection of internal system from fluctuations exerted by
environment. This program is referred to as the environmental stress
responsg ESR) (Gasch, 2003) which has been observed genamewide
transcriptional change i. cereviciae(Mattanovich et al., 2004).t lis of
supreme importance to analyze the effects brought about by process
variables (Mattanovich et al., 2004), ex., pH, pemature, osmolarity, and
oxygenation on the physiology of the recombinant host by the combined
study of the proteome, transcriptome and metabolobm@gsits et al.,
2009.

2.2.2.1. Medium composition (Nutrient consideration)

P. pastoris like other yeats, requires sources of carbon and nitrogen for its
growth. Uptake of the suitable carbon and nitrogen source in order to
continue the routine biological processes is a vital part of the organisms
living program. The most prevalent carbon sources aregguand glycerol

and nitrogen sources are peptone, yeast extract, and yeast nitrogen base (Li et
al., 2007). Glycerol is the preferred substrate for Rh@astoris cultivation
(Ghosalkar et al., 2008)By affecting cell growth and viability, medium
compodgion influences protein expression (Li et al., 2007) and, therefore,
providing the correct chemical environment should be taken into account in
designing a medium. Furthermore, specific needs or features of a process or
some beneficial characteristicd agredients may impose utilization of

specific compounds. Based on the promoter type the composition of the
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medium is variable; in the case ofd®;, a threestage servbatch strategy is
very common (Inan and Meagher, 2001a, 200Zhpsalkar et al., 2008
usage of a repressing and Hemmentable carbon source (generally glycerol)
in a defined medium in growth phase (glycerol batch), utilization of glycerol
in transition phase (glycerol seimtch) for further increase of the biomass
and to prepare (dgpeess) the cells for induction (Cereghino et al., 2002),
and addition of methanol in methanol sdyatch which acclimates the cells
to methanol and starts expressiregg, 1999 In the case of-protein
production under Exp control the biomass produaeti is carried out with
glycerol as carbon source in batch phase and glucose is added in-the fed
batch phase in order to produeprotein. Although, there is also production
in batch phase in presence of glycerol.

The most widely used medium for high cadinsity cultivation ofP.
pastoris is the BSM (basal salt medium) proposed by Invitrogen
Corporation; the standard but not the optimum one for production of every
protein Ghosalkar et al., 2008)This medium is used in batch phase of
Pichia-based system$or increase of biomass. BMGY (buffered minimal
glycerol complex medium) is used generally for extracellular expression
which simplifies pH control, decrease protease activity, and increase biomass
amount.One of the imperfections of BSkhedia is the usagef ammonia as
both pH controller and nitrogen source which may lead to starvation
(MacauleyPatrick et al., 2005); thus, an optimized (chemiedd§ined)
medium was provided (for maximum biomass production) with ammonium
sulfate as nitrogen source in erdo conquer nitrogen starvatioBlosalkar
et al., 2008) The constituents of aboweentionedmediaused inP. pastoris
expression systems (glycerol, methanol, biotin, salts, and trace elements) all
are economical and wellefined and ideal for largecde production.

As mainly complex medium isused for growth and induction
(utilization of yeast extracts and peptones), batebatch variations would
be expected and, thus, elimination of any complex component wil be

desirable in order to standardize gr@duction process (Macaul@®atrick et
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al., 2005). In contrast, usage of defined media will increase the possibility of
nutrient starvation which would result in "autophagic cell degradation” and
lysis which will lead to release of vacuolar proteasesviRet al., 2012);
furthermore, complex or (amino ae€jd enriched media may provide
competing substrates for proteases and, thus, inhibit proteases (Potvin et al.,
2012).

Carbon sources such as glucose (as fermentative one) should be
avoided in favour ofmonfermentative ones (such as glycerol) to prohibit
ethanol production which can repress thex?(even at levels around 4D
mg/L) (MacauleyPatrick et al., 2005), and may harm the cells.

During methanol metabolism reactive oxygen species (ROS) are
produced which can harm the cells (reduce viability) and increase the release
of proteases; adding ascorbic acid to culture (in induction phase) as an
antioxidant can substantially decrease proteolytic degradation (Potvin et al.,
2012). In the case of ughtion of alcohol oxidase defective strain (Muthe
cells can not grow on methanol as the sole carbon source and, thus, require
an auxiliary carbon source for concomitant growth and expression (in
expression phase); it is evident that the carbon salvaeld not repress the
promoter of expression. Glycerol which has widespread use as carbon source
and added together with methanol during the expression may cause
repression of Rbxi. Mixed-carbon source feeding strategies are employed to
improve the growh of the Mut strains (Xie et al., 2005). The candidates
could be alanine, sorbitol, mannitol, trehalose (Inan and Meagher, 2001a),
and lactic acid (Xie et al., 2005). Mixdded sembatch may result in higher
overall productivities but the maximum amowrf protein can not be reached
if a repressing substrate would be employed (Inan and Meagher, 2001b).

It has been observed that presence of yeast extract, casamino acids,
and EDTA would enhance the protein accumulatiof?bgastoris(Li et al.,

2007).
In the cases which are intended to reduce the extent of glycosylation

of an expressed protein, the host cells are cultumethe presence of
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tunicamycin sugar analogue, which is a competitive inhibitor of UDP
GlcNAc dolichol RGIcNAc transferase (Daly artdearn, 2005).

From the viewpoint of a biotechnological process which aims high
cell and productyield, there is a strict need for high concentrations of
nutrients, i.e., salts and carbon sources which result in high osmolarity. The
influence of osmolant on the physiology oP. pastoriswas analyzed in
nonexpressing, wild type, and an expressing strain (Dragosits et al., 2010).
The results stated that the response is different.toerevisiaeand an
unfolded protein response (URMe response was obs/ed; there is a
strong similarity between the mechanism of ESR aptbtein related stress
(Dragosits et al., 2010).

2.2.2.2. pH

pH influences the activity of the enzymes in biochemical reactions and, thus,
cell growth, protein formation, and protestability (Li et al., 2007).P.
pastorisis able to proliferate in a relatively broad range of pH -(B@®
(MacauleyPatrick et al., 2005); this broadness makes it possible to conduct
the fermentation in a pH which is not suitable for problem proteases
(MacauleyPatrick et al., 2005) as the pH can affect protease activity in
addition of stability of the expressed proteins (Potvin et al., 201R).
pastorisserine and aspartic proteases are activated in low pH values which
are an explanation for pHependacy of proteolytic degradation (Potvin et

al., 2012). Protein stability usually is increased by glycosylation and
disulfide bond formation and, thus, affects the-ipieldiated destabilization
(Potvin et al., 2012). In the case of different heterologous ipstdifferent

pH values have been reported to be optimum (MacdRidgsick et al., 2005).

The optimum pH specially depends on the stability of the protein expressed
and is determined by performing a series of fermentations at different pH
values (Li et al 2007). Based on the performed studies, the optimum pH
level for most of the foreign proteins ranges from 5.5 to 8 in order to

decrease protease activity while preserving the protein stability (Potvin et al.,
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2012). pH value of 5 was shown to be the mpin for recombinant hGH
(rhGH) production ¢ al ék e t). Aacbrding to2whdt Gas been
reported about products such as inslike growth factor (IGF1), human
midkine, growthblocking peptide (GBP) from the armyworRseudaletia
separatelarvae, etg it appears that during®. pastorisfermentation pH
should be kept lower such as &order not to harm theprotein expressed
(Li et al., 2007).

2.2.2.3. Temperature
Generally, P. pastorisf er ment ati ons are <carried

temperatu es of 30, 27, 25, and P&®MES have

to decrease the proteolysis (Li et al., 2007); it can be propagated at
temperatures as |l ow as 15eC. Lower
degradation. In higher temperatures theamolecular disulfide bonds are
more prone to be formed which may result in protein aggregation, as well as
the hydrophobic buried surfaces may be exposed and, thus, stimulate
hydrophobic interactions which can be a prelude of protein aggregation; the
aggregated and misfolded proteins are more susceptible to be degraded (Li et
al., 2007). Lower fermentation temperatures can affect yield of-phetein
production (Macauleyratrick et al., 2005). In lower temperature, the rate of
protein expression is low drthere is plenty of time forprotein to be folded
properly (Li et al., 2007). In lower temperatures cells are more viable and,
therefore, the lysiassociated protease release is reduced (Potvin et al.,
2012). Increase of the yield in production of egrantifreeze proteins by

reducing the temperature from 30eC

| accase by reducing the temperature

examples (MacauleRatrick et al., 2005). Lostemperature cultivation is
benefical in the case of foreign proteins that are aggregation prone and/or
unstabl e, but the fermentation ti me
et al., 2007).

99

t

ou

a

en

0
fr

WO |



Overall, cultivation temperature influences the stabilty and
functionality of rprotein (Potwn et al., 2012); in other words, it seems that
higher cell viability and lower proteolytic activity are the main reasons of
increased productivity in lower temperatures (Dragosits et al., 2009).
However, when the effect d&feCtemBPerCdt wrne per
the proteome of an expressing and a-egpressing (as a contrd?) pastoris
strain was scrutinizeted to this finding that there are other physiological
parameters affect the productivity (Dragosits et al., 2009). Growth in
lowered tempeitare may lead to higher stability of the proteins and, thus,
the need for refolding and degradation machinery is decreased which as a
positive side effect leads to higher secretion capacity. As a metabolic burden
on host cell, #protein production leads toigher need for NADH and ATP
because of influence on folding and secretion system, in reduced temperature
the stress which is exerted due to protein degradation is decreased and lower
energy is wasted in this way and more energy is utilized for biomass

production (Dragosits et al., 2009).

2.2.2.4. Dissolved oxygen

2.2.2.4.1. Importance of oxygen provision

Since, the design of a biopress has to meet both econoraim technical
requirements (Baumann et al., 2008), it is important to survey the effect o
the key environmental factors on the physiology of the host cell while
expressing -protein (Baumann et al., 2010) which, in turn, can provide us
with the opportunity of process optimization regarding product titer and
bioactivity. Oxygen, as one of tHactors in the center of attention, is an
indispensable parameter especially in high cell density aerobic fermentations
and the process performance can be influenced by its scarcity (Gafwa

and Gomez, 2009). As the simultaneous presence of theamtsaah the
reaction site is known the basic requirement of any (bio) chemical reaction

(Nielsen et al., 2003), oxygen should also reach the desired location at
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desired amount in order not to limit the reaction. In the bioreactors, often
oxygen provision iad transfer are the main limiting factors (Liang and Yuan,
2007) and, thus, continuous oxygen supply should be provided regarding to
the low solubility of the oxygen in aqueous solutions (Table 2.10) (Nielsen et
al.,, 2003). In addition, aeration aids eithie system agitation or sweeping
away the undesired volatile 4pyoducts alag with carbon dioxidéGarcia
Ochoa et al., 2010).

Table 2.10.0Oxygen solubility inthe pure water at an oxygen pressure of 1 atm (Nielsen et
al., 2003).

Temper at ( Solubility of O, (mmoles/L)
0 2.18
10 1.70
15 1.54
20 1.38
25 1.26
30 1.16
40 1.09

By considering the simplest equation for growth, Monod equation,
and oxygen as the single limiting substrate we can describe the growth by

following equation:

¢ — _6dp-90p (2.1)
Vg,+ 0p,

where," is the specific growth rate ang};, is a concentration of oxygen

where the gecific growth rate becomes half of the maximum specific growth
rate. The concentration of the oxygen below which the growth is dependent

on oxygen is referred asiié‘,.ﬁg)arrd,ithusi,ktal
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0, < Os 5, 0xygen will be limiting, gene expression is negatively affected
by oxygen limitation (Cereghino and Cregg, 2000) and cell metabolism will
not function at its fastest rate (Doran, 1995). However, in the situations

thatdy, > O s, » the growth will be independent of oxygen concentration

and oxygen will no longer be limiting.

In addition to affecting both of cell growth (biomass production) and

protein expression and/or secretion, oxygen can influence the redox reactions

within the cell which contribute to the protein folding and its presence can be
of prime importance in order to have a biologically functional final product

(Baumann et al., 2010).

2.2.2.4.2. Mathematical modeling of oxygen transfer

a. Diffusion in a stagnant ayer

Because of insufficient mi Xi ng

hydr odynami-tgsidintracéllulaz/catalyid system, if there is a

stagnant | ayer in the bioreactor,

flux of component A in abinary solution of A and B in one direction

or i n ot

based on

whenever the molecular diffusion is the only mechanism governs the mass

transfer can be expressed as:

. Dy
Lb_ QO,QA,)

The rate of transfer of componehtwill, therefore, be:

0p = G X &

Where, i a i s t he mas s transfer

direction. If the equatio(2.2) became rearranged:

. Qo= Qg. Dy
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If we integrate the differential form of the equation (2.4):

OU Q. Qo= 260 Q5. Wy (2.5)
> ™ 050
Where,L is the thickness of the stagnant fldildn. By assuming steady state

conditions and also constant diffusivity coefficient (which is temperature
and pressurdependent), the equation can be written as:

B, A= Qg0 Wy (2.6)
00

By integrating:

B.0= Qg.(0s5 0Oso) ; 50> G0 (2.7)
Finally:
Q‘) . U = 'qc", yOO (2.8)

And consequently:

28 Y, (2.9)

0

g =

On the other hand, for mass transfer across a statmant of a fluid the

following correlation can be written:

ATr ans fPe r(Transdet agea¥ ( Dr i vi ng force)o
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Which the correlation can be changed into an equality using a coefficient
cal |l ee riiammassfser coef ficiento. Therefore:
l,j'c‘, = waaa (2.10)
And the corresponding flux will be:

G = V6, (2.11)

By comparison of the equation (2.9) and (2.11) it can be realized that:

- O
Q= ==
V)

(2.12)
Equation (2.12) is the simplest correlationvbe¢n massransfer coefficient
and the physical properties of the mass transfer system. If the presence of a

resistance in front of the mass transfer is supposed, equation (2.11) can be

written as:
. Yoy
= — 2.13
B Y (2.13)

Where, R, represents the massnsfer resistance which concentration

difference §6;) acts to overcome it. Thus:

1 0
Y, === 2.14
Y0 Oy (2.14)

b. Oxygen transfer in air-liquid -intracellular/catalytic bioreactor
As a special kind of mass transfer phenomenon, oxygen transfer from
dispersed bubbles in fermentation medium into the suasgakencells

encompasses several steps each of them exerts a separate residtamce to
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mass transfer andthus, the mass transfer driving force should act to

overcome these resistances:

(@ R INOICTNRY)
VUQ G Wi A i@ 1Q0E

6"V =

The available steps of the oxygen transfer phenomenon in a
bioreactor can be mentioned as: 1) diffusion of oxygen molecules inside the
bubble to the stagnargas film inside bubble, 2) diffusion through the
relatively stationary gas film inside bubble until dgagiid interface, 3)
traversing the gabquid interface, 4) diffusion through the relatively
stationary liquid layer around the gas bubble, 5) fesina the bulk wel
mixed liquid toward the cells, 6) diffusion through the relatively immobile
liquid layer around the cell, 7) moving along the ligagll interface in order
to enter the cell interior (for individualguspended cells), 8) transporsioke
the cell until the reaction locatio(Figure 2.3). If there were any cell
aggregates, after reaching to the cell aggregates, the oxygen molecule should
diffuse through the cells to reach the stagnant layer around the each cell
(GarciaOchoa et al., @10). Because of the low solubility of the oxygen in
agueous solutions, the resistance of the stagnant liquid layer surrounding the
bubble is assumed to be the governing term of the overall mass transfer and
this part changes to the rdimiting step of he overall mass transfer process
(Doran, 1995; Garci®choa and Gomez, 2009); therefore:

0'QeARI 6D

U e T G a0 @ O G €68 QO MBILI0

Regarding the equation (2.14), decregsihe thickness of the fluid film
and/or increasing the diffusivity in this layer will decrease the resistance and,

in turn, will increase mass transfer coefficient.
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Single air bubble Well-mixed fermentation broth

Single eukaryotic cell

Mitochondrion
(Oxygen utilization site)

3

Gas-Liquid interface Liquid-Solidinterface

Figure 2.14. Available steps in oxygen transfer from a gas bubble to a single cell

The mass transfer coefficient can be predicted by equations either
empirical or theoretical. The empirical models generally are described in

dimensionless style; the mass transfer coefficiptcan be expressed in

terms of dimensionless Sherwood numb¥R£ %) which s a function of
2

Schmidt number = Ou—) and Reynolds numbeiyQ= iLQ):

2 &
"YO= "Q"YQ'YQ (2.15)
Where, ™ " is the viscosity of the fermentation broth and represents the

rheology of the fermentation medium.

106



On the other hand,hé renowned theoretical models can be
mentioned as Whi t mandsm ttwoceor vy, Hi gbi eds p e
Danckwertsodéd surface r-tayeetheary (Nieldera r vy, an
al., 2003; GarciDchoa and Gomez, 2009) where the generally admitted
theoryforgad i qui d transf er thesry (Bargabchamds pene
and Gomez, 2009). However, gagiid mass transfer is normally described
by two-film theory (Nielsen et al., 2003). According to the tfil;m theory
whenever two fluid phases come into contact boundary layers generated in
both side®f the interface (phases boundary) in its close proximity which the
turbulence of two phases ceases and a very thin film of relatively stationary
fluid free of any kind of convective mass transfer is developed. The mass
transfer through these stagnantelesyis just governed by molecular diffusion
(Doran, 1995). By applying twblm model (Figure 2.%) in oxygen transfer
in bioreactors, we can write the oxygen mass transfer in both sides of the

phase boundary.

Phase boundary / Interface

Jy
cdag [da
{ =l —
Well-mixed Py;
gas phase bulk ()
Cay
Well-mixed
liquid phase bulk
| — ]

Gas film  Liquid filin

Figure 2.15. Two-film theory as the simpkt model for explanation of the mass transfer

from gas phase to liquid phase.
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Based on the twéilm theory, the mass flux of component A through the
stagnant gas film can be written as:

Gro= Yl Ogq (2.16)

In addition, the mass flux of component A through the stationary liquid layer
can be represented as follows:

Ba= XAbyq 0s) (2.17)

However, since the measurement of the interfacial concentrafiggand

0yq is not easily achievable, it is necessary to eliminate them in the obtained
equations. Therefore, a correlation should henébbetween two interfacial
amounts. For the components that are scarcely soluble in aqueous solutions,

i.e. dilute solutions, Henryds |l aw is appli

Us0= "Q.08s0 (2.18)

Where, Q i s t he Henr yos constant for componer
conditions we can writd} = o= § , thaty is the overall flux from gas

phase to the liquid phase regarding component A. Stafiting equation

(2.17):

Ba= &= Qeq Qs (2.19)
o } O + K 0 O

Byro= % (2.20)

Insertion of the equation (2.20) in equation (2.18) gives:
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. .~ U+ Qo

Uy0= Q ) (221)

By introduchg &5 as the saturation concentration (maximum solubility) of
the component A in the aqueous solution in bulk gas pressugg dfcan be
written that:

Uy = 05 Q (2.22)

On the other hand,

Bro= = Q0 O (2.23)

By replacingd andUsowith corresponding liquid concentrations:

Qj _ TQQ Oé Q Q Ua+n(%06 (2.24)

By rearrangement of the equation (2.24), following equation is obtained:

’ TQQ’Q) T 7, v Z 114
G 1+-" = QRE &) (2.25)

Dividing both sides tdQ leads to:

+ = = (65 O) (2.26)

1
Q

, 1
D o

If we specify the overall flux from gas phase to liquid phase as a

multiplication of driving force in liquid phase and liguside overall mass

transfer coefficient it would be written as:
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& = 055 ) (2.27)

Where, 0y is the liquidside overall mass transfer coefficient g  6;)
is the driving force for mass transfer. Therefore, by comparingtem
(2.26) and (2.27) it can be deduced that:

==+ = (2.28)

In the case of gases that are scarcely soluble in the agueous medium which
coincides with highvalues of correspondin@, ex., oxygen and carbon
dioxide, the liquid side resistance overcomes thesgisresistance, namely,

"@Q,is much larger thaf and, therefore, equation (2.28) can be simplified

into:

1 1

— € = (2.29)
Ly~ Q

In other words, in the case of lesolubility gases such as oxygen the overall
liquid-side mass transfer coefficient, is approximated with magssansfer
coefficient in liquid film,"Q. It is the parametég, measured in reality b

is used in quantification of the mass transfer (Nielsen et al., 2003).

G = 04(6s  Gs) (2.30)

By defadbniamsg -tighie integfacel area per unit liquid volume of
the bioreactor, the mass transfer rate of the component A per unit liquid

volume of the bioreactor will be calculated with falimg equation:

U5 = 0s0(65  65) (2.31)
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Rewriting the formula for oxygen:

0¥ = 05 = 0:6(85, B,) (2.32)

Since individual measurement of tlig and a is difficult, their product,

00 {00 , which is <called volumetric
used to determine the volumetric mass transfer rate. Volumetrgs ma

transfer coefficient can be determined by experimental methods or
alternatively by empirical correlations which can be divided into two sets
regarding the type of utilized bioreactor, i.e., stirred tank or pneumatically

agitated. In stirred tank bioreacs:

0= "I 60 'Q GNQicl 6B "B B AG, = ,' ) (2.33)

gl

Where,® is the superficial gas velocity, (P/V) is the power input per volume
of the fermentation broth, ang, is the apparent viscosity of the broth.

In bubble column and airlift bioreactors the correlation will be as:

V0= "A®," &) (2.34)

Expressing the obtaideequations in the form of dimensionless numbers is

also prevalent.

2.2.2.4.3. Oxygen uptake rate and relation with OTR

The concentration of the oxygen in the fermentation mediug)) (
containing suspending respiring cells is dependent on risfarafrom gas to
liquid, OTR, and its consumption by the available microorganisms, oxygen
uptake rate (OUR). By eonstructingmass balancequationfor oxygen the

following equationis obtainedBandyopadhyay and Humprey967):
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2= 04 6, by M, .0,= OW OVY (2.35)

OUR (representing oxygen demand of the microorganism) is
regarded as one of the physiological characteristics of the culture growth and
virtually refleds the viability of the fermenting cells (Gardixhoa et al.,
2010). By considering specific oxygen uptake ragg X which specifies the
rate of oxygen consumption per cell (Doran, 1995), QdJ&pressed as the

following product:
0YY= 1,.0; (2.36)

Where 0, is the cell concentration in the fermentation broth. Therefgyg,

is calculated from experimentaltletermined OURThe uptaken oxygen is
utilized for oxidation of the substrate and generation of ATP which is,
subsequently, utilized for production, biomass synthesis and cell
maintenance (Garci@choa et al., 2010)As it is obvious, OUR will be
dependent upon the cell amauand the specific oxygen uptake rate. It
experiences an increase during exponential growth due to the high rate of
substrate utilization (Garci@choa et al., 2010). Variation iy, will lead to
change in OUR. Typically, in batch fermentation, there is a maximum for
N, at the start of the logarithmic growth phase (Doran, 1995). Howgyer,

is supposed to be constant during growth (GaBaihoa et al., 2010). i,

is the intrinsic need of a microorganism for oxygen and , in consequence,
will be related to cell species (Doran, 1995; Gafa@hoa et al., 2010). In
addition, the available nutrients as carbon source will also affect it.

Dissolved oxygen aacentration will also influence thg;, in the cases that

0, < Os; 5 and, consequently, thi, will be zero order with respect to the

dissolved oxygen concentration@t, > Og; 5 (Doran, 1995).
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OUR (and also OTR) can be determined via experimental techniques
where the dynamic method seems to be the most practical technique because
if its simplicity and the ability to be reproduced (Gar@ahoa et al., 2010).

In this method, the inlet air is intexted for a while (OTR= 0) and the
change in dissolved oxygen concentration is recordethdpxygen probe
(Figure 2.B). OUR is obtained by the decrease in dissolved oxygen
concentration as the slope of the dissolved oxygen versus time plot according
to the equation (2.37) (Garefachoa et al., 2010):

1@02

. = G7VY, (2.37)
D 5"W=0 °

0 ™Yo, is the measured OUR during dynamic method:

0 YYo= Ng,.04 (2.38)
Interrupting aeration
C*
_____ dCo,
-~ \ a't— = _QO;‘CJ:
3 Cq —
= \
E C02~2 \ dC02 )
=L = K;a (:C&. - CO~ - QCR.C_‘.
g Con dt :
S
=
e
=
©
= T
Resuming aeration
C Cy
to t, ot
Time

Figure 2.16. The schematization of dynamic method for determination of OUR and OTR in
presence of microorganisms
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Then, the culture is rexygenatd by constant flow of air/oxygen; the
change in the oxygen concentration will again be the result of compromise
between the OTR and OUR, by recording response of the system to the
stimuli and obtaining the slope of the curve at a certain pdiy) (the
amount of(;,/ ) would be determined which knowing OUR (from air
interruption part) andy;, will lead to calculation ofb40 from equation
(2.35).

In the other approach in this methdar calculation of 0, by
considering the final steady state concentration of dissolved oxygehds

a result of balance between OTR and OUR:

,%UZ _ _ o w o wZ e ’ o

o - 0= 005, Oy,) Ny, O (2.39)
Therefore,

Mo,-Oc = Ved(65, 6f;,) (2.40)

By replacing in the equation (2.35) and rearranging:

Qé[')z e e o 241
o - Ve(0g, 0Og,) (2.41)
Which can be solved by two available boundary conditions (Figufg:2.1

062 = 062 1 @0: O.I.

062 = 062 2 @0: 02

The final result will be:
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662 662 1
662 662 2

0 O

(2.42)

In both cases it is vital to mainta@y, > Og; 55 in order to have a constant
Ny, independent of dissolved oxygen concatitn (Doran, 1995) since, the
amount offj;, increases with increase of dissolved oxygen concentration up
to Ogi 5, -

By knowing the OUR and OTR, the maximum cell concentration that
can survive in the bioreactor can be determined byinging that v 40
represents the oxygen transfer capacity of the bioreactor (Doran, 1995) and
its precise measurement is of paramount importance in design and operation
of bioreactors (Garci®choa and Gomez, 2009) . According to the equation
(2.32), maximum oxygen transfer rate will be when the driving force

vz

65, 0Oy, has its maximum, namefy, = O; therefore, the maximum cell

concentration that can be handled by the bioreactor system in defined

process conditions will be:

. 0 06 5
Ogyd cay = —r,w 3 (2.43)

If this maximum cell concentration would not be able to fulfill the process
requirements, theéshould beémproved.
Another important parameter that should be taken into consideration is the

lowestu gamount in order to v 6, > Og; 5y i.e., (Vg

« 16 50
(0elgi, = —2=2 (2.44)
Oy, Osi g,
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2.2.2.4.4. Factors affecting oxygen transfer rate

The range of the parameters that influence the OTR is wide and encompasses

the process operation conditions, biatea geometry, physicochemical
properties of the gas phase and liquid phase, and presence of microorganisms
(reflected in OUR) (Garci®choa and Gomez, 2009). Each of the three
components of the OTRamelyyg, a, and(6;, 6g,), canbe the target for

changing the oxygen transfer rate. However, increase of the interfacial area
will have a more pronounced ef@ect in
is the interfacial area available for mass transfer which is in fact the area of

the avdlable bubbles dispersed in the fermentation broth. Thus, any action

that affects the bubble sizes will conduce to change in interfacial area. Small
bubbles have a lower rise velocity and, therefore, more time to transfer
oxygen to the liquid phase (Dor&atf95). Furthermore, bubble size has also
relatiom; wat hi gid i mmobile surface wil

diameters lower thanr2 mm which decreases thg (Doran, 1995).

2.2.2.4.4.1. Operational conditions

In stirred tank loreactors, stirrer speed, type and number of the stirrers, and

gas flow rate are the major elements that play role in oxygen transfer rate
adjustment (Garci®choa and Gomez, 2009). Increasing the stirrer speed

leads to more energy dissipation into theuiif medium and exertion of

hi gher shear force on the bubbdoes and,
On the other hand, increasing the stirrer speed decreases the thickness of the
stagnant liquid film around the gas bubbles (Doran, 1995) and, therefore
decreases the liquid film resistance for mass transfer, i.e., increase of the

0O . However, it should be emphasi zed
should be avoided in processes since they reach to a immediate equilibrium

with the liquid phase andhe¢ir more stay in the liquid becomes futile (Doran,

1995). Gas flow have a direct impact on the surface area and its increase
leads to higher gas holdup in bioreactor and, consequently, higher mass

transfer area.
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Temperature of the fermentation directlffeats the saturation
concentration where solubility decreases in fermentation medium by increase
of the temperature (Nielsen et al., 2003) and, in consequence, the driving
force for mass transfer is decreased. On the other hand, the temperature
affects tle diffusivity of the oxygen through aqueous medium; upon increase
in temperature the diffusivity is increased and, thus, an increasg im
observed. However, the net effect of temperature on OTR depends on the
range of the temperature of interedbpve 40C the net effect of temperature
increase will be decrease of the oxygen transfer rate (Doran, 1995).

Total pressure of the inlet air or, in other word, the partial pressure of
the oxygen in inlet air is also important by considering their eftact
saturation concentrationd{,). Any increase in total pressure or oxygen
partial pressure will lead to increase of solubility and, therefore, increase of

driving force for mass transfer (Doran, 1995).

2.2.2.4.4.2. Presence of the cells and soluteghie medium
Any solutes available in the fermentation medium can alter oxygen solubility
(632) and, therefore, its transfer rate from gas to liquid (Nielsen et al., 2003;
Liang and Yuan, 2007). On the other hand, bubble coalescence, which is not
desirable dueatincrease of bubble diameter, is suppressed by availability of
the salts in the liquid phase which will be in favour of oxygen transfer rate;
g s increased substantially by inct
(Doran, 1995; Garci®choa andsomez, 2009). Furthermore, concentration
of the solutes (by causing viscosity variation in liquid phase) and ionic
strength will influence the diffusivity (Bailey and Ollis, 1986). Increased
| i quid Vviscositywl € Gdshaaiaadsameze 2069p s ed 0
partially due to the increase of the stagnant liquid film thickness around the
bubbles.

Ideal Newtonian rheological behavior can be deviated as the result of
the presence of microorganisms in the broth. Although microorganisms are

mostly smdl (1-2 0 & m) but t heir accumul ation i

117



leads to aberrations from ideal situation. Furthermore, excretion of polymeric
compound also changes the medium rheological characteristics.
Approximatelyspherical cells in low concentrationsate to Newtonian
rheology where the viscosity changes with cell concentration. Yeast and
bacterial cultures exhibit this behavior (Blanch and Clark, 1997). Any
probable increase in medium viscosity leads to higher thickness of the
stationary layer around ¢hair bubbles (lowenby) bubble coalescence
decreases andadi nner & aajpddcreanes end QTRI
drops. h the absencef significant changes in rheological properties of the
broth, the changes i)' can be attributed to other factorseBence of the

cells in the medium not only affects the physical properties of the medium
but also the cells along with their proteins and other (macro) molecules are
gathered in the surface of the bubbles and interfere with related phenomena
to bubbles ke breakup and coalescence. Their presence in the interfacial
area decreases the available area for mass transfer (Doran, 1995). In addition,
microbial aggregates lead to decrease in diffusivity compared to pure water
(Bailey and Ollis, 1986).

2.2.2.44.3. Surfactants

During the various phases of the fermentation, secretion of the numerous

proteins, polysaccharides, and fatty acids into the medium which bind

spontaneously to the mass transfer interface area leads to the decrease in the

surface tensionConsequently, the average bubble diameter in the bioreactor
decreases and tabei nntentasi dIBaateyg &nd OI |
Contrary to the arvgda,i st hctece cameoawsretd afs tthhee 7
consequence of the adsorption of the biomolecules to the surface. This

biomolecular film leads to increase of the mass transfer resistance either by

creation of an immobile surface or by introducing a new resistanceting ac

like a membrane. Al mbr aci ng, Lgdh ei npcrroedauscets by additi o
surfactants (Bailey and Ollis, 1986).
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2.2.2.4.4.4. Antifoaming substances

Accumulation of the celspecific substances exported to the extracellular

medium increase &hfoaming tenency of the fermentation med{Bailey

and Ollis, 1986). By gradual increase of these compounds theoadescing

character of the medium cannot be further preserved and bubbles tend to

merge and becomnlarger which is not favorabledm mas transfer point of

view. Antifoaming substances as the compounds that lower the surface
tension, provide the fermentation system with lower bubble size (like
surfactants) and, t hads ,f olri grheess itnrt aemnsff
contrast, their preseacas a macromolecular film in the transfer area results

in rigid interface and decreased liquid movement near interface and,
thereforepvppodebreeasadhi decrease gener
increase braugdnd.,abigmti dtydddcr Based dr a
(Doran, 1995; Garci®choa and Gomez, 2009).

2.2.2.4.4.5. Oxygen uptake rate

Oxygen uptake rate during the process can influence the mass transfer
coefficient ¢ a | € k e }J. Enhahcement bfah@ ®TR as the result of the
consumption of the oxygen by the cells has been reported (&chida and
Gomez, 2009)As being proposed and camfied by a mathematical model,

the cells are being collected in the gjgsiid interface and enhance the
oxygen transfer rate. In order tonsider the improvement caused in OTR by
presence of the cells in a system, biological enhancement factor (E) is
defined( ¢al ek &:t al ., 199

o= 0 GudCIE G G2 "@0G "© Ni D' AL QEE T 00 Q' QA
~ 0GSAE O GEI @ "ROM' (ol ‘G QUEE T 04 R QU

The hydrodynamic conditions and dnyg force for mass transfer should be

similar in both conditions.
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2.2.2.4.50xygentlimited situations in bioprocesses
Severe oxygen limitation is one of the environmental stress factors so,
dissolved oxygen level should be strictly controlled whicleasible only in
controlled environment of a bioreactor (Cereghino and Cregg, 260the
oxygenin the role of the final electron acceptortime TCA cycle plays a
vital role in provision of ATP as the energy currency of the #lifting
from complete arobic conditions which leads to fully aerobic metabolism of
glucose (via TCA cycle), toward oxygdimited and lowoxygen availability
conditions affects the core metabolism leading to ethanol production which,
in turn, faces the cell with energy deprieat and makes it to adopt
physiological mechanisms to compensate energy sho(Begenann et al.,
2010). As r-protein production (expression and secretion) is a atép
cellular function which needs energy in the form of ATP, any perturbation in
ATP/enegy level because of change in oxygen provision can greatly
influence the expression and/or secretion processes (Baumann et al., 2008;
Baumann et al., 2010)As the dissolved oxygen level decreases during
industrial fermentation, various efforts are cadriout to maintain it at high
levels (Camattari et al., 2007). Although air supplementation with pure
oxygen is not so challenging in small scales but can beptoktbitive at
large scale productions (Ferreira et al., 2012); the need for pure oxygen lead
to higher costs and may conduce to problems in scale up where heat
exchange and oxygen transfer capacities are limited. Therefore,
implementation of a system with lower oxygen demand will be easier
(Camattari et al., 2007). In consequence,-towygen avdability conditions
have been adapted for such reasons. Reaching such conditions does not
require elaborate induction procedure and is just by closing the inlet air valve
(Camattari et al., 2007). A twstage mechanism (small amount of air inlet
after oxygen starvation) for induction of lowxygen availability can help
cells to refresh (Camattari et al., 2007).

Reduced oxygen supply will lead to adaptation of a respiro

fermentative metabolism rather respiratory (Baumann et al., 2010). As an
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advantage, padlly fermentative pathway leads to lower biomass yield and,
thus, less biomass is accumulated during process and consequently the cell
removal is facilitated (Baumann et al., 2008). There will be cellular
adaptations to low oxygen availability; cells haweeshift growth to biomass
reorganization in order to cope with the strongly reduced availability of ATP,
and readjust their metabolic fluxes from cellular respiration to fermentation.
The extent of such adaptation is important in the case of facultatagrobe
yeasts with different capacities in glucose fermentation (Crabtree effect)
(Baumann et al., 2010). As previously mention&d,pastoris prefers a
respiratory pathway rather than fermentative, thus, the oxygen demand is
high during high cell densit cultivation. SinceP. pastorisis 'Crabtree
negative' (fermentation will only be induced when oxygen is severely limited
(Baumann et al., 2008)) shows more sensitivity to the oxygen concentration
in medium than 'Crabtregositive'S. cerevisiae

Sterolsplay role in the membrane fluidity and as molecular oxygen is
required in the pathway of sterol synthesis (biosynthesis route), thus, oxygen
scarcity will perturbate the sterol production and membrane characteristics.
Both ergosterol pathway enzymes anghisgolipids synthesis genes
transcription are affected by oxygen limitation. Any change in normal
composition of the membrane stesphingolipid will cause not only defects
in membrane physical properties but also profound changes in related events
suchas cell signaling or secretion of proteins to the cell outside (Baumann et
al., 2010).

2.3. Further considerations

Some important issues were not included among the major parameters
considered hitherto, but, should be explained as they are inalienatdeopa

the r-protein production in any eukaryotic host includif®) pastoris
Glycosylation of the protein (related with protein biological activity), ER
stress (related with unfolded proteins in ER), and proteolysis (related with

product stability) are #subjects which will be explained.
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2.3.1. Glycosylation
Glycosylation is regarded as the most common and most intricate PTM
which is in association with 40% ahe approved pharmaceutical products
(MacauleyPatrick et al., 2005; Corchero et al., 2012) pApximately 0.5
1% of the expressed proteins in eukaryotes are glycoproteins (Daly and
Hearn, 2005) however, almost all of the secreted eukaryotic polypeptides are
glycosylated Demain and Vaishnav, 2009 Since most of the
pharmaceuticals, over 70% of thpeutic proteins whether in clinical or
preclinical stage (Chung et al., 2010), are classified as glycoproteins, and
also the profound effect that the location and extent of the chains may have
on the action of the protein, the recombinant host shouldegesa proper
glycosylation pattern to obtain a biologically active product (Macauley
Patrick et al., 2005) and, thus, their production in mammalian cells will not
be so surprising (Papini et al., 2010). A dissimilar pattern of glycosylation
among the (mi®) organisms is somewhat clear and glycosylation is species
, tissue, and celitype specific Oemain and Vaishnav, 2009t is worthy to
put forward that there are some cases that carbohydrate moiety has no role in
biological activity of the protein ah thus, glycosylation is not of prime
importance Demain and Vaishnav, 2009

The parameters that glycosylation can alter and/or affect can be:
serum haliife (stability), solubility, immunogenicity, (bio) activity, thermal
stability, and receptor bindijn (Demain and Vaishnav, 2009It has been
suggested that protein glycosylation in general facilitates its secretion (Eylar,
1966). On the other hand, there are parameters which can influence
glycosylation. Any delay in protein delivery from EBan bring &out
extended glycosylatigrsince the glycosylation is the inalienable part of the
secretion pathway (Daly and Hearn, 2005). Composition of the medium that
cells were grown can govern the pattern of the glycosylation of a protein
(Demain and Vaishnav, 20)) it has been reported that-@mitation affects
the N-glycan composition (Corchero et al., 2010). Furthermore, as there is a

competition between glycosylation and folding in ER, the spatial
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arrangement of the sequence (in 3D structure) is importamg éDd Hearn,
2005).

Adding specific sugar moieties to the protein, known as
glycosyl ation, Is a vital PTM -carried
glycosylation, the residue is added to the hydroxyl group of serine or
threonine and in Mglycosylation, thesugar is added in the specific
recognition sequence (Ast+Ser/Thr) to (Rgroup of) asparagines (Asn)
residue (Cregg 1996; Cereghino and Cregg, 2@3main and Vaishnav,

2009; regarding to the decreased, Kf glycosyltransferase enzyme in
reaction withif AsX,'Ser 06 t he glycosylation is mor
sequence woeXuTllhdr ob e( DiaA syn a n dglydésylatiom |, 2005
takes place mainly in Golgi apparatus (Daly and Hearn, 2005). In higher
eukaryotes, €lycosylation encompasses additionvafiety of sugars such

as Nacetylgalactosamine, galactose, and sialic acid, in contrast, yeast O
glycosylation (Figure 272) is carried out by addition of one to five mannose

ol i gosaccha r-1,2liekage (Creggkl@98; Céreghind and Cregg,

2000; MacauleyPatrick et al., 2005; Daly and Hearn, 2005). It seems that

there is no consensus primary amino acid sequenceder tw forecast ©

glycosylation residue (Cereghino and Cregg, 2000; Daly and Hearn, 2005);
however, in the case of occurrence of unusual number of serine/threonine,
presence of proline residues in proximity of serine/threonine, or occurrence

of positivelyhegatively charged amino acids in the vicinity of
serine/threonine the likelihood of-@lycosylation increases or it is promoted

(Daly and Hearn, 2005). It is also probable that thgly@osylation happens

in a place other than native location, or a protevithout any Q

glycosylation would be glycosylaté@regg, 199%
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Figure 2.17. Common pattern of @lycosylation in yeasts.

The main difference is the pattern ofdgWcosylation in yeasts (and
P. pastorig compared to higher eukaryotic cells. The gs@pparatus of
yeasts does not carry out the trimming procedure aflyisans like the
mammalian Golgi and thus long mannose chains are added to the core glycan
(oligosaccharide) (Corchero et al., 2010jgMcosylation starts from ER and
continues to thésolgi apparatus afterwards. First modification step is very
similar and highly conserved in eukaryotes; after addition of similar
oligosaccharide core unit (GMaryGIcNAc, (Cregg, 199)) in both lower
and higher eukaryotes it is trimmed to MaitNAc, (Figure 2.B) by
removal of the three glucose residues with the aid of glucosidase Il and | and
removall 20fi niled mannose resi dug by
mannosidase (Daly and Hearn, 2005). Further processing is performed in
Golgi apparatus and the -§lycosylaton pattern, Nglycan processing,
diverges markedly from now on. In yeast and other fungi,-lmghnose type
chains are formed by the action of manndsghsferases and
mannosylphosphate transferases, however, in mammalian cells, removing

mannose residudsr om t he 4, 2amammasidasebocatet in Golgi
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Is the initial step which continues by addition of galactose, fucose, N
acetylglucosamine, and sialic acid to theglhican. Sialylation is the final
step in human glycosylation (Bollok et al., 2009). S. cerevisiae Golgi
apparatus, contrary to mammalian Golgi, the addition of mannose outer
chains continues without trimming reactions (Cregg 1996; Cereghino and
Cregg, 2000; Daly and Hearn, 2005) which leads to obtaining long mannose
outer chains witha braad range of sizéetween 50150 mannose residues
(hyperglycosylation) (Cereghino and Cregg, 2000). The most notable
difference betweeR. pastorisand S. cerevisiaeis the (frequent) absence of
hyperglycosylation inP. pastoris (Cereghino and Cregg,0Q0; Boettner et

al., 2003 and glycoproteins expressed kh pastoris have an average
mannose chain of-84 (Li et al., 2007). Higtmannose Ninked chains
(high-mannose type glycosylation) added during passage through yeast
secretory pathway are drawbadk production of pharmaceutical proteins in
yeast (Cereghino and Cregg, 2000).

Additional | yl, 3linkedenamnmasyd terminaf linkahes in
S.cerevisiadeads to immunogenic reactions in patients. However, due to the
| ack of -linked maniodyl tran8feras®¢main and Vaishnav, 2009
P. pastoris can not add terminal}1, 3 mannose (potent antigen) to the
oligosaccharide chain and, in consequence, these linkages are abBent in
pastoris (Cregg 1996; Cereghino and Cregg, 2000). Therefergastoris
contains a noa | | e r d.e2nlinkage Boer et al., 2007 It shoud be
noted that glycosylation is not a strict prerequisite for functionality of a
protein but the issue of immunogenicity should be regarded (Banga et al.,
2006). In addition to being immunogenic, therapeutic glycoprotein with
different glycosylation pagrn may experience complicated downstream
purification or rapid clearance from body (Laukens et al., 2015).

Cumulatively, because of low shear resistance and low productivity
of mammalian cells, yeast, especiaB® pastoris, could be used as a
promisirg alternative, by two strategies (Cereghino et al., 2002): removing

the glycosylation sites of protein by altering its primary amino acid sequence
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without interfering bioactivity or humanizing the glycosylation pattern
through reengineering the pathway @daleyPatrick et al., 2005) to
produce homogeneous and hunriike glycans. Engineering of the
glycosylation pathway inP. pastoris has been reported previously
(Bobrowicz et al., 2004 Generally, the first target of engineering is
devastating the hypermaosylation stepsDe Pourcq et al.,, 20)Gand the
general strategy includes deletion of an endogenous glycosyltransferase gene
and stegby-step introduction of heterologous glycosylation enzymes in order
to confer glycosidase or glycosyltransferase agtimto ER or Golgi (Jacobs

et al., 2009). Engineering of thedlycosylation pathway is not as advanced

as Nglycosylation modification (Corchero et al., 2012).

- N-Acetylglucoseamine
d-1,6-Mannose

¢-1,2-Mannose
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* O ¢-1,3-Mannose
O
@]

p-1,4-Mannose

‘ﬁ’ High-mannose branch point
Asn

Figure 2.18. Structure of the core Aslinked oligosaccharide (Daly and Hearn, 2005). The

"star" shows the place where further oligosaccharides are added.

2.3.2. Endoplasmic reticulum under stress

Not all proteins fold simultaneously as they are synthesized in the cytosol
and there should be an additional assistance for their proper folaing
eukaryotes, most secreted proteins and transmembrane proteins are directed
towad ER. In addition, depending dhe cell responsibilities there may be a

huge amount of specific secreted protein molecules dispatched toward ER.

126



Furthermore, in the-protein production processes the client protein is also
expected in ER. Therefore, the flux through the ER may become formidable
and eukaryotes ER should be equipped with special features to overcome the
heavy load of the entering nascent polypeptides. ERgssss a complicate
surveillance system, ER quality control (ERQC), whose proper functioning
will guarantee folding and modification of secretory and membrane proteins
and, further, elimination of finallynisfolded proteins (Araki and Nagata,
2011).

In yeasts the foldingassistant proteins (chaperones) reside in ER
(Bollok et al., 2009) and the protein folding program proceeds in this
compartment along with some PTMs such aglyd¢osylation and disulfide
bond formation. Protein folding is conducted viai@ttof a group of
chaperones and modifying enzymes (Ruggiano et al.,, 2014) as a network
(Brodsky and Skach, 2011); these molecular chaperones either facilitate
correct folding or provide a suitable microenvironment where folding can
occur which results iiminimized aggregation, facilitated native structure
formation, and oligometric assembly (Brodsky and Skach, 2011) -. ER
resident chaperones system includes i) protein disulfide isomerases (PDIs);
ii) Hsp40 (3proteins), Hsp70 (BiP/Grp78/Kar2), and Hsp90pdranes, and
ii) lectin-based chaperones such as calnexin (CNX) and calreticulin (CRT)
(Gasser et al., 2008; Brodsky and Skach, 2011; Shen et al., 2012).

Upon entering ER, translocation, both endogenous gmoteins,
undergo specific pathway to be feltland modified correctly. However, an
essential prerequisite for folding of a nevslynthesized protein is being
soluble (Ruggiano et al., 2014). Kar2 in yeasts (BiP in mammals), aids the
translocation of polypeptide chain into ER (Gasser et al., 20@8)s pole in
stabilization of immature protein (misfolded or nevslynthesized) through
preferential binding to hydrophobic amino acid patches and preventing mis
folding until ending the process of folding (Bollok et al., 20@fkis et al.,
201Q Shen efal., 2012; Ruggiano et al., 2014his enzymeamediates (in a

cyclic process) the formation of disulfide bonds by a cycle of PDI and Ero
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action which may cause formation of reactive oxygen species; Ero provides
oxidizing equivalents for PDI (Brodsky andké&h, 2011). PDI is a muHti
function oxidoreductase proteifyeast contains 5 PDIghat takes part in
disulfide bond formation, isomerization of primarily formed nmative
disulfide bonds (Brodsky and Skach, 2011), and proper protein folding in
oxidative environment of the ER. It also reduces disulfide bonds in
misfolded proteins (Ruggiano et al., 2014). One of the crucial and
preliminary modifications performed on nascent polypeptide is addition of a
core oligosaccharide unit (mentioned inghcosylation) which facilitates
interaction with PDI and provides a binding site for CNX and CRT (Brodsky
and Skach, 2011). Glycan chain attachment is followed by successive
cleavage of two glucose molecules from the core unit which renders the
protein molecule a higaffinity substrate for CNX and CRT (Brodsky and
Skach, 2011). CNX and CRT share a high structural homology although,
CNX is a membrane protein and CRT is a soluble protein (Brodsky and
Skach, 2011)Nascent glycoproteins bound by CNX are retained inBRe

and are mediated for correct folding and processing of tggydans(Gasser

et al., 2008; Brodsky and Skach, 201Rgmoval of the final glucose residue
generates a fragment that does not bind CNX/CRT. Folded substrates leave
the ER but incompletely or misfolded Nglycosylated polypeptide
substrates are sent back to be complexed with BiP (Kar2) chaperone or enter
a second cycle of CNX/CRT, after reglucosylation by UGT (UBIP
glycoprotein glycosyltransferasépasser et al.,, 2008; Brodsky and Skach,
2011) Enzymes responsible for reglucosylation and deglucosylation
compete with mannosidases which catalyze the reaction slowly and reside in
ER/Golgi; since mannose diminishes the reglucosylation by UGT, thus, a
substrate can be generated for differentogdectin-like chaperones, EDEM

and Yos9 for yeasts, in order to pass a second level of H@Qsxer et al.,
2008; Brodsky and Skach, 201Broviding that the conformation of the
protein is certified by ERQC system resembling a molecular clock, a

glucoe-dependent surveillance mechanism which acts by trimming and
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reattachment of glucose and confers the protein a limited time and multiple
opportunities of refolding, only correctly folded, modified and assembled
proteins are allowed to travel further alothg secretory pathway (Gasser et
al.,, 2008). Then, the protein would be transported to Golgi for further
modification via vesicular transport (Gasser et al., 2008; Bollok et al., 2009)
else, it will be get stuck in the ER. Prolonged BiP binding (and @Nx
binding (Gasser et al., 2008)) is an indicator of-falding. The unusually
high and norphysiological rates of-protein production and the occurrence
of significant amounts of miflded protein species, still an unsolved
problem(Damasceno et al2012) drive the cells to a global conformational
stress conditioriGasser et al., 2008Providing that the accumulation of the
misfolded proteins is not permanent or stress is brief, misfolded proteins will
be handled with unfolded protein response (UBRWill be destroyed by
endoplasmic reticulumaided degradation (ERAD)B¢odsky and Skach,
201]). The entrance of prmature proteins to ER, their quality control and

subsequent degradation or secretion has been schematized in Fi§ure 2.1

protein glycoprotein
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Figure 2.19. Representation othe protein folding, quality control, degradatio and

secretion inyeasts (Gasser et al., 2008).
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Disturbance of folding occurred by any reason, such asphgsiological
expression rates ofprotein, (Gasser et al., 2008) inside ERitations, sub
stoichiometric amounts of binding partner or stoichiometric errors (Ruggiano
et al, 2014; Brodsky and Skach, 2011), or shortage of a chaperone
(Ruggiano et al., 2014) compelling the cells to commence UPR and also
ERAD. Misfolded proteins @& potentially harmful species and need to be
removed.

UPR is a fAcytoprotectiveodo signal
2006) which entails series of responses for preserving homeostasis and cell
survival (Mori, 2009) through alleviation of ER streaad restoring its
function of protein folding (Hetz, 2012). Briefly, ER stressful condition,
accumulation of unfolded/misfolded proteins, is sensed by UPR sensor (s).
The received/sensed signal is transmitted to the nucleus (via cytosol) in order
to adjusttarget genes expression in nucleus and, in consequence, provoking
some compensating reactions finalized with buffering of ER stress (Figure
2.20) (Gasser et al., 2008; Damasceno et al., 2012; Hetz, 2012). All the target
genes possess a segment called Whnent which signal transduction
targets it in order to upegulate intended genes transcription. Induced genes
which exceed 300 genes comprise groups related to protein folding, ER
resident chaperone, vesicular transport, lipid biosynthesis, and dégnada
(ERAD) in order to preventprobable detrimental effects of nfzlded
proteins and, subsequently, to recover the "cellular folding homeostasis"
(Kimata et al.,, 2006; Gasser et al., 2008). The presence of ieditg+
requi ri nyaspeastktPR $ensorivak proved for the first timeSin
cerevisiaeafter initial characterization of ER stress in this budding yeast
(Hetz, 2012); Irel is a singlgass transmembrane protein resides in ER
membrangBrodsky and Skach, 201L1Afterwards, a functiondkanscription
factor, Hacl, is translated by the activity of Irel (Kimata et al., 2006; Hetz et
al., 2012) which binds to the UPR elements of targeted genes in the nucleus
(Kimata et al., 2006).

130

transd:i



In sustained ER stress and, thus, extended UPR, accumutatti
misfolded proteins especially those with disulfide bonds leads to increase of
intracdlular ROS as a consequence of repetitive oxidative folding attempts
by foldases such as PDI; consequently, oxidative stress is brought about
which obligates cellula protection. Therefore, the enzymes that relieve
oxidative stress are also among the transcriptional targets of yeastdcél
pathway (Kimata et al., 2006; Gasser et al., 2008; Zhu et al., 2011; Brodsky
and Skach, 2011).

ER stress
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Figure 2.20. UPR asan intacellular signaling pathway from ER to nucleus. Irel is the
unique UPR sensor found in yeasts. Mammalians possess three UPR sensors as a result of
evolution and, thus, we expect more elaborate adaptive responses facing ER stress (Mori et
al., 2009)
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If the increased handling capacity of the ER cannot afford the
unfolded/misfolded proteins, they are gradually subjected to ERAD in order
to get rid of their detrimental effects to the cell normal functioning
(Ruggiano et al., 2014). ERAD is reverse trangiocaof misfolded protein
(could not pass ERQC (Brodsky and Skach, 2011t hr ough a fAproteir
conducting channel o6 (Ruggiano et al., 2014)
ubiquitin in order to proteasomal degradation by 26S proteasome in the
cytosol (Gasseet al.,, 2008). So, ERAD encompasses four steps (Figure
2.21): i) recognition of substrate; ii) retranslocation to the cytosol; iii)
ubiquitination in cytosolic side of ER, and iv) dega#ion by proteasome in
cytosol(Brodsky and Skach, 2011t shouldbe emphasized that ERAD has
different categories each specific for a different type of misfolded proteins.
However, the principal and the sequence of events which lead to protein
clearance are similar (Ruggiano et al., 2014). The whole steps are
accomplisked by orchestration with an ER membrambedded protein

complex, E3 ligase complex (Ruggiano et al., 2014).

Meeogniﬁon

Relranslocationl
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Ubiquitination Cytosol
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Figure 2.21. Simple representation of ERAD including its four wedfined steps.
Reproduced from (Ruggiano et al., 2014)
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The ERassociaté responses have been reported to be activated
while overexpression of -proteins. These stress reactions thus prevent
improvement of4protein production via increasing gene dosage and prohibit
the optimization by introducing a major bottleneck. It seanteptable that
co-expression of different chaperones as folding helpers with the target gene
have a substantial effect on yield. However, it has been realized that
influence of ceexpressed BIP is protein or host specific. Regarding PDI, its
sole overexpression has improved the secretion of some but not all proteins
(Idiris et al., 2010Huo et al., 2007).

2.3.3. Proteolysis (Product stability)
The vacuole of the yeast has been rec
organel |l eso di s s e avithe dumeroust pghysipldgal Al on.
responsibilities, proteolysis, although in a nonspecific and uncontrolled
manner, has been proved to be one of the functions of the vacuole and the
level of various proteases reside in the vacuole, and thus proteolysis, changes
with nutritional conditions of the yeast. Proteolytic degradation has been
considered as an evpresent problem when yeasts are utilized as expression
platforms for kprotein production (Van Den Hazel et al., 1996). Three main
groups of the proteases laween identified inP. pastoris i) cytosolic
proteases or proteasomes; ii) secretory pathway proteases, and iii) vacuolar
proteases. Excluding proteasomes, the other two groups have been
summarized in Table 2.11 (Zhang et al., 2007).

Despite reaching 9h cell densities in bioreactor cultures Bf
pastoris proteolytic degradation of the heterologous protein would be a
probable outcome of lyzed cells and, thus, releasing their vacuolar proteases
(excess production of the vacuolar proteases can leadeiosecretion to
cytosol and subsequently the extracellular medium (Sinha et al.,, 2005)).
Furthermore, proteolytic degradation can be caused by extracellular -or cell
bound proteases. Proteolysis will conduce either to truncated protein and,

thus, decreaskyield or problems in downstream processing because of the
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release of intracellular constituents or intermediates of the protein
degradation (Zhang et al.,, 2007). Lyzed cells may be the inevitable
consequence of methanol (a toxic material to cells) asvemon inducer and
carbon source iRichia-based expression systems utilizings£driven gene
transcription; methanol and/or its subsequent metabolites such as
formaldehyde, and hydrogen peroxide resulting from its catabolism in
peroxisome are menace toadlable cells and are the major reason cell
lysis (Mattanovich et al., 2009). Obviously, to overcome the proteolysis,
especially in this case, using strategy other than methanol induction is the
right choice (e.g., using glucose grown cells argdpPfor dampening the
oxidative stress. In order to ameliorate the process by decreasing proteolysis,
different strategies can be put forward; they can be classified intte\cs|l
cultivation-level (MacauleyPatrick et al., 2005) and, protdevel (Zhang et
al., 2007). The celevel strategies comprise recruitment of protease
deficient strains oP. pastorisin which genes of vacuolar protease have been
knocked out which can lead to lower proteolysis up to a point (Macauley
Patrick et al., 2005; Potvin et.,a2012); vacuolar proteases seem to be the
major cause of protein degradation (Li et al., 2007). Protdefigent
mutants have a disruption in the proteinase A geld>¢) and/or proteinase
B gene PRB). SMD1163, SMD1165, and SMD1168 are the developed
mutant strains which possess lower growth rate and viability. SMD1163 is a
doublemutant which lacks both PrA and PrB proteases (Zhang et al., 2007).
Using these mutant strains may put the production at stake where the
protease itself is necessary for peo processing of the protein (Potvin et al.,
2012). Therefore, these strains should be used only when other strategies
failed to respond (Macauldyatrick et al., 2005)

The cultivationlevel strategies are related with medium composition,
pH, temperatureand protease inhibitors (Macaw@atrick et al., 2005;
Potvin et al., 2012). Nutrient starvation should strictly be avoided during
cultivation, as it brings about cell lysis. It has been unraveled that starvation,

change of carbon sources, temperatume @i changes, or toxic chemicals
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can impose stress on yeast cells (Sinha et al., 20@Bptein expression is
affected by medium composition (Zhang et al., 2007). Complex or enriched
media, contrary to defined media, have the capacity of preventingmiutri
limitation along with protease activity (Potvin et al., 2012). By adding amino
acidrich substances such as peptone or casamino acids to the medium they
act as competing or excess substrate for proteases. Addition of skimmed milk
to the induction medm has been reported to increase the yield of human
bile salt stimulated lipase (Cereghino et al., 2002; MacalRé&yick et al.,
2005). Keeping the conductivity of the medium at a low constant level by
salt feeding has also been reported to be a usefilocheh decreasing cell
death and, therefore, protease concentration. However, salt can inversely
influence protein titer (Zhang et al., 2007). Utilization of a carbon source
with a less harmful nature and -pyoducts can be another point to be
consideredSince the growth oP. pastorisis not influenced remarkably by

pH range (3.67.0), changing medium pH to a level (other than optimal for
protease) in order to diminish protease activity could be an effective solution
providing that the stability of the pressed protein would not be affected.
Lower medium pH will result in lower protease activity (Zhang et al., 2007).
Lowering the temperature can also increase the yield (Mac®atick et

al., 2005; Potvin et al, 2012) by decreasing protease activing T
improvement can also be ascribed to the poor stability of recombinant
protein at higher temperatures, more release of protease, or folding problems
at higher temperatures (Macaugtrick et al., 2005) because of
hydrophobic interactions and consequaggregation (Li et al., 2007). As a
met hod to minimize proteolysis, expres
and 23eC have been carried out but wit
(Li et al., 2007). Addition of protease inhibitors to the medium dsm be a
solution for attenuating proteolysis. However, in an industrial scale, cost of
utilization of such additives can be prohibitive (Zhang et al., 2007). Some
protease inhibitors can be mentioned such as phenyl methyl sulfonyl fluoride

(PMSF) as serm proteases inhibitor, EDTA, pepstatin (as aspartic proteases
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inhibitor) (Sinha et al., 2005). Finally, providing that not competing for cell
resource reservoirs, the -expression of protease inhibitors in tandem with
the desired gene can have a profoefféct on the proteolytic activity and,
therefore, increasing the yield.

Proteolysis is protewdependent since the cleavage site (specific
amino acid sequence) maybe absent in some products or it has been
concealed because of unique thd#mensional suicture of the protein
product. Considering this fact, one method for alleviating the proteolytic
degradation can be, as a proteinel strategy (Zhang et al., 2007),
modifying the amino acid sequence of the expressed protein, without
changing its bioactity, to change the pattern recognized by the relevant
protease(s) (Potvin et al., 2012).

Table 2.11.Non-cytosolic proteases of yeagextracted from(Zhang et al., 2007)

Protease (abbreviation) | Gene | Protease features
Vacuolar

Aspartyl proteinase

405-aa precursor

42-kDa glycoprotein
Possessprngd APR
Three PTMs upon entering EF
2 N-linked glycosylation
Necessary for activation ¢
vacuolar proteases such as F
and CpY

Proténase A (PrA) PEP4

E R EE k]

Subtilisin  family of serine

protease

69-kDa precursor

31-33 kDa mature enzyme

Possessprngo AR

Aut ocatalytic

sequence

1 Final cleavage takes place
vacuole to give mature PrB

1 One Nlinked and one &inked

glycosylation

Endoproteinase
=

E R

Proteinase B (PrB) PRB1
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Table 2.11. Non-cytosolic proteases of yeag@Gontinued).

Protease (abbreviation)

Gene

Protease features

Carboxypeptidase

Carboxypeptidase Y (CpY)

PRC1

= =4 —a _a_a

Serine protease

61-kDa glycoprotein
Possessprmgo AR
Four N-linked glycosylation
Aiproo seque
Carbohydrate side chains a
required for proper folding
Final cleavage takes place
vacuole to give mature CpY

Carboxypeptidase S (CpS)

CPS1

Metal iondependent
carboxypeptidase

576aa membranassociated
precursor

73 or 77kDa mature enzyme
depending on glycosylation
degree

Proteolytic cleavage in vacuol
to release soluble matur
enzyme

N-linked glycosylation happen

Aminopeptidase

Aminopeptidase | (Apl)

LAP4

= =

Metalloexopeptidase
640-kDa glycoprotein with 12
subunits

Without a normal SP to b
trandocated into ER

Aminopeptidase Co (ApCo

E R ]

100-kDa metalloexopeptidase
Needs Co' for proper function

Aminopeptidase Y (ApY)

E R

537-aa precursor

70-kDa glycoprotein
Possessprmgo APR
Several Nlinked glycosylation
APr oo sequen
inhibitory effect on enzyme
function

Maybe identical to ApCo
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Table 2.11.Non-cytosolic proteases of yeag@Gontinued).

Protease (abbreviation)

Gene

Protease features

Depepdyl aminopeptidase B (DPAR

DAP2

1

1
1
1

Membranebound vacuolar
protease

Luminal cagalytic domain
Without proteolytic processing
until the vacuole

Mostly six or seven Ninked
glycosylation occurs, rarel
five or eight

Secretory pathway

Signal peptidase

SEC11

E I I ]

Integral membrane protein

At least four subunits
Catalytic subunit is 18 kDa
Glycosylation of one subunit
SEC11gene codes for catalyti
subunit

Kex2 endoprotease

KEX2

= —a -9 =

Subtilisin  family of serine
protease

Integral membrane protein
Requires Ca2+ for activity
Glycoprotein  with both N
linked and Gliked
glycosylation

Thought to bat late Golgi

Kex1 carboxypeptidase

KEX1

E R ]

Integral membrane protein
Glycoprotein with just Ninked
glycosylation

Locates at late Golgi

Specific for basic residues

Depepdyl aminopeptidase A (DPAR

STE13

= =

Integral membrane protein
Glycoprotein anchoredn the
Golgi

Marked similarity to DPAFB

Yeast aspartyl protease Il (Yap3)

YAP3

E R ]

Upon  overproduction  ant
absence of Kex2 shows activi
of cleavage

Topologically similar to Kex2

Has a transmembrane anchor
An extra 45 amino acic
segment compared to oth
aspartyl proteases
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2.4. Bioprocess kinetics in feebatch operation

In order to have a deeper insight to any kind of bioprocess, the major basic
parameters such as biomass generation rate, specific growth rate, substrate
consumption rate, and productionteashould all be clearly defined to
develop a simple mathematical representation of the system bebaviar | & k
et al., 2016; Ozturk et al., 201@y applying mass balance for the bioreactor
system according to the equation (2.45), equations describengn#jor

parameters can be obtained.
"BRod  OMO0  BEEI 6 NOEE &1 "AEQ (IEE = dsHd OLVEE (2.45)

In any biological process conducted inside a bioreactor the volume change in
the bioreactor can be deped agYamaré and Shimizu, 1984)

o Vot Qo + Riot Reman Q. @so (2.46)
Where,0 6 is the volumetric flowrate of the inlet stream to the bioreactor.
In thefed-batch operations,"®,, = 0 as the output stream is not present and

also for the volume change caused by addition of acid, base, and antifoam

and loss because of vaporization we can assume:

Qo+ ot Qomam U L OO (2.47)
Therefore:

Q@ 2.48
g U0 (2.48)
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Equation (2.48) attributes the bioreactor volume changefed-batch
operation just to inlet stream flowrate. Since the input and output stream is
not available in batch mode, in batch operation:

A

=0 (2.49)

2.4.1. Cell growth correlations

In batchwise cultivation, after inoculation of the defined amount of the cell
into the fermentation medium, the number of the cells increases by
utilization of the provided substrate (mainly carbon source and nitroge
source). Since in the batch operation the input and output streams are both
absent, by assuming that there is neither leakage from the system nor
consumption of the cells, the mass balance related with the cell around the
bioreactor system (by neglectirany kind of cell death and loss) can be

written as follows:

Q(0¢s9)

1w = > (2.50)

In which, i, is the volumetric rate of the biomass (cell) gatien, V is the
volume of the fermentation brotld, is the viable cell concentration inside

the wellmixed bioreactor, and t is the fermentation time. Considering the
definition of the volumetric reaction rate we cadeduce the following

equation

C 1 O(6e0)
== % (2.51)
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Wher e 0,00 hies it he cel | mass in the react
reaction volume\() can be either constant or varialie.addition, based on

the definition of specific growth rate,

¢ 1 XA6w)

= G | (2.52)
And therefore:
AOw) _

g;; *(04W) (2.53)

By combining equation (2.51) and (2.53) it can be written that in the
exponential growth phase:

i,= €0, (2.54)
w W

Where, tte first order kinetic constant is tispecific growth rate of the cell
€. By insertion of the equation (2.54) in equation (2.50) the result will be:

Bt= 20w (2.55)

By applying the derivation into the term inside the brackets in-tighd

side:

A SR
OgW = me + (JOE (2.56)

In the case of batch operation, based on the eug.49):
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Bo = G (2.57)
By dividing both sides t& and rearranging:

D,

‘D= (2.58)
06
Thereatfter, by integration between time intetwl until t=t:
e
~ 0 = ~ Bep Bg, (2.59)

During logarithmic growth, the specific growth eatis approximately
constant (and maximum), thus:

[14 ¢

This equation can be rewritten in exponential form:

8¢ = Ogp Q° (2.61)

On the other hand, ifed-batch mode of the fermentation, although there is
no output stream from the system, there is input to the bioreactor (contains

sterile substrate) which is the reasof the change in the bioreactor volume,

namely:

I3

0(0) = += (2.62)

B

By insertion of equation (2.62) into the equation (2.56), the result will be as

follows:
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b= 6D (0) + oo (2.63)

Rearranging the equation (2.63) will lead to the following equation:

[9/0FN Op . -
— = — ‘w 0(0 2.64
D o L (0 (2.64)

Multiplication of the tern(o—(bd’) by the terms inside the brackets:

(2.65)

By solving equation (2.65) for , the specific growth rate of the cell fiad-

batch fermentation carelrepresented in the following form:
et — (2.66)

By assumingd (0)=0, the batch mode of fermentation, the equation will be

converted into:

. 1 QO
Be D (2.67)

2.4.2. Correlations for substrate utilization

The desired substrate is utilized by the available microorganisms in the
bioreactor in order tgenerate energy for cell. Produced energy is devoted to
growth, product formation, and maintenance purposes. Substrate

consumption rate can be expressed by the following equation:
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( )= n 6 (2.68)

The minus sign is just for manifestation of the decreasing nature of the rate.
The termry in this equation represents the specific substrate utilization rate
by the cells. Writing mass balance for théstrate in the bioreactor gives

the following equation:

Q6 &)

(2.69)
Where,0 (0) is the volumetric flowrate of the input stream to the bioreactor,
a wd,, is the term related to the cell maintenance (m is known as the
maintenance coefficientl}, concentration of the substrate in the inlet feed

stream, §; is the instantaneous concentration of the substrate in the

bioreactor, and/ is theworking volume of the bioreactor. On the other hand:

A w) _ . W , QB
T = 0O 6+ 006 (2.70)

By ignoring the term peculiar tilne maintenance, replacing according to
the equation (2.68) and insertion of the equation (2.70) into equation (2.69)

the following equation is obtained:

ol N 3 [13 N [ 14 ’Qb ’ ’SX’)|
U 00y I Ogn= 0 6+ (.06 (2.7)

By replacmgg from equation (2.62) and rearranging the equation in order

to obtainr); :
. _ 1 0(0) . . b;
=35 o % % (2.72)
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If the flowrate ofthe (growthlimiting) substrate is increased proportional to

the exponential growth rate, it will be possible to maintain a high rate of
specific growth rate for a longer period of timg&agaré and Shimizu,

1984). Obtaining a correlation for such a flowgaas a function of time will

be the next step.

By introducing a new parameteby , as the yield coefficient ahe cell on

the substrate we can relate the cell generation rate and substrate consumption

rate according to the following equation:

W) _
(0]

e _ — ‘ld‘b — ‘l‘
Wy = g - (e (i) 273
‘™

In consequence it can be inferred that:

. i
| = — (2.74)

By neglecting maintenance @mneplacing( i;) from equation (2.74) in

eqguation (2.69), the obtained equation will be as:

~ T s y 'O(.k)
0 0 6y c:leww: %

(2.75)

By using equatin (2.54) and equation (2.70) we get to the following

equation:

T oy w “Op s v QO , QO
L 0 Oy m—‘*’ W= 0+ oo? (2.76)
i

145



Based on the equation (2.59) and solving the e 3; :
6 = (2.77)

In order to have a constant specific growth rate, the concentration of the
substrate insidéhe bioreactor should be constant, l-g' = 0; therefore,

equation (2.7) will be changed into the following equation:

00
— Oi
w

o 6i = uh}—l (2.78)

In addition, immediate utilization of the entered substrate can tedte

assumption of;, | &; i.e., a very concentrated substrate inlet stream, the

equation will be as follows:

Do, _ ‘Og

— 6, = _I (2.79)

Solving the equation fad O will lead to:

. “ WO

060= — (2.80)
Oip Wy

In addition based on the definition of the specific growth rate we can write:

“(0gpW)p = (;m) (2.81)
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(64, W) is the representative of the ssaof the cell present in the bioreactor
in specific ti me}oaf Sitldoidesitcreateeqdi aliy o
representing the initial cell amount in bioreactor @s will give the

following equation:
0y = pQ° (2.82)

In other words the necessary and sufficient conditions for exponential growth
in fed-batch mode (where volume change exists) will be as:

(86,05 = (O6) g - A0 (2.83)
So, by regarding the initiat£0) volume of the bioreactor when sebatch

operation beginsa§) and the initial concentration of the cells in the

bioreactor ¢) uponfed-batch start, the equation can be written as follows:
(Ow(k))o = 001) (lb .!Q‘b (2.84)
By insertion of equation (2.84) into equation (2.80):

¢

@ o0
Ogyp -Ud -Q
Oio(u}qi

C
o-
]

(2.85)

The calculated flowrate for inlet stream including substrate canilizedtin
order to keep an exponential growth with a-gedined specific growth rate

regarding known amounts of all the parameters in the equation (2.85).
2.4.3. Correlations for product formation

Regarding to the product, the balance equation justudesl the

accumulation and product formation rate as follows:
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'Q(ér‘] W)

i ~ (2.86)

Where, 6, is the product concentration in wellixed bioreactor in specific
time and‘lh is the rate of the product formation iwh can be expressed in
the form of a firstorder kinetic by introduction of specific product formation

rate (Jy):

lr] = nnbw (2.87)

By insertion of the ecation (2.87) in equation (2.86) and taking derivatives:

MNiy O = Or‘]6+ (A);;] (2.88)

Replacing the terr(nE ) from equation (2.62and solving fomy:

1 6,‘]7 \ +’Q(3r‘]
Ny = ab—,U o o (2.89)

2.4.4. Yield coefficients

In order to make the bioprocess easy to understand some parameters are
defined which yield coeftients are among them. Yield coefficients clarify

the nutritional requirements and organispecific production characteristics
(Doran, 1995) which are typical for each esllbstrateproduct system. They

can be calculated either as instantaneous parar@thich can vary during
cultivation) or as overall parameters. Upon reporting the yields related with a
bioprocess, the time or the time interval which the yields belong to should be
specified (Doran, 1995).
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(In]i , as cell yield on substrate in equation (2.73), is described as the mass
of the cell generated per mass of the substrate utilﬁep.is defined as the

mass of the produced product per mass of the substrate consumed for its

productian. &y o is defined as the mass of the product formed per mass of the

cell generated at the same time interval. The instantaneous parameters can be

expressed as follows idtdot he infinitesi:
’q&ihcb)
D) @ | Ho i
- nw _— n
O =gy Q59 T Cwe s T (2.90)

= = A (2.91)

Where, X, S andP refer to the mass of the cell, mass of the substrate, and
mass of the product, respectively. However, in addition to the instantaneous
amounts, we can define overall yield coefficients corresponding to each of
the abovementionkeyield coefficients between defined time intervals (for

example for whole process timé)) as constant average amounts:

w . _ Y®
OL)O]i = v (2.92)
o
wo (T Ty (2.93)
wo o I (2.94)

149



These amounts can be replaced by concentration of each parameter in the
bioreactor if the constant volume assumption p&ssis

2.5. Mathematical modelling of the metabolic network

Cellular metabolism is regarded as the whole network of coupled (bio)
chemical conversions (reactions) inside the cell which the taken up materials
and energy from the environment undergo (Steuet amnker, 2009;
Maarleveld et al., 2013) with the ultimate aim of maintaining life (Baart and
Martens, 2011).

Mathematical models enable interpretation and prediction of any
natural phenomenon and experimental result. They are based on a set of
relationslips between parameters of the system under investigation.
Mathematical modeling is a kind of simplification. According to the aim of
the study and presence of measurements, different models can be developed
for the same phenomenon (Gombert and NielsenP)20Dhe role of the
various components of a given system can be unraveled by usage of
mathematical modeling. By recruitment of these models, the available
interactions between different components of a system can be analyzed
guantitatively (Nielsen and Gden, 2002).

Mathematical modeling of a biological system as a mathematical
representation of its behaviour is considered a promising tool in order to gain
an indepth insight related with cellular metabolism and deciphering its
interaction with the enviranental and process conditions. However, it is
actually neither possible nor rational to expect that a single model could
describe a complex network of the metabolic reactions (Steuer and Junker,
2009).

To optimize fprotein production, further insightsta the cellular
metabolism during heterologous gene expression are required; especially the
effect of bioprocess parameters such as temperature, oxygen transfer,
substrate choice, growth rate, and (foreign) gene expression on metabolism

and its interplay wh protein synthesis is of interest (Heyland et al., 2010).
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By mathematical modelling of an expression system the pivotal cellular
events that confine production and secretion and are, therefore, attractive
targets for strain engineering in order to readiost with enhanced desirable
traits, can be pinpointed (Love et al.,, 2012). In consequence, striking
enhancements can be achieved in the systems productivity by developing
mathematical models by which the behavior of the system is accurately
described(Celik et al., 2009) Modelling will lead to prediction of the cell
behaviour under different environmental and/or genetic conditions. In
addition, by mathematical description of the fermentation processes
(virtually cellular metabolism) and its subsequecbmparison with
experimentallyobtained data the performance of the model can be evaluated
by assessing the consistency of the experimental(8&phanopoulos et al.,
1998; Nielsen and Olsson, 2002); the accuracy of the predictions will be
greatly depeneint on the underlying assumptions (hypotheses) for the
developed model (Maarleveld et al., 2013).

In the field of cellular metabolism, mathematical models can be
divided into stoichiometric and kinetic models. The former is based on the
steady state (tim invariant) properties of the metabolic networks, and the
latter, in contrast to the former, deals with combined known stoichiometry
and kinetics of the metabolic pathways and describes dynamic features of the
network. Both stoichiometric and kinetic mdslehave been used to

investigate the cell metabolisf@ombert and Nielsen, 20Q0)

2.5.1. Kinetic (dynamic) modelling

A mathematical model for reaction rate, the kinetic expressions, relates the
reaction rates with the variable parameters of the sy§ieenmodel which is
obtained by combining stoichiometric equations and kinetic expressions is
called a kinetic modg(Stephanopoulos et al., 1998Kinetic models in the

area of metabolic modeling can be classified as (simple) unstructured models
and (advaced) structured modeldn unstructured models the cell is

regarded as an entity (black box) which exchanges material with the
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extracellular environment; what happens inside is not considered and all the
cellular metabolic reactions have been lumped one that is the overall
biomass growth (Stephanopoulos et al., 1998mbert and Nielsen, 2000

It is obvious that the ability of the method is limited in prediction of the cell
responses in different cultivation conditions as the intracellular metabolism
is neglected. The structured models approach incorporates more details of
the intracellular metabolism of the cell and gradual inclusion of more
structures can lead to even rAorear models Gombert and Nielsen, 2000
These models are more realistic amdathematically more evolved
(Stephanopoulos et al., 1998).

For growth of the recombinanP. pastoris on methanol an
unstructured model, has been developed; the model describes the relationship
between specific growth rate and methanol concentration dsd a
relationships between specific methanol and ammonium consumption rates
with specific growth rate (Zhang et al., 2008)kinetic model in order to
explain the effects of limiting factors on cell density in-fetch cultures of
P. pastorishas also éen proposed (Jahic et al., 2002); the model developed
could predict cell growth and oxygen consumption in processes with and
without oxygerenriched air. An unstructured model based on mass balance
in fed-batch cultures of recombinaRt pastoriswhich rdates total cell and
induction time in both batch and fdxhtch phases has also been introduced
(Pais et al., 2003). The relationship between the specific growth rate and r
protein production in chemostat cultures Bf pastoris has also been
investigatedin single carbon source cultures (glycerol or methanol) which
has led to development of another unstructured model (Jungo et al., 2006).
The first structured kinetic model for growth Bf pastorisand recombinant
human erythropoietin production in fich fermentation has been
proposedby (Celik et al., 2009)It was shown that the key bottleneck in r
protein secretion is the capacity of the secretory machinery to transport

folded protein out of the ER. Subsequently, a simple mechanistic model
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describingthe flux of folded protein through the ER in order to further
supporting the experimental observations was proposed (Love et al., 2012).

2.5.2. Stoichiometric modelling and metabolic flux analysis

By considering the microorganism as the microbioreacttine fermentation
system, the state of the fermentation process depends specifically on the state
of the cell (al ék and ¥}y @hemealls and DrPaNBmMs exist in a
dynamic steady state but not at equilibrium with their surroundings (Nelson
and Cox, 2005). Upon introduction of external stimuli and perturbations to a
living system, the persisting steady stateisturbed and intracellular fluxes

in metabolic pathways are transiently changed. Afterwards, the regulatory
mechanisms, peculiar to each pathway, are triggered and, consequently, the
system is brought to a new steady state to retrieve homeostasis
(Stephanopoulos et al., 1998; Nelson and Cox, 2005). Metabolic fluxes are
one of the major parameters by which the degree of engagement of each of
the intracellular pathways in the whole cell function can be understood and,
thus, the cellular physiology can letermined (Stephanopoulos et al.,
1998) therefore, bioreaction network analysis, or shortly metabolic flux
analysis (MFA) is required for the quantitative analysis of the cell
metabolism which is controlled by the cell physiologya( é k and ¥zdamal
2002.

On the other hand, in order to reach a thorough understanding of a
cell physiological behaviour and production capability via mathematical
modelling, the expected prequisite is the availability of metabolic network
which represents its cellular tadolism and the comprehensive interaction
between the various pathways inside the cell (Forster et al., ;2063) is
helpful to analyse the metabolic characteristics of the annotated genomes in
order to analyse, interpret, and predict the relationshipdmsn the genotype
and phenotypéta |l é k and ¥)z Bhanka to the mrooazions in the
genome sequencing techniques, the release of sequenced genomes have been

accelerated and, in consequence, the available knowledge iflegehand
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proteinlevel have obtained the potential of being consolidated. As a
consequence, genorseale metabolic models/reconstructions which can
describe the cell overall function as a cumulative result of the interaction of
its individual components and, thus, present a tiolspproach towards
cellular metabolism of the organism has been developed (Férster et al., 2003;
Balagurunathan et al., 2012). The output of such reconstruction procedure
will be a set of biochemical reactions which can be incorporated into the
construcon of a stoichiometric model of cellular metabolism recruiting
metabolite balance (Forster et al., 2003). Simply, the genome scale models
(GSMs) play the role of a bridge connecting genotype and phenotype of an
organism (Balagurunathan et al., 2012). dmtcast to a group of enzymes or
isolated pathways which are not capable of efficiently representing and

describing the whole system because of the limited range of action and

coverage, -withesigépromef the GSMs has

the whole response and behaviour of the cell confronting any kind of
perturbation (Balagurunathan et al., 2012). The first GSM reconstructed
belongs to Gram negative bacteridti@emophilus InfluenzéEdward and
Palsson, 1999). Regarding the whod@l network ceered by GSMs,
metabolic engineering can be guided with them for adopting optimal
strategies in order to reach desirable properties in the selected organism; the
potential targets for deliberate manipulation of the genome (metabolic
engineering) which leatb strain improvement can be rationally identified
with the aid of characterization of cellular metabolism as the outcome of the
GSMs (Oberhardt et al., 2009; Sohn et al., 2010; Chung et al., 2010). The
optimization of the predictive capabilities of th&Ks which is reflected in
their close reproduction of experimental data can be achieved by
augmentation of available data about the organism (Caspeta et al., 2012) and,
thus, casting light on the dark parts of the cellular metabolism.

In the case DP. pastoristhree GSMs have been reconstructed after

its genome became sequenced (Sohn et al., 2010; Chung et al., 2010; Caspeta
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et al., 2012) and by their subsequent utilization thdepth analysis of the
Pichia-based systems has been more feasible.

Stoichiometric models of the cellular metabolism are derivatives of
the reconstructed metabolic network of the organism and the stoichiometries
of the reactions are the base for model development. Furthermore, in these
models the Ainteumal odynheni cebkehasiove
andPic ,) .20y assuming a metabwmdic net
met abol ibesg eandi dins, a stoichiometric
which its rows are the metabolites and its columns are the corresponding
stachiometric coefficients of each metabolite in each metabolic reaction and
depends on the biochemistry of the microorganism:

Il
I
oc

a xi (2.99)

This matrix irterprets the available biological knowledge about the cellular
metabolism into a mathematical term. Afterwards, a mass balance for
intracellular metabolites can be written as folldwa | é k et ¢ad lé.k, alnd9 9 ;
Ozdamar, 200R

=x p0 = HO (2.96)
|l n whwdoh,i sh t he vector composckedimd the
met abolic r e amwsiaonrd® dveiotlhu m@(nt wd i 8 t he
metabolites accumulationvet or pomcs eseWH@ dnThe 1 col ul
elements o(t) are divided into two sukiectors:
FO=F O+ F O (2.97)

Where, 0 and g 0 correspod to the extracellular and

intracellular metabolite accumulation vectors, respectiietyuation (296)

represents dynamic mass balance and is an indicator of thecdimse
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evolution of the metabolites and refers to the role of the cellular metabolism
stoichiometry @) and the fluxes of the metabolic reactions for determination
of the concentration profiles of the metabolites. The very fast dynamics of
the intracellular reactions makes the transient state of the cell too short to be
sensed; therefore, thEseudo steady state assumptimmes into play,.e.,

F 0 = 0inequation (A7) and, thus:

N (298

A vectorial eqdatuinamdgiwhakmod ) enqpunadt | @ n s
where most oftem > m; thus, nmbedegaees fAof freedom f
eqguation and in this state system is underdetermined. Infinite set of answers
can be found to fit in the equation 98).

By imposing some constraints on thgstem, the system can possess
unique and particular results (fluxes); these results can be either related to the
current situation of the system (phenotype determination) or be a prediction
of the system behaviour as a predictive model.
If m> n, the sdution of the model gives the exact solution. The solution of
equation (28) can be determined by a constrained lsgstares approach
with the objective of minimizing the sum of squares of residuals from the
stoichiometric mass balance. On the other hahdh < n, metabolic flux
distributions can be obtaindoly minimizing or maximizing the objective
function, whereupon the best metabolic pathway utilization that would fulfill
the stated objective is obtained. In this case, the mathematical formulation

for the objective function Z is:

Z =i EU (2.99

Where Z is a linear combination of the fluxes r airisthe toefficient of
the component in the stoichbmetric equation of the corresponding reaction;

the metabolic flux distributions are obtained either by minimizing or
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maximizing the Z in the model. lleastsquares method, the matrix is solved
and a unique solution is obtaingdt al ék and ¥zdamar, 2002)
As an important tool of the biochemical reaction engineerdragl( & k
and Ozdamar, 2092for the application of MFA, fat e r selection of
intracellular reactionso, one can cons
intracellular metabolite, and obtaihet general equation in the form of-Eq
2.96, where a set of measured (known) extracellular fluxes are, then, used as
inputs in Eq. 2.97 whereupon in the model in the form of Eq. 2.98
(constraints). The compounds represented by the column vector are
the exchanged compounds between the cell and its environment such as
substrate uptake rate and metabolites, e.g., amino acids and organic acids
excretion and extracellular proteins secretion rates. The outcome will be an
estimation of the reaction et (fluxes) of the biochemical reactions in the
reaction network (Stephanopoul os et al
through the different branches of the pathways, nammgiabolic flux map
(Gombert and Nielsen, 20Q0Metabolic flux map obtained can be
comprehensive representative of Acontr
overall processes comprised in substrate utilization toward product
formation. However, such metabolic flux maps are of utmost importance in
the case of flux differences obtainedder different environmental or genetic
conditions leading to full assessment of the impact of genetic and
environmental perturbations. The important pathways and reactions will be
determined by the aid of such comparis(®iephanopoulos et al., 1998)
Metabolic engineering basically aims to drive the process in a path
which conduces to as much useful product as possible from the substrate by
redirecting the fluxes towards the desired-pnolduct.
Regarding the MFA approach i pastoris various resaahes have
been carried out by concerning different objectives. A stoichiometric model
for a recombinantP. pastoris by describing balances of some key
metabolites, ATP, and NADH during glycerol and methanol metabolism

pathways have been described; modrlld predict the cell growth and the
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protein production with acceptable accuracy (Ren et al., 2Q33)g MFA

the central carbon metabolism and amino acid biosynthedis phstoris
were analyzed by considering only glycerol as substrate; it was reploated
amino acids synthesis and regulation of central carbon metaboligtn in
pastorisare similar with those . cerevisia¢Sola et al., 2004). In another
study using chemostat cultures and inclusion of methanol utilization pathway
the MFA calculatios were performed in recombingpt pastorisexpressing
Rhizopus oryzadipase (Sola et al., 2007). By MFA, the physiological
adaptation of the wild type and recombin&ntpastorisX-33 expressing an
antibody fragment to oxygen limitation conditions (irdihg central carbon
metabolism pathway) in glucosienited chemostat culture was investigated
(Baumann et al., 2010). Furthermore, the impact of the foreign gene
expression on the metabolism of recombin@npastorisin batch and fed
batch cultures utiling glucose as sole carbon and energy source was
inspected by analyzing intracellular flux distribution quantified by MFA
(Heyland et al., 2010). Besides, MFA has been used to investigate the effects
of the different feeding rates and dual carbon sourceghe intracellular
reaction rate (flux) distribution in the synthesis of recombinant human
erythropoietin byP. pastorisin fed-batch cultivation Celik et al., 201D A
constraintbased MFA using a developed GSM for wild typepastorisX-

33 has been caed out and validated by two chemostat cultures with glucose
minimal medium and mixed glycerol/methanol medium. The model was
used in silico to predict the best candidate as carbon sourcepfotein
production inP. pastoris(Chung et al., 2010). Basen the knowledge that
heterologous protein expression causes metabolic burden on the host
organism, the effect of different levels of protein productiorPomastoris
metabolism in batch cultures was comparfdpastoriscompensates for the
additionalresources required forprotein production by reducing fproduct
formation and increasing energy generation via the TCA cycle (Heyland et
al., 2011). The effect of methanol feeding rate on the bioreaction network of

the hostP. pastorishas been the parster analyzed by the aid of MFA to

158



improve rhGH production®(a | &€ k e }J. MRAlapproacl2 viad dlso used

to obtain metabolic flux distribution in central carbon metabolism of
recombinantP. pastoris X-33 growing on mixed feed of glucose and
methanol. The MFA revealed redistribution of carbon fluxes in the dentra
carbon metabolism as a result of protein production and metabolic burden
(Jorda et al., 2012). Theprotein production byP. pastoriswas estimated
using a constraiAbased model by inclusion of metabolic network reactions
stoichiometric description asell as additional restrictions such as reaction
irreversibilities, thermodynamics and regulations (Tortajada et al., 2012);
These types of models do not assume psetelmdy state and describe
accumulation of important metabolites and, furthermore, ate pooely
stoichiometric approach such as traditional MFA. In this study, protein
production was related to the cell growth and ATP production rate obtained
from MFA using main biochemical pathways Bf pastoris In another
research, by instationar§yC-labeled MFA approach which is different from
NMR-derived stationary state labeling, the metabolic fluxes through the
major pathways under mixed feed {@ssimilation) of glucose and methanol

in chemostat cultures . pastorisX-33 harboring a mock plasmidere
accurately investigated (Jorda et al., 2013). The intracellular flux distribution
during continuous cultures of recombinaft pastorisin mixed feeding
medium of methanol/sorbitol (efeeding process) with linear change of
methanol was quantified BIFA recruiting a simplified metabolic network.
The study demonstrated an optimum mixture for reducing specific oxygen
uptake in one hand and increasing induction on the other hand (Niu et al.,
2013). Very recently, the metabolic flux analysis was utiliredrder to
verify the predicted fluxes by 4gilico model after incorporation of the r
protein formation reaction to one of the available GSMs (Sohn et al., 2010)
for P. pastorig(Nocon et al., 2014).
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2.6. Recombinant hGH production

Since hGH is a neglycosylated protein, a prokaryotic platform is the first
preference (Mukhija et al., 1995). The annual production of this hormone by
conventional bacterial culture has been reported to be 4.4 kg (Salamone et
al., 2006). Regarding to the utilized hoststgyn, the production in
extracellular medium, as IBs (insoluble protein aggregates), and in
periplasmic space (using a SP) would be poss#lidough, being as IBs

lead to straightorward isolation and also protection from proteolytic attack
(Kim et al., 2013), the IBs need toebsolubilizaed and renatured before
purified from the endogenous proteins of host (Mukhija et al., 1995); the
overall yield of bioactive expressed protein after solubilization and refolding
of IBs is generally low and also the adomentioned procedures are very
expensive and timeonsuming and need to be optimized to increase the
overall yield (recovery) (Kim et al., 2013). However, in bacteria the
synthesis of protein is initialized by formylmethionine which in many cases
is not pocessed efficiently and, thus, in the case of usage for treatment can
lead to antibody formation in patient (Shin et al., 1998). Among the bacterial
hosts, the use OE. coli as a platform for expression ofiGH has been
documented with higher triumph ratéSoorapaneni et al., 2010). In 1984, a
conducted research was reported to exprdgSH in Pseudomonas
aeruginosaand secrete to the periplasm with an authenttefhinus (Gray

et al, 1984). In general, researches which have utilgedoli as host
organism hitherto have focused on wide range of parameters in order to
enhance expression levels and analyze the effect of different parameters on
rhGH production; most important selected parameters scrutinized in some
selected researches can be mentionediisrent types of bioreactors either
shake bioreactors or pilsicale bioreactors, different fermentation modes,
different fermentation parameters like culture medium, dissolved oxygen
concentration, different promoters for driving expression, diffetesder
sequences for facilitating secretion of rhGél the extracellular medium

utilization of the fusion partners especially for aiding purification,

160



improvement othe soloubilization of IBs and protein recovery, investigating
purification steps by sp&d emphasize on chromatographic methods
(Mukhija et al., 1995; Uchida et al., 1997; Shin et al., 1998 ; Zhang et al.,
1998; Patra et al., 2000; Ribela et al., 2000; Castan et al., 2002; Tabande et
al., 2004; Young and Park, 2007; Shang et al., 2009rapaaeni et al.,
2010; Rezaei and Zarke#sfahani, 2012; Kim et al., 2013Bacillus
subtilis as another eukaryote organism, has also been paid attention in order
to express rhGH although not as muchEascoli (Honjo et al., 1986;
Nakayama et al., 1988zdamar et al., 2009).

Although, the most reports on heterologous production of hGH are
related withE. coli as host, but, the presence of formylmethionine in the N
terminus and its poor removal in many cases (Kaedokoda et al., 1995)
could be a good ntivation to express the hormone in another host
(specifically eukaryotic) to overcome this obstatlgher organisms based
on their developed and more advanced machinery for PTMs may be regarded
as suitable candidates for production of complex proteinls #us, have
provided us with an efficient and economic method in order to produce
biopharmaceuticals (Dyck et al., 1999). Transgenes including animal, plant,
or insect along with netransgenic animals each have been utilized as an
expression host in rh& production. Transgenic animals can led to large
guantity and highguality endproducts especially in secreted form in their
body fluids (Zhu et al., 2003); secretion in urine, seminal fluid, blood, and
milk has been reported wide(Kerr et al., 1998; Dgk et al., 1999; Zhu et
al., 2003; Lipinski et al., 2003; Salamone et al., 2006; Lipinski et al.,)2012
However, by taking into consideration the cumbersome procedure of
production in milk and long time to express and also health risk (Hen et al.,
2009; @nchez et al.,, 2004), transient transfection of mammary epithelial
cells, and developing netmansgenic expression hoftlens et al., 2000;
Sanchez et al., 2004; Han et al., 2008s been adopted as an alternative
method. Plants, as the least expensienbss (Cunha et al.,, 2011), have

also been used as bioreactors for production of ri{G¢te et al., 2000;

161



Russell et al, 2005; Kim et al., 2008; Cunha et al, 2011; Xu and
Kieliszewski, 2011)because of providing a native structure for foreign
protein. The observed level of production in plant systems has been lower
than microbial systems such Bscoli andP. pastoris(Russell et al., 2005)

and this low productivity as a result of truncated proteins accumulated ha
been the main drawback of thesgstens (Kim et al., 2008). Restriction of

the production to a specific organ can be one of the most appropriate
strategies in order to conquer protein degradation and maximizing protein
accumulation (Cunha et al., 2011). Likewise, insect cells have beenedcruit
in rhGH production mainly by considering their hitgvel PTMs and fast
growth(KadoneOkuda, 1995; Markaki et al., 2007)

About 6070% of all recombinant pharmaceutical proteins are
produced in mammalian cells (Rezaei et al., 2013). Rendering thenprote
more similar to native equivalent by PTMs and having a final product with
high quality are the major factors play role in selection of animal cells as
host organisms (Kunert et al., 2009). In comparison with prokaryotic cells
the productivity of mamman cells is low and there should be strategies to
optimize these systems as much as possible by manipulating parameters such
culture medium composition, cultivation temperature, engineering of
bioreactor (Rezaei et al., 2013). The most widely used mammedill line,

CHO cell line, has also been recruited for expression of rhGH in selected
researchegKeane et al,, 2002; Catzel et al., 2003; Kunert et al., 2009;
Rezaei et al., 2013).

Yeasts, as dualharacter microorganisms, have the ability of
bacterial fast growth and highezukaryotelike PTMs. There have been
reports related with production of rhGH mainly in ye&tcerevisiae
(Hiramatsu et al., 1990; Hahm and Chung, 208@&)l P. pastoris The
selected researcheelated with rhGH production . pagoris along with

their important features and outcomes have been summarized in Table 2.1
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Notes:

Abbreviations related with Figure 2.8

GLC: Glucose, G6P: Glucogephosphate, F6P: FructeSgphosphate, F16P: Fructe$es-
biphosphate, GAP: Glyceraldehy8ephosphate, DHAP: Dihydroxyacetone phosphate,
G3P: Glycerol3-phosphate, GLYC: Glycerol, 13PG: ih&phosphoglycerate, 3PG: 3
phosphoglycerate, 2PG:-pghosphoglycerate, PEP: Phosphoenolpyruvate, PYR: Pyruvate,
G15L: Gluconel,5lactone6-phosphate, P6G: -phosphogluconate, RU5SP: RibuleSe
phosphate, R5P: Ribogephosphate, X5P: Xylulosg-phpsphate, S7P: Sedoheptuldse
phosphate, E4P: Erythrodephosphate, ACA: Acetaldehyde, ACE: Acetate, EtOH:
Ethanol, ACCOA: AcetylCoA, MeOH: Methanol, FormAl: Formaltlgde, Form: Formate,
CIT: Citrate, ICI: Isocitrate, AKG: Ketoglutarate, SUCC: Succi@gA, SUC: Succinate,
FUM: Fumarate, MAL: Malate, OAA: Oxaloacetate, MannP: Mannitol Phosphate, SorbP:
Sorbitol Phosphate, GLYOX:. Glyoxylate, cyt: Cytoplasmic, QAAOxaloacetate

transporter.

170



CHAPTER 3

MATERIALS AND METHODS

3.1. Substances and Stuffs

3.1.1. Enzymes, kits, and markers

All the restriction endonuclease enzymes, DNA ladders, and kits utilized in
plasmid isolation, gel extraction, and PCR purificatiwere procured from
Thermoscientific. The total RNA isolation kit, cDNA synthesis kit, and
SYBR Green were purchased from Roche Diagnostics. Thestpireed

protein ladder used in SBIBAGE analyses was also from Thermoscientific.

3.1.2. Chemicals
As the major constituents of the growth media, dextrose from DIFCA,
Bact oEagar and BactoEpeptone; yeast
Sigma; glycerol from Sigmaldrich were utilized.

Among the other compounds, sodium chloride and EDTA was from
Riedeld e  H &odiam thiosulfate pentahydrate was from Fluka. All the
remaining chemicals were purchased from Sigma and Merck. Bradford

reagent utilized in total protein assays was also a product of Sigma.

3.1.3. Antibiotics

ZeocinE was from | nvitvweGempicilim@s wa s
sodium salt powder) was obtained from Sighildrich and was kept in

+4°C. Chloramphenicol (as powder) was product of Sigma and was placed at

room temperature.
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3.1.4. Immunoassay compounds

Anti- growth hormone (GHL) antibody (ab98P) as primary antibody in
Western blot and ddblot analysesgoat polyclonal secondary antibody to
mouse IgG with HRP (ab678%)s secondary antibody antibody in Western
blot and dotblot analysesand 3, 3Diaminobenzidine (DAB) all were
purchased fromlzam. Antibodies were stored-20°C and DAB was kept
at +4°C.

3.1.5. Buffers and stock solutions

All the required buffers and stock solutions were prepared with-piira
distilled water (dHO) with electrical resistivity of 18.81q.cm. They were
autoclaved at 12C for 20 minutes or alternatively, whenever needed, were
filter-sterilized with 0.2e m f i(Minis&ty Sartorius stedim biotech,
Goettingen, Germany). They were stored at room temperature, +4°C, or
20°C based othe instructionsavailable inAppendixB. Phosphate buffered
saline (PBS) 10X (pH ~7.4) was purchased as ready solution from Sigma

and was stored at room temperature.

3.2. Strains and plasmids
Escherichia coliDHSU st r ai n was ut il i zeodoff or

the constructed plasmids. Aexpressing strain Pichia pastoris X-33

(I'nvitrogen, Carl sbad, Ca, USA) was

p Pl CZhGIA (Ca | é ll., 2008) plasmids were used as parent plasmids
for development of the desired plasgheonstructs which can be observed in

Figure 3.1 and Figure 3.2, respectively.
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All the microbial strains were stored as lelagting stocks ir80°C
with MicrobankE which includes treated
preservative solutionWeb 14); however, corresponding temporary cultures
were prepared directly from stocks in agar plates and were stored at +4°C for
15-30 days depending on the pressie absence of antibiotic in agar plate.
The successive sufulturing from plate to plate increases the risk of
contamination and loss of rDNA. All the plasmids were store@GftC.

3.3 Media

The utilized mediaan be divided intbwo categoriesmeda used for growth
of the cells and mediaised in shake flask and laborat@gale bioreactor
experiments for rhGH production.

3.3.1. Growth media

E. coli strains were grown in low salt Luria broth (LSLB) whether in liquid
or solid form (Table 3.1); ZeawiE (25 ¢ g / )nand ampicillin (10 g / )mL
were added to this medium order to grow true transformants whenever
needed. P. pastorisstrains growth was conducted yeast extract peptone
dextrose (YPD)medium(Table 3.2)which can be in either liquid or kb
form; in order to make a selective mediurd,e o ¢ iwas used in

concentration of 10(g / mL )

3.3.2. rhGH production media

rhGH production experiments were conducted in both shake flagikeried
bioreactor and laboratoigcale bioreactor. Each dliem requires specific
medium for production. However, they both share agwoeluction step with

so-called precultivation medium which mainly increases the cell amount.
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Table 3.1.LSLB agar medium composition f&. coli growth.

Compound Concentration (g/L)
Tryptone 10
Yeast extract 5
NacCl 5
Agar 15

Table 3.2.YPD agar medium composition fé. pastorisgrowth.

Component Concentration (g/L)
Yeast extract 10
Peptone 20
D-glucose (dextrose) 20
Agar 20

3.3.2.1. Precultivation medium

In both shake flask and laboratesgale bioreactor experiments thee-p
cultivation medium forrecombinantP. pastoris(r-P. pastorig strains was
buffered minimal glycerolcomplex medium (BMGY)which was utilized

prior to production (Table.3).
3.3.2.2. Production medium

After primary cell generation, the mediums in shake flask and laboratory

scale bioreactors were different.

175



Table 3.3.BMGY medium for precultivation in shake flask and laboratesgale bioreactor

experiments

Component Amount (per1L)
Yeast extract 10 g
Peptone 20g
Glycerol 10 mL

YNB (w/o amino acids) 3.4
Ammonium sulfate 10g

Biotin 0.0004 g

1M Potassium phosphate buffer, pH=6.0 100 mL

3.3.2.2.1. Shake flask aifiltered bioreactor
Defined medim for production in shake flask bioreactor experiments was
taken from (Jungo et al., 2006) just with replacing {NEO, for NH,4CI.
Ammonium sulfate amount was calculated according to the glucose amount
and regarding C/N= 4.57 (Jungo et al.,, 2006). Thengmsition of the
production medium for shake flask bioreactor experiments can be found in
Table 3.4.

However, in production phase, addition of trace salts to the medium
in order to fulfil the trivial needs of the microorganism is inevitable and,
therefore Pichia trace minerals (PTM1) solution (Table 3.5) was added to

the production medium.
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Table 3.4. Production medium for shake flask bioreactor experimetts; amount of
ammonium sulfate was calculated based ordefmmed (C/N=4.57) ratio.

Component Amount (per 1 L)
Glucose, GH1:06 20 g
Calcium sulfate dihydrate 117g
Magnesium sulfate heptahydrate 14.9g
Ammonium sulfate, (NB, SO, 9.63 g

1M Potassium phosphate buffer, pH=6.0 100 mL
PTML 4.35mL
Chloramphenicol (from 34 mg/métock) 1mL

Table 3.5. PTM1 solution including trace salts fdP.pastoris cultivation. (ichia

fermentation process guidelines, Invitrogen).

Component Representation | Amount (per 1 L)
Cupric sulfate pentahydrate CuSQ.5H,0 69
Sodium iodide Nal 0.08 g
Manganese sulfate monohydrate | MnSQ,.H,O 39
Sodium molybdate dihydrate Na,Mo00O,.2H,0 0.2g
Boric acid HsBO; 0.02¢
Cobalt chloride CoCl, 0.5¢
Zinc chloride ZnCl, 20 g
Ferrous sulfate hghydrate FeSQ.7H,0O 65 g
Biotin - 0.2g
Sulfuric acid H,SO, 5mL
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3.3.2.2.2. Laboratoryscale bioreactor

In laboratoryscale bioreactor experiments, after -prdtivation using
BMGY in shake flasks, for further increase of the cell amount,béteh
phase of the process in bioreactor was accomplished by growth of the cells in
basal salt medium (BSM) which again includes glycerol as carbon source
(Table 3.6). However, the concentration of the glycerol in two sets of
bioreactor runs was differenit was 40 g/L and 25 g/L for bioreactor
experiments of's&Ps 0 asdr dirabgedr s o
respectively. After glycerol batch phase, glucoselatth phase of the
production was started by exponential feeding of the glucose so(Ttable

3.7).

Table 3.6. BSM for laboratoryscale bioreactor experiments; glycerol concentration for
bioreactors related with SPs and promoters was decided to be 40 g/L and 25 g/L,

respectively.

Component Amount (per 1L)
Phosphoric acid 85% 26.7mL
Calcium sulfatadehydrate 1.17¢g
Potassium sulfate 18.2 gr
Magnesium sulfate heptahydrate 149 ¢gr
Potassium hydroxide 4.13 gr
Glycerol Variable
PTM1 4.35 mL
Antifoam 10% 1mL
Chloramphenicol (bm 34 mg/mL stock) 1mL
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Table 3.7.Ingredients of the glucose solution in fledtch phase of the laboratesgale
bioreactor experiments.

Component Amount (per 1 L)
Glucose 500g
PTM1 12 mL
Chloramphenicol 1mL

3.4. Finding the nucleotidesequences of the desired biological elements

Major focus of the current research was on the SPs and promoters as two
fundamental biological elements of thgnotein expression and, therefore,
obtaining their corresponding nucleotide sequences was inyeenatorder

to include them in structure of the new plasmid constructs.

3.4.1. Secretion signal peptides

The amino acid sequences of the endogenous proteins found in extracellular
medium of the P. pastoris (Huang et al, 2011) along with their
correspoding nucleotide sequences were demaded from NCBI
(http://lwww.ncbi.nlm.nih.goyand, then, were analyzed for determination of
their secretion SPs. In addition to these proteins, the amino acid sequences of
the exogenous proteins that their SPs were used-fwotein expression iR.
pastoris and their related nucleotide sequences were obtained from
UNIPROT (http://www.uniprot.org), were also analyzed. The summary of

the procedure can be found in Figure 3.3.
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http://www.ncbi.nlm.nih.gov/

Finding the amino acid sequences
of
the exogenous SPs* corresponding proteins
from )
UNIPROT

Extracellular endogenous proteins of r-P.pastoris
(Huang et al., 2010)

ﬂ U

Exogenous SPs utilized
in r-protein expression in P.pastorfs
(literature)

Finding corresponding amino acid sequences of the proteins
from NCBI

U

In silico analysis for determination of the amino acid sequences of SPs

11

Finding the nucleotide sequences of the SPs by available nucleotide sequences of the corresponding proteins

ﬂ

Ordering & synthesizing the desired nucleotide sequences

Figure 3.3. The sequence oévents which weréollowed in order to obtain the nucleotide

sequence of the endogenous and exogenous secretion SPs

3.4.2. Promoters

According to the available data related with the effect of the different levels
of oxygen provision on gene expression iPr pastoris (Baumann et al.,
2010), the genes that had been upregulated more (in compariseARo
gene) in lower oxygen availability were identified. The accession numbers of
the selected genes and their correspondimgtems (enzymes) were
identified. After finding the corresponding genes Fn pastoris GS115
(virtually X-33) by NCBI BLAST tool, the related promoters were
determined and their nucleotide sequences were extracted. General
procedure for identifying proater regions has been summarized in Figure
3.4:
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Selection of the suitable candidates (Baumann et al., 2010)

\%

Using the related PIPA ID of each selected protein (available in DSMZ strain)

\
Finding the corresponding ORF in GS115 strain by NCBI BLAST tool

V
Finding the related nucleotide sequence of each found ORF

Finding the fragment supposed to include promoter region
based on
the direction of the transcription represented in NCBI database and previous and later genes

Vv

In silico evaluation of the region supposed to possess the promoter activity

V
Ordering & synthesizing the verified nucleotide sequences

Figure 3.4.The sequence afvents which weréollowed in order to obtain the nucleotide

sequence of the desired promoters.

As a starting point, it was supposed that the sequence between the
selectedgene and its preceding gene is a rough approximation of the
promoter region. However, it is obvious that this roughly found regions may
contain nucleoti des -translated regians @FR)ihor 506
mRNA. Furthermore, transcription activatiofactors, enhancers and
inhibitors may reside in upstream or downstream of the gene which enters
the other gene. The selected fragment between the genes is roughly referred
to as promoter region and the promoter activity is attributed tajibtstive

promotebregion.
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3.5. In-silico analyses
The SPs were determined by SignalP software v.4.1 available at
(http://lwww.cbs.dtu.dk WolfPsort fttp://wolfpsort.org), and Phobius
(http://phobius.binf.ku.dB/programs. Furthermoréhe D-scores of the SPs
were determined by SignalP and thedgions of the SPs were determined
by Phobius programProP1.0 [ttp://www.cbs.dtu.dk/services/PrgPwas
used in order to determine the probable fdfpr
In analyzing theresults of theSPs experiment$§;Rand Average of
hydropathY (GRAVY) and aliphatic index were computed using EXPASY
ProtParan (http://web.expasy.org/protparamlsoelectric point (pl) and net
charge were calculated by iep progrdéhttp://www.bioinformatics.nl/cgi
binfemboss/iepas a part of the EMBOSS bioinformatics package (Cirab
Ranganathan, 2008). Mean charge whmined by dividing the net charge
by the polypeptide length.
Evaluation of the nucleotide sequencesgpagative promotdregions
were conducted bthe software available awww.fruitfly.org) as a part of

Berkeley Drosophila genome project.

3.6. Genetic engineering techniques
The final product of these steps was transfeBtgehstorisharboring newly

developed plasmid constructs.

3.6.1. Synthesizing of the determinedutleotide sequences

After provision of the required restriction sites in the nucleotide sequences of
the selected endogenous secretion SPs and promotéxspaktoris they

were ordered. The complete sequence was synthesized by GenScript inside
unique plamid, pUC57 (AppendixC). The synthesized plasmid was
received in lyophilized form. In order to clone the $wtized plasmid, it

was transformeéhtotheE.coiDH5 U c e |l |
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3.6.2.E. coli transformation
Newly developedplasmids were used in order ta@nsformE. coli DH5U
cellsand, thus, they could be amplified. The transformation procedure based
on CaC} method Gambrook and Russell, 200With minor modification in
recovery step is as follows:
1. Inoculation of theE. coli DH5U strain from available gterol stock
at-80°C into LSLB agar medium
2. Overnight (1620 hours) incubation at 3C
3. Picking a single colony (3 mm in diameter) from the plate
4. Transferring the picked colony to 50 mL LB broth in 250 mL
Erlenmeyer flasks
5. Incubation at 37C with vigoraus agitation at 17200 rpm and
monitoring the growth of the culture (measuring thes&Df the
culture every 120 minutes)
Harvesting the culture when the @preaches 0.39.40
Transferring the cells to sterile, io®ld 50mL polypropylene tube

Cooling the culture to @ by keeping the tube on ice for 10 minutes

© oo N o

Recovering the cells by centrifugation at 3000g for 10 minutes at 4°C

10. Discarding the supernatant putting the tube in an inverted position on
a paper towel for 1 minute to let the remained mn@dto be drained
away

11. Resuspending the cell pellets in 30 mL of-weld filter-sterilized
(0.2 em) MgCl,-CaC} solution (80mM MgC), 20mM CaCJ) by
gentle vortexing or swirling

12. Recovering the cells by centrifugation at 3000g for 10 minutes at
+4°C.

13. Discarding the supernatant and putting the tube in an inverted

position on a paper towel for 1 mims to let the last traces of the

media to be removed
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14. Re-suspending the cell pellets in 2 mL of+celd filter sterilized (0.2
em) 0.1 M CaCl for each 50 mL of original culture (with gentle
mixing or swirling)
At this point, the cells are chemicaltpmpetent and can be used directly or
stored in aliquots with 12% glycerol aB0°C when liquid nitrogen is
available.
15. Transferring 20@L of the competent cells into a sterile, -cleilled
polypropylene tube by the aid of ichilled micropipetteips
16. Adding desired plasmid / ligation mixture (the DNA) by taking into
consideration that the volume of the ligation reaction mixture should

not exceed 10% of the competent cells volume

17. Mixing gently and storing on ice for 30 minutes
18. Transérring the tube to a rack placed idZC preheated water bath

and keeping the tube in the water bath for exactly 90 seconds without
shaking. This heat shock step is very crucial; it is very important to
raise the temperature to the exactly right pomtt at the correct rate
19. Rapid transferring of the tube to an ice bath and allowing the cells to
be chilled for 12 minutes
20. Adding 800sL LB medium to the tube and incubation for-80
minutes at 37°C in shaker incubator with agitation of 150 rpith(w
looselycapped tubes) to allow recovery of the cells and expressing
the antibiotic resistance marker encoded by the foreign plasmid
21. Transferring appropriate volume, 100, 150 and€0Qup to 200sL
per plate) of the treated cells onto LSLB agardimen containing
desired antibiotic at desired concentration
22. Gentle spreading the cells over the surface of the agar plate by a
sterilized loop or bent glass rod and waitingiladbsorption of all the
liquid
23. Incubation of the plates at 37°C; comivill appear in 124 hours
After appearing the colonies, singielony cultures of the selected colonies

were prepared in LSLB agar plates under selective pressuhe sfiitable
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antibiotic; after overnight incubation &7°C, false positive coloniesere

removed by failing to grow and, thus, true transformants were discriminated.

3.6.3. Plasmid DNA isolation from transformedE. coli cells

After transformation, a few (true) transformed colonies should be selected

and the plasmid isolation should performed using each of them to verify

their precise transformation. In order to obtain high amounts of the desired
plasmids, the transformds. coli cells should be cultivated, harvested, and

then disrupted. Plasmid isolation was conducted by two methocisrrent

research; alkaline lysis and using plasmid isolation kits. Plasmid isolation by

Kit was conduct ed based on manufact urt
method was accomplished as follows:

Preparation of the cells:

1. Inoculation of 10 mL of the B broth medium (in 50nL sterile
falcon) containing appropriate antibiotic (here, ampicillin or
Z e o c)iwithEa single colony of the transformedcoli cells

2. Overnight(~16 hours)incubation at 37C with vigorous shaking at
200225 rpm with looselycapped tube(s) to ensure desirable
aeration.

3. Centrifugation at 3000g for 10 minutes+dfC.

4. Removing the supernatant by gentle aspiration and positioning the
tube(s) in a manner that the remaining medium drains on a clean
towel paper in order to leave the cells as dry as possible (cell wall
components in the medium prevent the action of mamgstfiction
endonuclease enzymes and, thus, the plasmid DNA will be resistant
to cleavage).

Cell lysis:

5. Resuspension of the pellet in 28Q ice-cold alkaline lysis | solution

(Appendix B) by vigorous mixing until making sure that the cells

would be completely dispersed
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6. Addition of 400¢L alkaline lysis Il solutionAppendix B)which has
been freshly prepared to the bacterial solutiondagentle mixing
with rapid inversion for five times and storing the tube(s) on ice. Do
not vortex in this step

7. Addition of 300¢eL ice-cold alkaline lysis Il solutior{Appendix B)
and gentle mixing by inversion of the tube(s) for several times and
stoling the tube(s) on ice for-3 minutes

8. Centrifugation of tube(s) at 140009 for 5 minutes4fiCtand careful
transferring of 60&L of the supernatant to a fresh (microfuge) tube
in order not to disturb the cell debris during transfer

9. Adding equal @lume of phenol/chloroform (at +4°C) and mixing two
phases by vortexing and, then, centrifugation of the emulsion at
14000g for a #Zninute period at+4°C and transferring the
supernatant to a fresh tube

Recovery of the plasmid DNA

10. Addition of 600 €L iso-propanol at room temperature (RT) and
mixing the solution by vortexing and keeping the tube standed for 2
minutes at room temperature in order to precipitate nucleic acids
from the supernatant

11. Collecting the precipitated nucleic acids by centrifiogaat 14000g
for 5 minutes at room temperature

12. Removal of the supernatant by gentle aspiration and positioning the
tube in a manner that the remaining medium drains on a clean towel
paper and, furthermore, removing of any fluid droplet present in the
wall of the tube

13. Addition of 1 mL ethanol 70% (to wash the pellet) and recovering the
DNA by centrifugation for 2 minutes at 14000g and at RT

14. Pouring off the supernatant ggntle aspiration (take care in this part,

since the precipitate sometiméees not adhere to the tube wall
tightly)
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15. Removing remaining ethanol droplets from the sides of the tube and
keeping the tube at room temperature for150minutes to let the
ethanol be evaporated without DNA becoming dehydrated

16. Dissolving the fial pellet (nucleic acids) in 3000 eL TE buffer
(pH=8.0) (Appendix B)containing (DNasdree) RNase at the final
concentration of 2@g/mL and mixing by pipetting of the solution
for a few seconds and storing the isolated plasmie04cC.

17. Determinig the concentration of the isolated plasmid; it should be
emphasized that Ofg=1 using a cuvette with light path of 10 mm
refers to a DNA concentration of approximately 50 gig/

3.6.4.Confirmation of the DNA fragments by agarose gel electrophoresis
The control of the isolated plasmids, isolated genomic DNA, and digested
DNA fragments, regarding their length, wascomplishedvith agarose gel
electrophoresis (AGE). AGE was conducted with Miol¥® Cell GT Cell
system (BieRad, CA, USA). The general predure of the AGE can be
described as follows:

1. Cleaning the required apparatus and equipments and rinsing with

reverse osmosis (RO) or ultrapure (UP) water

N

. Assembling the gel casting tray and checking its horizontality
3. Preparation of 5X TBE (orAE) (Appendix B)buffer and diluting to
1X buffer just before usage
4. Dissolving required amount (appropriate for separation of desired
fragments) of agarose in 1X buffer to reach the desired resolution
5. Heating the mixture and boiling for a short whiletil being clear.
Check that the volume of the solution has not been decreased by
evaporation during boiling; replenish with gBlif necessary.

. Addition of EtBr after cooling of the gel in order to have a final

(o2}

concentration of ca.0.gg/mL
. Casting the gel in the plastic tragfter reaching the molten gel <®D

. Putting the combs into the molten gel in order to form the wells

o
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9. Allowing the gel to set completely for 3% minutes and then
removing the comb carefully by pourirggnall amount of buffer on
the gel; gelling temperature is-32°C

10. Mixing the DNA samples (20 eL) with 0.2 volume of the DNA gel
loading dye 6X (Thermoscientific). DNA samples can be diluted if
necessary. A typical sample well can hold about 4@anple

11. Loading the mixtures to the submerged gel in buffer

12. Loading DNA ladder (Thermoscientific) as a length standa@l (3
eL); using two different DNA markers will be beneficial

13. Closing the lid of the gel tank and attaching the electrical leads.

14. Performing electrophoresis at 90V for#@0 minutes depending on
the gel concentration and desired DNA length

15. Running the gel untthe band of interest has migrated 40%0%
down the length of the gel. Band broadening resulted from dispersion
and diffusion results in a decrease in resolution in the lower third of
the gel.

16. Visualizing the gel by UV light

3.6.5. Amplification of the target DNA

The amplification of the desired DNA segments was conducted with
polymerase chain reaction (PCRIn order to amplify desired DNA
fragments specific primers were designed. For this purpose,
OligoAnalyzer3.1 (http://eu.idtdna.com/calc/analyzer) and NCBI primer
design tool (www.ncbi.nlm.nih.gov) were utilized. In primer desigp, T
val ues, 2 G conteantb, wamd spossib@it¢ of self dimer and hetero
dimer were also considered. The primers were synthesized by Sentegen

(Ankara, Turkey and Sentromer (Istanbul, Turkey) andere received in

l yophilized for m. They were (aveépared

filter-steriized dHO according to the manufacturerés

diluted to desired concentrations whenever needed. The complaié thet

primers is available idppendixD.
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PCR buffers used in this research were withoutMgnd MySQ,
was added separately in order to optimize “M@n concentration for
improving efficiency. Utilized primers in PCRs of current study weeVb
concentration else mentioned. dNTPs were with concentration of 2 mM
(Table 3.8). dHO utilized throughout # genetic analyses was autoclaved
and filtersterilized (0.2 m

Table 3.8.Typical amounts of PCRonstituents.

Component Amount
10X amplification buffer with KCI S5¢eL
2 mM solution of dNTPs S5¢eL
5 &M forward primer Typically 2¢L (can change)
5 &M reverse primer Typically 2¢L (can change)
25 mM MgCL/ MgSQ, 2-4 ¢L (can be optimized)
Taq/ pfu DNA polymerase 1-2U
dH,O Variable
Template DNA (Genomic DNA or plasmid DNA Variable

Total volume | 50eL

The PCR experiments were conducted tiermal block cycler
(Techné&, Flexigene and TB000X). The programs were changed according
to the specific requirements of the reactions and the annealing temperatures
and elongation times were situatidapendent. However, the general

program can be seémTable 3.9
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Table 3.9. Typical thermal profilefor PCR. Variable amounts are decildased on the
melting temperaturef the designed primersength of the fragment to be amplified, and
type of the utilized DNA polymerase.

Number of Cycles Temperature Time
1 Cycle, Primary denaturation 94°C 3 min.
94°C 1 min.

1 cycle variable 1 min.

72°C variable

94°C 1 min.

29 cycles variable 1 min.

72°C variable

1 Cycle, Final extension 72°C 10 min.

3.6.6. Purification ofthe PCR products

The DNA fragments amplified via PCR were purified using PCR purification
kit (Thermoscientific) in order to get rid of interfering agents which can halt
subsequent experiments. Briefly:

1. Addition of 1:1 volume of the binding buffer to the final PCR
product in PR tube or a clean eppendorf tube and mixing the
content thoroughly

2. Transferring (up to 808L) the yellowish solution to the available
column supplied in kit.

3. Centrifugation for 1 minute at 14000g at RT and discarding the flow
through

4. Addition of 700eL wash buffer to the column
Centrifugation for 1 minute at 14000g at RT and removing the-flow
through

6. Additional centrifugation for 3 minutes to remove the residual

ethanol
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7. Addition of 2050 ¢L elution buffer to the column
8. Centrifuged for 1 minute at 14000 RT to elute the amplified
DNA fragment. The eluted DNA was stored-20°C.

3.6.7. Digestion othe plasmid DNA

In order to construct desired plasmids, first it is neetiat some available
plasmidsbe digested by restriction endonuckeasnzymes.n addition to
single-digestionperformed for control purposesytting out a DNA fragment

from an available plasmid was conducted by dowdliestion with two
suitable restriction enzymes. Each restriction digestion requires restriction
enzyme, suitable bfer for optimum enzyme activity, sample DNA, and
dH,O to complete the reaction volume (Table 3.10). In dedlgestion, the
buffer should be suitable for both enzymes activity which can be accessed
from the Thermoscientific website. Each restriction yene identifies a
specific nucleotide sequence and cleaves the phosphodiester bond in that
location in phosphate backbone. The free ends of the cleaved DNA strands
may either be sticky or blunt where the sticky ends are preferred. Afterwards,
these free (#tky) ends are used to insert the cut fragment within a new DNA
backbone. The conditions for singland doubledigestions have been

represented iAppendix E

Table 3.10.Typical reaction mixture for singldigestion withEcadRlI restriction enzyme

Component Amount
Nucleasdree water Variable
EcoRI unique Buffer 10X 2¢l
DNA Variable
EcoRlI 0.5-2¢L
Total volume | 20eL
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EcoRIl and Xbd restriction enzymesair, was used for double
digestion ofthe parent plasmids at first step. After complete mixing of the
restriction digestion reactin components in an eppendorf tube (Table 3.11),
a brief span was conducted to collect the tube content in the bottom of the
tube and, then, the mixture was incubated &€C3i7 water bath for a suitable
time period according to the amount of the plasmMADand restriction
enzyme. The time should be enough to digest the whole DNA sample
without any overdigestion. Inactivation of the enzymes was conducted by
heating at 65C for 20 minutes. .

Table 3.11.Typical reaction mixture for doublgigestion withEcoRI andXba restriction

enzymes.

Component Amount

Autoclaved and filtessterilized dHO Variable

10X Tango buffer 4el
DNA (parent plasmids) Variable(up to 1eq)
EcoRl lelL
Xbd 2¢el

Total volume | 20eL

Bsdl191 andEcaRl restriction enzymepair was utilized to facilitate
insertion ofthe selected endogenous signal peptidethap | a ¢ eMFinf U
order to develop a new set plasmid constructs (Table 3.12). By ending the
incubation time, inactivation of thenzymes in this case was conducted by

heating at 8¢C for 20 minutes.
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Table 3.12. Typical reaction mixture for doubldigestion with EcoRl and Bsp{l19I
restriction enzymes.

Component Amount

Autoclaved and filtessterilized dHO | Variable

10X Tango bukr 4el
DNA Variable(up to 1eq)
EcaRl lelL
Bspl19I lelL

Total volume | 20eL

EcoRI andNsil restriction enzymepair was recruited to replace &
by endogenous promoters to establish a distinctive set of novel plasmid
constructs (Table 3.13). Upon completion of the incubation, inactivation of

the enzymes was conducted by heating &C66r 20 minutes.

Table 3.13.Typical reaction mixture for doubldigestion withEcaRI andNsil restriction

enzymes.

Component Amount

Autoclaved and filtessterilized dHO | Variable

10X Tango buffer del
DNA Variable(up to 1eq)
EcoRlI leL
Nsil 2¢elL

Total volume | 20eL

The restriction digestion resultim all caseswere subjected to AGE
in order to be verified. After verification, if the separated fragments were

intended to be used the next roundof experimentsi.e., ligation,they were
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cut from the gel and were subjected to the purification by gel extraction kit
(Thermoscientific). Then, the doubdigestion results were ready for ligation

reaction.

3.6.8.Extraction of the DNA fragments from the agarose gel
After running the DNA samples on agarose gel and separation of the desired
DNA fragments, the intended segments could be extracted from the gel,
whenever needed, by recruiting gel extraction kit (Thesciemntific)
according to the supplier instructions; in brief, the procedure can be
summarized as following steps:

1. Cutting out DNA fragment from the gel in slice less than 400mg
Puttingthe slice in a clean piweighed 2mL eppendorf tube

Addition of samevolume of the binding buffer to the tube

W DN

Incubating the tube at 80 for a 10minute period by mixing with
inversion a few times until complete dissolution of the gel
Transferring the clear yellowish solution into the supplied column
Centrifugation for Iminute at 14000g at RT

Discarding the filtrate

Addition of 700eL wash buffer to the column

© o N o O

Centrifugation for 1 minute at 140009 at RT

10. Centrifugation of the empty column for3 minute(s) at 140009 at
RT in order to remove the remained wash buffer

11 Trarsferring thecolumninto a new clean 1:5L eppendorf tube

12. Addition of 2050 ¢L elution buffer to the column

13. Centrifugationfor 1 minute at 14000g at RT

14. Storage of the DNA fragment in the eluted liquid2Q°C in order to

be used for subsequent ligatigactions.
3.6.9. Ligation ofthe DNA fragments

DNA fragments with sticky ends developed by single doubledigestion
can be joined together by the actiortlod T4 DNA ligase enzyme and, thus,
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new DNA molecules are formed. Ligation of the dediDNA fragments in
total volume of 2GL was achieved bgvernightincubation(~ 14 hours)f
the mixture at 18C and, then, inactivation by heating at°@for 10
minutes. The ligation results were directly used to transféarrooli cells.

The constituents of a typical ligation reaction t@nobserved in Table 3.14.

Table 3.14.Typical ligation reaction mixturehoth insert and backbone should be double

digested with similar restriction enzymes.

Component Amount
10X ligation buffer 2¢lL
Gene of interest (Insert) Variable (regarding miar ratio)
Plasmid DNA (Backbone) Up to 100 ng
T4 DNA ligase leL
Autoclaved and filtessterilized dHO Variable
Total volume | 20eL

The molar ratidb e t w e eimsertd h & lpadkborié , represented
equation (3.1)js the most critical parametear the ligation reaction and can
be changed in order to reach successful ligation results. It is usually decided
to be between 1 and 6. The amount of the gene of interest in Table 3.14 can

varyto give different molar ratios:

~ aAmount(ng) d a Size(bp) &
Molar ratio =& ———0 3 & - 0 (3.1)
éa Slze(bp) 9Inser’( @mount(ng)gBackbone

3.6.10. Sequencing of the isolated plasmids froe coli cells
After transformation of thée. coli cells with developed plasmid constructs

and subsequent plasmid isolation, verification of the identity of the plasmids
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was achievel via AGE, restriction digestion, and PCR. Afterwards, the
isolated plasmidsvere subjected to DNA sequence analysis in automatic
DNA sequencer ABI Pristh310 Genetic Analyzer (Applied Biosystems,
California, USA) in METU central laboratorsing the primes can be found

in Table 315. The sequence authenticity was checked thoroughly with NCBI
nucleotide BLAST tool(www.ncbi.nIm.nih.gov) Authentic plamids were

recruited intransfecion of Pichia pastoriscells.

Table 315. The recruited primers for gaencing of thésolated plasmids fror&. coli cells

for their verification priorto Pichiatransfection.

Primer Name Primer Nucleotide Sequence

GAP forward 5 0GTCCCTATTTCAATCAATTGAA-3 6

AOX reverse 5 -0GCAAATGGCATTCTGACATCG3 &

PDC-F 566 TCTATGCATGAGGACAAGCAE 3
PDC-R 5666 TGCGAATTCAGCTTCAGCCTCT!
PYRK-F 566 TAAATGCATGBEGAGATGTGTGCGGE
PYRK-R 506 TGAGAATTCAGCTTCAGCCTCT!
THI3-F 506 GAGATGCATGAGATT GTAAATA
THI3-R 56é TGAGAATTCAGCTTCAGCCTCT
New GAP fwd 56é GACGCATGTCATGAGATTATT:
PYRKEnNd-fwd 566 GACCGTTCATGTACAGTAAATT:
PDC End-fwd 566 ACCTCAAATATCTAGCAACATC
THI3 End-fwd 56. .. GGAATGTTGGTAGCAATTGG
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3.6.11. Transfection othe Pichia pastorisX-33 cells

After developing new plasmids by genetic engineering techniques
subsequent cloning i&. coli cells, plasmid isolationand sequencing, the
plasmids were used to transfétpastorisX-33 cells. Enough plasmid DNA
should be gegrated before transfection;1® €g of each plasmid per each
transfection is required. Furthermore, transfection with lithium acetate does
not work with P. pastorisand the lithium chloride (LiCl) method is used
(EasySelect" Pichia Expression Kit). The geeral procedure of transfection
includes plasmid preparation, cell preparation, and directing the plasmid into
the cell The procedurean be described as follows:

1. Restriction digestion of the desired plasmid whiisil restriction
endonuclease enzyme byubation at 37C for 5 hours and, then,
inactivation at 65°C for 20 minutes order to linearize the plasmid
(Table 3.5).

It has been mentioned thadmologous recombination can also occur
with nonlinearized plasmid, although, at a lower frequenThe
linearized plasmid was purified with PCR purification kit
(Thermoscientific) where at the elution step autoclaved and-filter
sterilized dHO was utilized to elute the plasmid DNA. The
linearization and purification was performedstuone day before

transfection

Table 3.16. Typical reaction mixture for singtdigestion withNsil restriction enzyme.

Component Amount

Autoclaved and filtessterilized dHO | Variable (complete to 26L)

R buffer 10X 2¢lL
Circular plasmid DNA Variable(up to 1eg)
Nsil 0.5-2¢L

Total volume | 20¢L
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2. Inoculation ofP.pastorisX-33 strain from-80°C glycerol stock into
YPD agar plate and incubation fapproxmately 60 hours at 3C

3. Picking up a single colony from the plate and growing the culture in a
250-mL baffled Erlenmeyer flask containing 50 mL YPD medium at
30°C and 200225 rpm until reaching Ofgo of 0.8-1.0 (~ 16 cells /
mL).

4. Harvestig the cells by centrifugation at 4000g for 5 minutes 4C+4

5. Washing the pellet with 25 mL sterile gbland, then, centrifugation
at 15009 for 10 minutes at RT

6. Pouring off the water (supernatant) anesuspending the cells in 1
mL of 100 mM LiCl solution

7. Transferring the cell suspension to arhls sterile eppendorf tube

8. Peletting the suspended cells by centrifugation at 16000g for a 15
second period and removing LiCl with a pipette

9. Resuspending the cells in 4@Q of 100 mM LICl

10. Transferring 5CL of the cell suspension into a sterile -rih
eppendorf tube (for each transformation) and immediate utilization
without storing on ice or freezing €20°C

11. Boiling 25¢L sample of singlestranded DNA (salmon sperm DNA)
for 5 minutes, quick chilling on ice and keeping on the ice until use

12. Centrifugation of the celliCl suspension (from part 10) at 16000g
speed for 15 seconds and removing the LiCl with a pipette

13. Adding the following reagents in exactly represdnorder to the
pelleed cells in eppendorf tube
1 240eL 50% (w/v) PEG
1 36¢L 1M LiCl
1 25¢L Salmon sperm 2 mg/mL
1 Linearized plasmid DNA B0¢g) in 50¢L sterile water

14. Vortexing tube(s) until thorough mixing of the cell pellets (~ 1
minute)

15. Incubation of the tube(s) at°8for 30 minutes withoushaking
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16. Exerting heat shock on the cells by incubation &C48 water bath
for a period of 340 minutes
17. Centrifugation of the tube(s) at 4000g for 15 seconds and removal of
the transfection solution with a pipette
18. Resuspending the colleadl cells in 1 mL of the YPD medium (free
of antibiotic) and incubation &0°C and 150 rpm for 4 hours
19. Transferring 5@00 €L of the cell suspension onto the YPD agar
plate(s) with Zeocifi' concentration of 106g/mL
20. Incubation of the plates for2days at 3TC
The putative transfectants were chosen and analyzed further in order to
identify the real transfectants for s@guent shake flask and bioreactor

experiments.

3.6.12. Genomic DNA isolation fronPichia pastoriscells

After transfection and selection of the putative transfectants, in order to
verify the genomic integration of the desired plasmid constructs, thenjeno
DNA of the putative transfectants should be isolated. For this purpose,
singlecolony cultures of the selected putative transfectants were prepared by
inoculation of the appeared colonies into the new YPD agar plates under
Zeocin" pressure (108g/mL). The plates were incubated for-20 hours at
30°C. Then:

1. Inoculation from singleolony cultures into 10 mL YPD medium in a
50-mL sterile falcon and cultivation at 30 and 200 rpmuntil
reaching 6 < Oy < 10

2. Harvesting the cells by caifugation at 40009 for 10 minutes at RT

3. Removing the supernatant andstespending the cells in 0.5 mL
distilled water and transferring to a Anl sterile eppendorf tube.

4. Centrifugation at 16000g for 2 minutes in order to collect the cells

5. Renoving the supernatant and vortexing the cells in remaining

supernatant
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6. Addition of 200sL yeast lysis solution (AppendiB) to the tube(s)
and mixing the tube(s) by inversion

7. Addition of 200eL phenol/chloroform/isoamyl alcohol (25:24:1) and
0.3 g acidwashed glass beads

8. Wrapping the tube(s) with parafilm and vortexing vigorouslyatowut
4 minutes

9. Addition of 200eL TE buffer (pH=8.0) and centrifugation of tube(s)
at 40009 for 2 minutes at RT

10. Transferring the upper aqueous layer to a nem 2ppendorf tube

11. Adding 1mL of 100% Ethanol (EtOH) and mixing by inversion

12. Catrifugation at 16000g for 2 minutes and pouring away the
supernatant

13. Resuspending the pellets in 4G TE buffer with 5eL of 10
mg/mL solution of RNase A (a pancreatic ribonuclease cleaves
singlestranded RNA)

14. Incubation of the solution 87°C for 10 minutes

15. Addition of 14¢L ammonium acetate (or sodium acetate) 3M and 1
mL of 100% EtOH and mixing the contents by inversion

16. Precipitation of the DNA by centrifugation at 160009 formiBute
period at RT and discarding the supernatant

17. Drying the DNA pellet in air and 1+®ispending in 5&@L sterile
distilled water (or TE buffgr

The isolated genomes were storee&fC.

3.6.13. Verification of the genomic integration in isolated genomes

Isolated genomes ahe putative transféants were subjected to PChkh

order to verify insertion of the desired constructhegenome. In the case of
plasmids harboring selected endogenous SPs, verification PCR was
conducted bY5AP forward andAOXreverse primeréTable 3.17. However,

in the case of plasmids harboring selected promoters, verification PCR was

accomplished by promoteapecific forward primergTable 3.17 and AOX
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reverse primerAfter confirmation of the genomic integration, genomes
concentration (As) and quality (Asors) Were checked with NanoDr&p
2000 (Thermoscientific).

Table 3.17.The primers used in PCR for verification of the genomic integration.

Primer Name Primer Nucleotide Sequence
AOX reverse 5 0GCAAATGGCATTCTGACATCG3 6

Promoter-specific forward primers

GAP forward 5 6GTCCCTATTTCAATCAATTGAA-3 6

PDC-F 506 TCTATGCATGAGATCGGGACAA!
PYRK-F 506 TAAATGCATEAGATGTCGTGCGGEé
THI3-F 506 GAGATGCATGAGATT GTAAATA

3.6.14. Determination ofthe hGH copy number in Pichia transfectants

In order to have a reliable comparison among different developed r
P.pastorisstrains,based orthe expressed rhGH, the copy number of the
hGH gene inPichia genome in alfecombinantstrains should be same and
preferentially one. The @y number determination was achieved usweaf

time quantitative polymerase chain reactigfCR. However, regarding to
the multiplicity of the selecteRichia transfectants, a precreening step was

implementedorior to qPCR to get rid gfrobablemulti-copy strains

3.6.14.1. Prescreening of thePichia transfectants
Prescreening of the selecte®. pastoris transfectants was conducted
according to (Abad et al., 2010). The typical structure of sidgjested

desired plasmid and the resultant single double insertions (as
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representative of multiple insertions) iichia genome has been depicted in
Figure 3.5. For prscreening, PCR experiments was conducted by the
isolated genomic DNAs of the selected transfectants as template along with
two designedgrimers, i.e.hGH-R andpUC ori-F (Table 3.8). The location

of thehGH-R andpUC ori-F primers can be observed in Appendix F.

Table 3.18. Utilized forward and reverse primers in gereening?CR

Primer Name | Length(bp) [Nucl eoti de Sequence (

pUC orii F 35 GGATCTCAAGAAGATCCTTTGATCTTTTCTACG
GG
hGH-R 32 AATGTCTCGACCTTGTCCATGTCCTTCCTGAA

Based onthe Figure 3.5, while having multopy insertion in
genome, does not matter in one side or both sides of the desired locus, there
will be a band n prescreeningPCR results of the isolated genomes.
However, if there is no band we can not strictly say something about-single
insertion, since sometimes insertion happens in place other than expected
locus. Therefore, the result of this gsereening wa just elimination of some

of the multicopy strains.

3.6.14.2. gPCR with genomes of the piecreenedPichia transfectants

gPCR, specially absolute quantification, was the method of choice in current
study for copy number determination. Furthermoregference gene was
recruited and was measured parallel with target geneh@Gdi,gene. ARG4

gene (argininosuccinate lyase or argininosuccinase) was used as reference
gene (Abad et al., 2010; Hartner et al., 2008) and was quantified parallel
with the unkneavn hGH gene in genomic DNA samples. This gene acted as

an endogenous control (housekeeping géeeause it is a singlopy gene
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in P. pastoris Using reference gene has the advantage of omitting the need
for exact quantification and loading of the stagtiemplate. Consequently,
the quantification was regardless to initial DNA amount. This compensates
for any difference in the amount of the initial samples. ActualRG4
represents the copies of the genome available in the sample ahGlthe
assayed copis normalized by dividing, virtually, over the genome number.
By inclusion of this gene in qPCR assays, the normalit&d copy number

can be calculated as follows:

Assayedcopy quanti
Copy number,, = yedacopy g 'tyheH (3.2)
Assayedcopy quantity,q.,
Digested with JVs7I restriction enzyme Typical single-digested insert

— Typical single-copy insertion

I Pep lGAPIIT-u-MF WGH |

GAP locus in genome

Typical double-copy insertion
&= GAP locus in genome ==

Peus| GAP[TT «-MF|IGH

:) GAP locus in genome

Figure 3.5. Schematic representation of the typical singe doublecopy insertion in
Pichia genome and locatioof the hGH reverse (red arrow) angUC ori forward (blue)

primers. All constructs linear form is available in Appen@ix
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3.614.2.1. Provision othe standard curve

Genomic DNAs of the selected transformants were the unknown samples in
current research. Absolute quantification makes it necessary to have a
standard curve (using a standard DNA solution) for copy number
measurement in genomic DNA samplel®wever, since there are tvgenes

that should be measuredGH and ARG4 two standard curves should be
prepared by two standard samples. The utilized primers are the same in both
unknown samples (genomic DNA) and standard samples, thus, for making
the comlitions in standard samples closer to the conditions in genomic DNA
samples in both cases, namb{gH andARG4 standard DNA samples were
prepared for both genes with the outer primer set by regarding the concept of
the nested PCR (Wilhelm et al., 2003). nested PCR two sets of primers
called outer and inner primers are used; the outer primers prepare a template
(standard DNA) that inner primers can amplify a part of it during gPCR

experiment.

3.6.14.2.1.1. Preparation ofhe standard DNA sample forARG4 gene
There isjust one copy o0ARG4genein P. pastorisgenome its nucleotide
sequence can be found in AppentixARG4gene chromosomal location is
PAS chrtl 0389.For ARG4standard DNA preparation, a 389 fragment
from this gene was selected. Thater primers for preparation of standard
DNA for ARG4 genes can be found in Tablel8. ARG4 outer primers
location has been presenteddppendix H

For preparation of thetandard DNA, genomic DNAf P. pastoris
was used as template. First a prelimin@GR with different combinations of
primers, MgC}4, template was performed in order to achieve the optimum
conditions with absence of napecific fragments in prepareARG4
standardThe PCR results, then, were purified using PCR purification kit and
the concentration of the sample was measured using Nan8C26PO

(Thermoscientific).
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Table 319. Outer primers for preparation tfestandard DNA foARG4gene.

Primer Name | Length(bp) |[Nucl eoti de Sequert

ARG4StdF 22 CTTGAACATTGATGCCGAACGA
ARG4StdR 23 GACTCTAGCTTTTCATTCAGTGC

3.6.14.2.1.2. Preparation ofhe standard DNA sample forhGH gene
PGAPZUA::hGH as base plasmid (developed in current research) was used
as templatefor preparation of the standard sample Ffg&BH gene. GAP
forward andAOXreverse primers (Invitrogen) were used as outer primer pair
(Table 3.®) which resulted in a 10906p segmenfAppendix I)

Table 320. Outer primers for preparation tifestandad DNA for hGH gene.

Primer Name | Length(bp) [Nucl eoti de Sequ

GAPforward 22 GTCCCTATTTCAATCAATTGAA
AOXreverse 21 GCAAATGGCATTCTGACATCC

First a preliminary PCR was conducted with different combinations
of primer, MgC}, and template amount in order to obtaire optimum
conditions 6 eliminate norspecific fragments in desired standard. The PCR
results, then, were purified using PCR purification kit and the concentration

of the samples was measured using NanoB2000 (Thermoscientific).
3.6.14.2.2. Inner primers for g°PCR

In orderto render the gPCR experiments there should be a primer pair for

amplifying a suitable selected amplicon. These primers are able to bind to a
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segment inside the prepared standard DNA (with outer primers) and amplify
it. The used inner primers in currensearch can be observed in Tablel3.2
The inner primer pair foARG4was the ones used in Abad et study
(2010) which leads to a 84#p fragment. RegardingGH gene, based on
previous research (Bayraktar, 2009), there was an available pair for gPCR
anaysis which results in a 238p fragment. Therefore, this pair was also

ordered and used which can be seen in Apperdix

Table 3.2L. Inner primers for conducting qPCR experiments.

Primer Name Length(bp) INucl eot i de Seql
For hGH standard

EdagPCRF 20 GCCTTTGACACCTACCAGGA
EdagPCRR 20 ACACCAGGCTGTTGGCGAAG
For ARG4standard

ARGF 21 TCCATTGACTCCCGTTTTGAG
ARGR 19 TCCTCCGGTGGCAGTTCTT

3.6.14.2.2.1. Preliminary PCR with inner primes designed fohGH

Theinner primer pair along with preparddGH standardsolutionwere used

in gPCR experiments. However, prior to experimeatgin a preliminary
PCRwas conducted wittlhGH standard andP. pastorisgenomic DNA as
template and inner priens in determined gPCR conditions in order to find
out the optimum primer concentrations for qPCR. Based on the results,

primer concentration of 200M was used in qPCR experiments
3.6.14.2.2.2. Preliminary PCR with inner primers designed foARG4

The @me concept asGH gene holds true foARG4gene and, therefore, a

preliminary PCR was conducted witARG4 standard andP. pastoris
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genomic DNA in order to verify the optimum primer concentrations which
can be sed in related qPCR experimeni$ie PCR contions were similar
to the conditions used in the caseh@H gene Primer concentration of 200

nM was again used in gPCR experimeatshe optimum amount

3.6.14.2.3. Rendering gPCR experiments
After finding the optimum concentration for inner primethe gPCR
mixture should be prepared. The fluorescent dye mixteastgtart Universal
SYBR Green Mastgrcontainsthe optimum amount of buffer, Mggland
dNTPs and just dyD, primers, and template should be added separately.
Based on the aim of the measuents there should be six sets of tubes:
1 Tubes with genomic DNA an&daqPCRF and EdagPCRR inner
primers
Tubes with genomic DNA andRG4F andARG4R inner primers
Tubes with serial dilutions ofhe hGH standard sample anéda
gPCRF andEdaqPCRR inner primers
1 Tubes with serial dilutions dhe ARG4standard sample arkRG4
F andARG4R inner primers
1 No-template tubes for control of any contamination, usingQiH
instead templatendEdagPCRF andEdaqPCRR inner primers
1 No-template tubes for erol of any contamination, using dé
instead templatendARG4F andARG4R inner primers
According to the Table 32 a master mix was prepared by the components
except template regarding the amount of the tubes needed in experiment;
after mixing by ppetting, and a brief spinl 8 ¢ the mdstermix was
transferredinto each qPCR tube and, afterwards, stamplate (standard
DNA or genomic DNA) was added separately to the tubes. Fetamplate
tubes, dHO was added. Genomic DNAs were used in dilgi between
1/200 and 1/30@o have the amount of 2 ng to 8 ng in the final mixtuine
the case othe standard DNA samples, 1/100 dilutions of both standard

samples were prepared and storeeR8C. Subsequently, daily dilutions of
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these stocks were prared 1/10Y 1 /il éach qPCR experimenjPCR
experiments were conducted with QIAGEN Corbett R@ene 6000 series

with 36 wells with the thermal profile available in Table3.2

Table 3.2. gPCR mixture used in copy number determination experiments. Theuais

are for one tube and for master mix preparation they should be multiplied by (No. tubes + 1).
2 eL of genomic DNA or standard DNA is added

Component Amount
dH,0 6.4
Faststart Universal SYBR Green Master ROK) 10
Forward primer (5&eM ) 0.8
Reverse pri mer (5¢&M) 0.8

The copy number of the prepared standard samples and their corresponding

dilutions were calculated with the following equation (Lee et al., 2006):

6.023 10°°(copy/ mol)3 DNA amount(Q)

DNA (copy) =

(3.3)

DNA length (bp)2 660 (g/mol/bp)

Where, 660 g/mol is the mean molar mass of a base pair (Wilhelm et al.,
2003) and 6.022 x i s t he Avogadrods number .
the copy number of the standards, the assayed copy numbemh@lthgene

andARG4gene was measured.
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Table 3.2. gPCR experiments thermal profile. After reaching to fluorescent level 100%
before 45 cycleshe remaining steps could be skipped.

Denaturation Amplification Melting Cooling
1 Cycle 45 Cycles 1 Cycle 1 Cycle
Denaturation: Melting: Keeping:
Hold 95°C for 10 sec.] 50°C to 99°C
old: : 0
o .| Annealing: 40°C for 30
95°C for 10 mm 55°C for 5 sec.| continuous with slopq sec.
Elongation: of 1°C/s.
72°C for 10 sec.

3.7. hGH production with selected rP.pastorisstrains

After selection of thd. pastorisstrains with similar (single) copy numbers,
rhGH production was started. Production was conducted in both shake flask
air-filtered bioreactor and laboratesgale bioreacir.

3.7.1. Shake flask aHfiltered bioreactor experiments

In the case of secretion SPs, the selected souy strains of4P.pastoris
were inoculated from glycerol stocks into YPD agar plates with Z&bcin
concentration of 10 g / mrnd after ca. 5(hours incubation aB0°C,
inoculation was made into 25 mL BMGY medium with chloramphenicol and
PTM1 in 150mL glass flasks. Cultivation started at°@0and 200 rpm.
When the cells reached tDso0~ 18 they were harvested at 2000g for 10
minutes at room taperature (RT) and, subsequently, were transferred into
50 mL production medium in 25@L baffled Erlenmeyer flasks in a manner
to have Olgy of ~2. Production was conducted at’@0and 200 rpm and
lasted for 4048 hours. Samples which were taken at t=2ehe used in det
blot and SDSPAGE analyses. Shake flask aifiltered bioreactor
experiments were conducted in triplicaehe schematic of the procedure

can be found in Figure 34A.
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Incubation 48-60 hr @ 30°C ™1
Inoculation Inoculation Cell Harvesting
— % =4 =
Stock from -80°C YPD + Zeocin™ Plate 16 < ODggg < 20

Pre-cultivation (BMGY Medium) Production Medium

Tnitial ODgg~2

Cultivation @ 30°C & 200rpm

Sampling
t=24h

Conclusion

The Best SP A — SDS-PAGE & Dot-blot

B
Tncubation 48-60 hr @ 30° € Yt
z Inoculation Inoculation = Cell Harvesting
= = =
Stock from -80°C YPD + Zeocin™ Plate E/, After~ 16 h
Vr-125mL

Pre-cultivation YPD Medium Production YPD Medium

Initial ODsnu“ 2

Cultivation @ 30°C & 200rpm

Transcription ability of the selected putative promoter regions <: e % J

Conclusion Sampling

t=24h

Figure 3.6. Schematic representation of theps inshake flak bioreactor experimenté:

experiments related with SPs. B: preliminary experiment related with selected promoters.
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On the other hand, ggeliminary experimentelated with promoter
constructs prior to the bioreactor experiments, the selected -sinjgye
strains of ¥ P. pastors were inoculated from glycerol stocks into YPD agar
pl ates containing ZeocinE with conce
incubation at 38C for approximately 50 hours, inoculation was made into
50-mL sterile falcons containing 12BL YPD broth with chloramphenicol
and incubation was conducted at’'GGand 200 rpnas precultivation step.
After 16 hours the cells were harvested at 2000g for 10 minutes at RT.
Harvested cells were transferred into 280 Erlenmeyer flasks with 35 mL
YPD in a manner to have QB of approximately 2 Kigure 3.6.B.
Cultivation was conducted for 24 hours af@@&nd 200 rpm; samples were
taken at t=24 h in order to be subjected to SP&E analysis

3.7.2. Laboratory-scale bioreactor experiments

During conducted research, two sets of bioreactor experiments were carried
out; one for confirmation ahe shake flask experiments related with SPs and
the other related with promoter constructs in order to choose the best oxygen
limitation-induced promoter. Bi@actor experiments were conducted in a 3

L laboratoryscale bioreactor (Braun CI2) with working volume of 0.8

2.2 L. Bioreactor specifications are available in Tabld.3.2

Table 3.24. Specifications of the laboratescale bioreactor used in curreasearch

Feature

Tank diameter T=12 an
Impeller diameter D=T/2.4
Impeller length H=T/12
Off-bottom clearance C=T/6
Average height of working volume| H=0 667T
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3.7.2.1. Bioreactorexperiments withr-P. pastorisstrains of SPs

Desired fP. pastoris strain was inoculated from glycerol stock into YPD
agar plate with Zeocitf' concentration of 160 g / amd was incubated for
48-60 hours at 3. Afterwards, inoculation was made from the plate into
the BMGY medium for preultivation. Reaching O8o to the range of @

the cells were harvested by centrifugation at 2000g for 10 minutes at RT.
The harested cells were transferred with sterile ufitae water into the
bioreactor containing BSM medium with pH of 5, adjusted with ammonium
hydroxide 26%, to have initial Qgp of ~2. The batch phase of the
fermentation was started at 900 rpm &@IC and pH5. Dissolved oxygen

was measured eni n e wi t h Visi Fer mE DO 120 opt
(HAMILTON ® Allston, MA, USA) and its content was kept constant at 20%
air saturation. After reaching to 90 < @< 100, he fedbatch phase was
started. The fedbatch phase fothe fermentation was accomplished by
exponential feeding of 500 g/L glucose solution containing chloramphenicol
and PTM1 with a peristaltic pump controlled by a bioreactor system, to
maintain the specific growth rate as 0.07. At threehour time intevals
samples were taken from the bioreactor and were analyzed. Throughout the
experiments temperature was controlled at 30M1 °C with PI controller

of the bioreactor, pH was controlled at 5.0 + 0.1 by 26%®Hi and
dissolved oxygen concentration wamntrolled by airsupply 10% antifoam

was added manually whenever needed in order to prevent foaming. The

schematic illustration of the experiment has been presented in Figure 3.7.
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Incubation 48-60 hr @ 30° ¢

‘ Inoculation Inoculation
| — Gl =

Stock from -80°C’ YPD + Zeocin™ Plate
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@ 30°C & 200rpm

Pre-cultivation (BMGY Medium)

Cell Harvesting l 6< ODggg<$8
Glucose solution 500 gL
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90 < ODggq < 100 S——
e o I <= pH=SO
DO=20%
3-hour Sampling > < > 4 N=900rpm
Glucose Fed-batch Glycerol Batch (BSM Medium)
p=0.07h1 & DO=20% Initial ODggo-2

Figure 3.7.Schematic representationtbf steps irbioreactor gperiments related with SPs

3.7.2.2 Bioreactor experiments withr-P. pastorisstrains of promoters
Desired fP.pastorisstrain was inoculated from glycerol stock into YPD agar
plate with Zeocih™ concentration of 100 g / andd was incubated for 480
hours at 3€C. Afterwards, inoculation was made from the plate into 50 mL
BMGY medium in 256mL Erlenmeyer flask at 30°C and 200rpm for-pre
cultivation. Reaching O to the range of 120 (~ 18) cell cycle
synchronizatio (explained in section 3.7.2.2.4as started by harvesting the
cells and transferring to 50 mL YEP medium in 280 Erlenmeyer flasks
and incubation at 30°C and 200rpm. After completion of the synchronization
procedure, the harvested cells were transtemwith sterile ultrgoure water
into the bioreactor containing BSM medium with pH of 5, adjusted with
ammonium hydroxide 26%, to have initial @pof ~2. The batch phase of
the fermentation was started at 900 rpm &C and pH 5. Dissolved
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oxygen contet was kept constant at 20% air saturation. After reaching to 45
< ODgoo < 50, the feebatch phase was started and DO set point was
decreased to 4% in order to exert oxydemtation conditions. The fed
batch phase of the fermentation was accomplishegkpgnential feeding of
500 g/L glucose solution containing chloramphenicol and PTM1 with a
peristaltic pump controlled by a bioreactor system, to maintain the specific
growth rate as 0.15h At threehour time intervals samples were taken from
the bioreator and were analyzed. Throughout the experiments temperature
was controlled at 30.8 0.1 °C with PI controller of the bioreactor, pH was
controlled at 5.0 + 0.1 by 26% NBH and dissolved oxygen concentration
was controlled by air. 10% antifoam was adldeanually whenever needed

in order to prevent foaming. Theummarizedprocedurecan be seenin

Figure 3.8.

3.7.2.2.1. Cell cycle synchronization

Briefly, the cells were grown to a specific density and, then, were subjected
to starvation for a definepleriod. Afterwards, the cells were transferred to a
fresh nutrient medium. Consequently, cells were supposed to be arrested in
G1 phase (Banflavi, 2011). The protocol is as follows:

1. Growing P. pastoriscells in BMGY (precultivation) medium until
saturation (exhaustion of nutrients), approximately and@f 16-20
(ODgoo~18). Liquid log phase cultures are typically used for most of
synchronization protocols (Banflavi, 2011). Note that doubling time
for wild-type P. pastorisis in the range of-3 hours.

2. Centrifugation at 18020009 for 12 minutes

3. Discarding the supernatant and repeating step 2

4. Resuspending of the pellets in sterile YEP medium and incubation at
30°C for 6 hours

5. Centrifugation at 180@000g for 32 minutes

6. Discarding the supernatant andeapng step 5

214



<
Incubation 48-60 hr @ 30°C
. Inoculation Inoculation Cell Hawestmg
! [ % )
16 < ODggg < 20
Stock from -80°C YPD + Zeocin™ Plate
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Figure 3.8. Schematic representation tife steps irbioreactor experiments related with

promoters

3.7.2.2.2. Total RNA isolation
Since the strength of the promoter is closely related with the mRNA level, in
addition to the extracellar rhGH, the amount of mMRNA was also measured
to judge between selected promoters. MRNA should be extracted as quickly
as possible after obtaining samples. For better results, either fresh samples or
samples that have been quickly frozen in liquid nitroged stored aff0°C
should be utilized.

High pure RNA isolation kit for smalcale (mini) preparations of
RNA (Roche Diagnostics) was utilized. Isolation of total RNA from yeast
has been suited for 1x3@ells. At the start point, use a dilution of cell

which gives Oy of 0.1 -0.15/mL (absorbance of 0.1 corresponds to
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approximately 2x10cells). It is better to harvest the yeast cells during-mid
or latelog phase (Oky < 2.0). After preparation of the working solutions
based on man utioasctheymotecol 6as beifotiosvédr u

1. Collecting the cells by centrifugation at 2000g for 5 minutes and
removing the supernatant
Resuspending the cells in 200 €L PBS
Transferring the suspension to a sterilerhl5 eppendorf tube
Addi tion of (Sigtha#40251yg/mLg a s e
Incubation for 15 minutes at 30
Addi t i on o f-Birdiaghbufferl(grebenycap) s /
Vortexing for15 seconds

© N o g &~ 0 DN

Inserting one filter tube in one collection tube and subsequent

transferring of whole sample into the upper reservoir of the filter tube

(max. 700 eL)

9. Centrifugation of the tube assembly at 8000g for 15 seconds

10. Discarding the flow through ligd and reassembling the filter tube
and collection tube

11L. Mi xi ng 90 mubatioDibtes @hiit e cap) with 10 e¢lL
DNase | in a sterile reaction tube

12. Pipeting the solution on the glass filter fleece in the filter tube

13. Incubation at 1%C to 25°C for 15minutes

14. Addition of 500 L w aifsehl (black cap) to the upper reservoir
of the filter tube assembly

15. Centrifugation at 80009 for 15 seconds

16. Discarding flow through

17. Addition of 500¢ L  w auffehll (due cap) to the upper reservoir
of the filter tubeassembly

18. Centrifugation at 80009 for 15 seconds

19. Discarding flow through

20. Addition of 200e L  w aiffehll (ldue cap) to the upper reservoir

of the filter tube assembly

216



21. Centrifugation at 140009 for 2 minutes in order to remove residual
wash buffer. Extraentrifugation time can be applied
22. Discarding collection tube and inserting the filter tube into a clean
sterile 1.5mL eppendorf tube
23. Addition of 50100¢ L e | ufteri to the upper reservoir of the
filter tube
24. Centrifugation at 8000g for 1 minute
25. The empendorf tube now contains the eluted RNA which can be
directly utilized in subsequent experiments or can be store2D4®
for later analyses.
Isolated total RNA can be used directly in fisstand cDNA synthesis. It is
recommended to uselDe L o &te in RToréaction. Performing an RT
minus control (without addition of reverse transcriptase to the cDNA

synthesis reaction) shows the presence of residual genomic DNA.

3.7.2.2.3. Complementary DNA synthesis
The isolated RNA should be reverse transctitbe complementary DNA
(cDNA) in order to be recruited in gPCR experiments. The isolated total
RNA was used to prepare cDNA by utilizing Transcriptor First Strand cDNA
Synthesis kit (Roche Diagnostics). Briefly, the procedure can be summarized
as follows:

1. Thawing all the frozen reagents and brief centrifugation and keeping

on ice during reaction set up
2. Preparing a sterile thiwalled PCR tube
3. Addition of components ithe following order (Table 25) in order

to prepare templatprimer mixture (for one reéon):
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Table 325 Order and amount dhe componets to prepare templag@imer mixture

Suitable template concentration may range from 10 nguptetal RNA and from 1 to

100 ng mRNA.
Component Volume | Final Concentration
Total RNA or poly[A] mRNA 1 g total RNA or 10 ng poly[A] RNA
Primer oligo(dT)s 50 uM 1L 2.5uM
PCR grade water Variable | To make total volume 18L
Total volume | 13 puL

4. Denaturation of templatprimer mixture by heating the tube for 10

minutes at 6%C and immediate aoling on ice for ensuring

denaturation of RNA secondary structure (optional).

5. Addition of the components of the RT mix to the tube in the

following order(Table 3.2¢:

Table 326. Order and amounts of RT mix compaohe

Component Volume | Final Concentration
Transcriptor Reverse Transcriptase Reac] 4 UL 1X (8 mM MgClh)
Buffer, 5X
Protector RNase Inhibitor 40 jul/ 0.5uL 20U
dNTP mix 10 mM each 2 uL 1 mM each
Transcriptor Reverse Transcriptase 20U/ | 0.5uL 10U

Total volume | 20puL

6. Mixing the tube content without vortexing

Brief spinning

Putting the tube in a thermal block cycler with a heated lid (to

minimize evaporation)

9. Incubating the RT reaction at 85 for 30 minutes
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10. Inactivating the Transcriptor reverganscriptase by heating at°8€5
for 5 minutes
11 Stopping the reaction by placing the tube on ice
12. Storing the tube atl5 to-25°C for long periods
The resultant cDNA can be useebluL as template in PCR without any

purification.

3.8. Analysis
After production of rhGH, samples othe shake flask and bioreactor

experiments were subjected to various analyses.

3.8.1. Measurement of the cell concentration

Dry cell concentration (g/L) was calculated by measuringsd@Df the
samples with SpectroquéhPhao 300 U\Vis spectrophotometer (Merck
KGaA, DarmstadtGermany) by applying the following equation:

C, =0.243 OD,,,2 Dilution factor (3.4)

3.8.2. SDSPAGE
The samples taken from the fermentation broth wengrfuged at 20009 for
10 minutes at4°C. Then, the supernatant was separated and filtered with
0.2 em filter (Minisart, Sartorius
a new sterile tube. The filtatwas used in SDBAGE analysis.

The primary used3X SDS loading buffer was without reducing
agent; 2CL of the filtrate was mixed with 16L of 3X SDS loading buffer
and 15¢L of the mixture was loaded into the prepared SBE gel after
thorough mixing.

In order to improve the results, 4X loadingiffer was utilized
(Appendix B) 13 €L of the filtrate was mixed with L of 4X SDS loading
buffer and, then, 2L Dithiothreitol (DTT) 1M was added. Afterwrads, the

contents were mixed by pipetting and were putwater bath with
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temperature 0@5°C. Then, 15 €L of the mixture was loaded into the

prepared SDFAGE gel. In parallel, hGH stdard prepared like samples

with concentration of 50 mg/L or 2.5 mg/L and waaded forverification

and quantification of rhGHA protein marker (Thermoscientific) waalso

utilized to track theprogression of theSDSPAGE. Polyacrylamide gels
were prepared by Bi®Ra d 6 s ™ Armd XTGX staifree™ FastCast'
acrylamide kits. Electrophoresis was conducted at 40 mA for approximately

45 minutes. The gels were silvetiainel with the available protocol (Table

3.27). The takenimages of the gels werevisualized by imaging system

(UVP, Upland, Canada) and the amounthaf secretechGH was quantified.

Table 327. Sequential procedure of the silver nitrate staining. Coripngif the solutions

are available ilAppendix B.

Name of the step| Used solution Time

Fixing Fixer solution > 1 hour

Washing 50% EtOH 3x20 min.

Rinsing dH,O 2x20 sec.

Pretreatment Pretreatment solution 1 min

Rinsing dH,O 3x20 sec (exactly)

Impregnaion Silver nitrate solution 20 min

Rinsing dH,O 2x20 sec (exactly)

Developing Developing solution ~5min

Washing dH,O Addition to the developing solution t
slow down the reaction

Stop Stop solution > 10 min

3.8.3. Dotblot

The detailed procedurd the dotblot is as follows:

1. Membrane preparation; cutting the membrane and marking one

corner for easy locating of samples
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2. Prewetting the membrane with methanol for 15 seconds

3. Immersing in dHO for 2 minutes and placing on a smooth clean
surface

4. Droppirg 510 pL of the sample and repeating it for 3 rounds total
amount of 1530 pL; letting the sample to be alried

5. Washing the membrane2times with TBST (AppendixB); Tween
improves hybridization

6. Immersing the membrane in TBSmilk (Appendix B)soluion for 1
hour at RT with shaking in order to block unbound surface of the
membrane

7. Washing the membrane with TBSthree times with shaking at RT
(15 minutes, 5 minutes, 5 minutes) with fresh changes of large
volumes of TBST. Unspecific binding of anbodies is prevented
using Tween in TBS

8. Dilution of the primary antibody (1:5000 or 1:10000) to the
concentration of ug/mL in TBST

9. Transferring the membrane into a low volume container and
incubation in the diluted primary antibody for 1 hour withishg

10. Taking the membrane to another box and washing as step 7

11 Diluting the secondary antibody to 1:5000 (1:10,000) in dBS
(Dilution factor should be determined empirically for each Antibody
as 1:1000i 1:10000; more dilution will increase the linearéyd
sensitivity)

12. Transferring the membrane to the small container and incubation in
the diluted secondary antibody for 1 hour at RT with shaking

13. Transferring the membrane to a container and washing three times
with fresh changes of large volumes of FBSouffer each for 10
minutes by shaking at RT

14. Visualizing the dots by using DAB substrate
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After completion of the procedure, the photo of the membrane was taken and
was visualized by imaging system to measure the rhGH concentfidi#ih
Upland, Canada).

3.8.4. Total protein measurement
In order to measure total protein, Bradford assay was conducted. This
procedure is based dhe formation of a complex which is made by the dye
(Brilliant Blue G) and protein in solution. There will be a shift in the
maximum absorption of dye from 465 nm to 595 nm as the effect of the
proteindye complex. The protein amount is proportional to the absorption.
The linear concentration range 0.2-1.4 mg/mL of protein (Bovine serum
albumin (BSA)as standard). The sample duritige assay can be blank,
standard, or unknown sample. The blank will be buffer without protein.
Color development begins immediately after addition of the Bradford
reagent (Sigma) to the protein sample. The procedure was as follows:
1. Gentle mixing ofthe Bradford reagent and bringing it to room
temperature
2. Preparation ofthe standard samples by Bovine serum albumin as
standard protein. For this purpose, 2 mg/mL BSA solution was
prepared in the same buffer of the unknown samples and
subsequently diluted (w1 buffer), afterwards.
3. Addition of 3 mL Bradford reagent to 10/
(standard, unknown, blank) in glass test tubes
4. Gentle Vortexing of the tubes for complete mixing (total volume of
3.1mL)
5. Incubation at room temperature ford5 minutes; the proteidye
complex will be stable for 60 minutes
6. Transferring the test tube contents to cuvettes
7. Reading the absorbance of samples at 595 nm and plotting standard

curve using standard samplesd6 absorbance
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8. Determination of the protein concentrationtbé unknown sams
by comparison with standard curve

3.8.5. Measurement otthe rhGH concentration

Although, rhGH production was decided to be extracellular in present
research, in order to check the efficiency of SPs, in bioreactor experiments
related with SPs straingyitracellular rhGH was also measured.

3.8.5.1. Measurement of the intracellular rhGH
Intracellular rhGH measurement was conducted just for bioreactor samples
related with #P.pastoris strains ofthe endogenous$Ps. The recruited
procedure is as explained:
1. pelleting the 3hour samples of bioreactor at 2000g ai@ 4or 10
minutes
2. Washing the pelleted cells twice with 50 mM T@sbuffer (pH 7.5)
3. Performing entrifugation at 2000g ardT for 10 minutes after each
run of washing
4. Suspending the cells ibh mL of the lysis buffer (Karaoglan et al.
2014) with minor pH modification : 20 mM HEPES pH 76.2 mM
EDTA, 05 mM DTT (Dithiotreitol), 0.5 mM PMSF
(Phenylmethanesulfonyl fluoride, as protease inhibitor), 0.42 M
NaCl, 1.5 mM MgCl, 10% glycerol
5. Disrupting the cells with 0.5 mm glass beads in MM200 mixer mill
(Retscff, Haan, Germany) in 3 cycles including 2 minutes disruption
and 3 minutes cooling in ice with oscillation frequency of'30s
6. Centrifugation at 161009 anei°C for 15 minutes
7. Dilution of the supernatant samplés 1 pg/pL of total proteirwith
lysis buffer
8. Conducting doblot analysis to determine the intracellular rhGH

concentration.
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3.8.5.2. Measurement of the extracellular rhGH

To determine the concentration of the extracellular rhGhihioation of
SDSPAGE, silver nitrate staining and image visualization was used- SDS
PAGE was performed according to (Laemmli, 1970) with some
modifications such as use of ready solutions for gel prepar@iqtained in
section 3.8.2) Silver nitrate stiaing (Blum et al., 1987) was performed for
protein bands detectiolhe gels images were used to quantify rhGH by
densitometric method.

3.8.6. Western blotting
In this analytical method the proteins which were separated byP30HEE
are transferred fromej into the membrane (nitrocellulose or PVDF) and,
then, are stained with immunostaining with specific primary antibody of
desired protein (here, hGH). Detailed protocol can be explained as follows:
1. Preparation ofthe protein sample whether from cell lysator
supernatant of fermentation medium (after pelleting the cells)
Running SDSPAGE
3. Transferring gel, while still attached tihe glass plates, into the
trander bufferblotting buffer(Appendix B)in a tray and keeping for
15-20 minutes at room temperagun order to remove salts and SDS
Detaching the gel from the glasses
5. Cutting off the stacking gel and nick one corner of the resolving gel
for orientation
6. Cutting the (PVDF) membrane and two blotting papers in suitable
size and cutting one corner of tirembrane
7. Prewetting the membrane in 100% methanol for a few seconds (5
seconds) and, then, incubatioruitra-pure wateffor 2 minutes
8. Putting the membrane in transfer buffer (in tray) for at least 10
minutes in order to replace water and equilibratio
9. Putting two blotting paper and two sponges in tray containing transfer

buffer in order to be wetted.
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10. Opening the cassette and placing the opened cassette in tray filled

with transfer buffer in a manner that the black plate of cassette sinks
in buffer

—_— Sponge

Blotting paper

Membrane

Gel
Blotting paper

Sponge

Transfer Buffer

|

Black (-) Cathode

Figure 3.9.0rder of the components of the transfer stack in Western blot analysis

11. Assembling the transfer stack according to the Figure 3.9 in order to
let the proteins to migrate from gel toward the membrane upon
exerting an electric potential betere cathode-f and anode (+). Note
that air bubbles should be removed from between gel and membrane
by careful rolling of a glass pipette or glass test tube on each layer in

stack

12. Closing the cassette and pressing lightly in order to be locked by its
tabs

13. Putting the cassette in the transfer module in a manner that the hinges

face up so that the black side of cassette faces the black cathode panel
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14. Throwing a magnetic stirrer in transfer tank

15. Pouring buffer in transfer tank. It should be between max lines

16. Closing the lid of the transfer tank and turning on the stirrer and
turning on the power supply and starting the blotting at cold room, at
50 V for 3 hours regardless of the numbethefgels

17. Before starting immunostaining, let the blot-diy to improve the
protein binding.

After blotting the procedure will be like dot blot explainedéttion3.8.3.

3.8.7.Measurement of the esidual glucose
The glucose concentratian bioreactor samplewas measured by Biyozim
kits (Biasis, Turkey based othema nuf act ur er 6s i nstructions.

is based upon the following two reactions:

Glucose Oxidase

D-glucose + O, + H,0 »  Gluconate + H,O,

Peroxidase

H,O, + 4-Aminoantipirin + Phenol » Iminoquinone +H,O

The redcolor iminoquinone with maximum absorbance at 505 nm is the

base of measurement. It should be emphasized that the samples should be

homogenous, clear andolorless. Furthermore, the tubes, analysis

solutions and dkD all should be in reaction temperatur&he

constituents and their amounts are available in TaB 3.

Briefly, the procedure can be summarized as follows:

Preparation ofhesolutions basedoma nuf act urer s i nstructic
Numbering the test tubes

Keeping tubes and solutions in reaction temperature

A WD P

Addition of dHO to the tubes in order to have final volume of 2.5

mL
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5. Addition of 400 &L buP@andphenol) ut i on
to the tubes

6. Addition of 50 €L reactive solutio
peroxidase and-dminoantipirin) to the tubes

7. Addi tion of 50 e L fermentation S @
correspoding tube

8. Vortexing gently for a few seconds

9. Incubation at 25C for 40 minutes or at 37°C for 20 minutes (50 rpm)

10. Blanking spectrophotometer with blank sample

11. Reading absorbance of fermentation samples (and standards) at 505

nm

Table 328. The amount ofheingredients in glucose concentration measurement

Ingredient Blank tube | Sample tube
dH,0 2.05 mL 2.00 mL
Analysis buffer 400 L |[400 €L
Analysis reactive solutiof 50 ¢ L 50 €L
Fermentation sample - 50 ¢L

3.8.8. Measurement of the poduced ethanol
The ethanol concentration was measured by specific kitsgézyme,
reland based on manufacturerds instructic

following two reactions:

Alcohol Dehyd AD
Fthanol + NAD* conl Dehydrogenass OO Uil NAD

Acefaldehyde + NAD*+ H,0 “1dehyde Dehydrogenase (ALDH) 5 cefic acid + NADH + HY
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It is NADH which is measured at 340 nm absorbance and, thus, is related

to ethanol with stoichiometric relation namely, 2 moles of NADH is

produced for each mole of ethanol. It should be mentioned that this assay

i's linear over the range of 0.25 e€g to 1
Cover the cuvettes during ass@ye constiients and their amounts have

been presented in Table29. The measurement procedure can be

described as follows:

1. Preparation of the solutions based on the instructions

2. Numbering the tubes specific for blank and fermentation samples

3. Addition of (defined eount) dBO (~25C) to both blank and

fermentation sample tubes

Addition of 100 €L fermentation sample t
Addition of 200 €L solution 1 (buffer) t
Addition of 200 &L $)dolthetubesn 2 (cont ai nin
Addition (after swirling)DHfo 50 €L solu
the tubes

N o g A

8. Mixing (by gentle inversion) and reading the absorbanceg é#ter
approximately 2 minutes
9. Addition (after swirling) of 20 €L susvy
10. Mixing (by gentle inversion) and reading the absorbancg éfter
approximately 5 minutes
11 1t should B emphasized that reading can be against air (without a
cuvette in light path) or against water. Note that with this amounts the
sample volume will be 2.57 mL.

Ethanol concentration can be measured by the following equations:

DA=A - A (35)
DAEthanoI: DASampIe_ DABIank (36)
C =0.9397 DA a0 (37)
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wher@, ifs the ethanol concentration (g/

eL of fermentation sample should be
samples should be diluted sufficiently. The amount of sample can be
increased up to 2.00 mL by making sure that the sum of the sample and
dH,O volume is still 2.10 mL. Furthermore, in the calculation of ethanol

concentration the new sample volume should be included.

Table 329. The amount ofheingredients in ethanol oaentration measurement

Ingredient Blank tube Sample tube
dH,O 2.10 mL 2.00 mL
Fermentation sample - 100 €L
Buffer solution 200 ¢L 200 ¢L
Solution 2 (NAD) 200 e¢L 200 €L
Solution 3 (AFDH) 50 ¢L 50 ¢L
Mixing and reading the absorbance at 340 (#n)

Suspension 4 (ADH) 20 ¢L 20 ¢L

Mixing and reading the absorbance at 340 ng) (A

3.8.9. Measurement ofthe organic acids concentrations
Concentratioa of the organic acids wemmeasured using reversptiase
high performance liquid chromatographiilizing Waters HPLC (Allianc®
2695, Milford, MA). This technique in combination with UVis detection
is a popular technique for organic acid analysis because it is easy to use and
because organic acids are low in molecular weight, and have polar
functionalities Web15).

The mechanism is based upon passagé¢hefsolution through a
column filled with oktadecyl carbon chabonded silica (ODC) which has a
hydrophobic nature. The more hydrophobic the solute the higher will be its

interaction withthe staionary phase and, in consequence, the higher will be
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its retention time. The less hydrophobic solutes will appear earliénein
column exit. In order to elute more hydrophobic solutes from column, a non
polar organic solvent (acetonitrile) is fed to d@umn in order to perform
gradient elution; in this case the eluting strength is varied gradually and,
thus, it affects the interactions between solutes and stationary phase.
In current research, @& 100% was used as needle wash, acetonitrile
20% was usg as seal wash, acetonitrile 100% was used for column washing
as organic solvent, and mobiQaek phase was
2006. The procedure briefly can be explained as follows:
1. Washing the sample vials of HPLC and rinsing with@QH
2. Preparation of the mobile phase, organic solvent, needle wash, and
seal wash solutions
3. Filtration of the all prepared solutions, except acetonitrile 100%, with
045em filter
4. Degassing all the prepared solutions in ultrasonic cleaning bath
(BRANSON® 2510EMTH, Danbury, CA, USA) for 180 minutes
5. Pelleting 3hour samples of bioreactor at 2000g amfC for 10
minutes
6. Filtration of the samples by 0.2 em fil
Diluting the samples with mobile phase in order to obtain the results
in acceptable ranges detemnad by the standard curves of each
organic acid
8 Loading 200 €l of each sample into the
9. Running HPLC (Tald 3.30.
In the case of eadhtendedorganic acid, the standard solution was prepared
and loaded to the column in different dilutions mier to obtain calibration
curve based on the areas of the peaks displayed by the system (Appendix
Calibration curves relate the area of the peaks to the concentratibe of
organic acids. Afterwardshe peak areas obtained thie filtrate samplesfo
the bioreactorare compared with standard curves in order to determine the

concentration of the desired organic acid in unknown sample.
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Table 3.30. Specificationand conditions of the HPLC analysis

Column Type
Column dimension
System

Mobile phase

Flow rate of mobile phase
Column temperature
Detector type
Detector wawelength
Detector temperature
Injection volume
Analysis period

Delay time

Capital Optima@ ODS

4.6mm x 250mm

Reverseegphase Chromatography

0.312% (w/v) NakPOy, ; 0.062% (viv) HPO, 85%
0.8 mL min*
30°C
Waters 2487 Dual @& Absor
210 nm

30°C

5 ¢L

15 min

5 min

3.8.10. Meaarement of the protease activity

The proteolytic activity of the acidic proteases in the fermentation broth was

measured by hydrolisof casein. The proceduisgas follows:

1. Preparation ©0.05 M sodium acetate buffer (AppendB)

2. Taking required amount of the 0.05 M sodium acetate buffer in sterile

cabin for samples dilutions and preparation of casein solution

3. Preparation of 0.5% (w) of casein solution in sodium acetate buffer,
and 10% (w/v) trichloroacetic acid (TCA) solution in £+
4. Centrifugation of the takesample from bioreactor at135§@r 10

min. in order to harvest the culture broth

5. Diluting the samples by mixing 300 plasple with 700 uL buffer

Mixing 2 mL 0.5% (w/v) casein solution and 1 mL diluted sample.

Blank sample includes only 1 mL buffer
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Incubation of the samples at 200 rpm at 30 °C for 20 min.
8. Putting samples on ice
9. Addition of 2 mL of 10% (w/v) TCA solutionn order toterminate
the reaction
10. Keeping on ice for 20 min.
11 Centrifugation at 10500 rpfor 10 min. at+4 °C
12. Keeping at RT for 5 min.
13. Reading the absorban(af the supernatant) at 275 nm with quartz
cuvettes.
One unit protease activity is defined as tle&vaty that liberates 4 nmadf
tyrosine per minute. The utilized equation in order to convert absorbance to
protease activity (iL) is as follows ¢ a | 1®%8):

Opicoain = OCI €1 GXECOx 15.625 x OWHIE "Wk (38

3.8.11. Metabolic flux analysis

In order to determine the fluxes of the intracellular reactions, metabolic flux
analysis was conducted. The central metabolic reaction networR. of
pastoris utilized previously ¢ a | e &l., 2011) wasecruited with minor
modifications; the reactions (Appendix U) totally comprise 102 metabolites
and 146 reactions. GAMS 2.25 (General Algebraic Modeling System,
GAMS Development Corp., Washington DC) was the optimization program
used for solving the magkix balance equation (2.98). By minimizing the
objective function (Z), optimum distributions of the fluxes were determined.
The variables of the model were the fluxes of the metabolic reactions
expressed in (mmol/gDCW.h).uRhermore, the flux towards bitass was

represented with specific growth rate ().
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1. Development othe base plasmid

In order to obtain the primary plasmid construct that desired modifications
can be performed on it, pPGARZA and pHGH @&dlused as two
parent plasmidshGH gene inp P | C ZhGHA plasmid isthe maturenGH

gene, 573 nucleotides, with appendices in both ends in order to make the
insertion of the gene into the desired plasmid feasible, facilitate the
purification of theexpressed protein, and, furthermore, provide an authentic
N-terminus. The complete nucleotide sequence of thebpI85H gene has

been represented in Figure 4.1.

57 ..G.AATTC CACCATCACCATCACCAT ATTGAAGGGAGA

rt

TAG T.CTAGA.3’
Figure 4.1. Nucleotide sequence tiie hGH gene utilized in current research. Small

letters are maturédGH sequence. Black italic letters are restriction sites corresponding

to Ecor | (at ©bXivd eff@d)t &dd end). Blistag Red kettetser s bel ¢
represent the factor Xa protease recognition sequence. Green letters are stop codon
improvised at the end of th&sH gene.
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EcoRl and Xba restriction sites i n

provide suitable restriction digestion sites for subsequent steids tag

makes the final affinity purification possible and factor Xa protease

recognition sequence leads to the cleavage of tlieridinus motif and an
authentic Nterminus forexpressedhGH.

4.1.1. Isolation and validation ofthe parent plasmids
After inoculation of the recombinari. coli (r-E. coli) stocks of the two

parent plamids from-80°C to suitable selective LSLB (with Zeocin) agar

plates and subsequent inoculationtloé selected colonies to selective LB
broth, plasmid isolationpGAPZJ A a nd pHSH)GAS bArformed by
alkaline lysis method. The isolated plasmids @vserved in Figure 4.Z.he

location of two circular plasmids were checked and confirmed.

pPICZ U AhGH
pGAPZ!I

Figure 4.2. Agarose gel electrophoresis result of ikelated plasmids of two different
colonies of pGAPZUA angdPIl ©@ZhBHA.M DNAemarken t
aDNA/ HjlnpGARZI Acolony 1, 2: pGAPY Acolony 2, 3;p P | C ZhGHA colony
1,4:p P1 CZhBK colony 2,5p P | CZhGHA colony 3, 6p P | C ZhGHA colony 4
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In order to further confirm the obtained plasmids, a single digestitm
EcoRI enzymewas performedaccording to Table 3.10rhe results can be
clearly seen in the Figure 4.By combining the results shown kigure4.2

and Figue 4.3 the presence of the desired parent plasmids in isolated

colonieswereconfirmed

1 2 3 45 M 7 8 9 10 11

C o -,
2322bp - b

o

Figure 4.3. Further verification ofpGAPZJ A an d pHSH plashlids after single
digestion of putative corresponding isolated plasmids WitbRI restriction enzymeM:
DNA markeras DN A/ Hj In 2 Isihgledigested putative pGARZA p | a3 wi5d s

singledigested putativgg P 1 C ZhGHA, 7, 8: circular pGAPU A pl asmi ds,
circul arhGpPl CZUA
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4.1.2. Doubledigestion ofthe parent plasmids with EcoRI and Xbal

The next step was the douldegestion of the confirmed isolated plasmids of

p GAPZ&Ad p P:h@HZ phrent plasmids, wittEcoRl and Xba
restriction enzymes in order to reledg@H genef r o m p PHGH Znd A
its subsequent i ns.eDoubiedigestidanofthgparent he p GAPZUA
plasmidsvas performed bicoRI andXba restriction enzymes as described

in section 3.6.7in Table 3.11 The result of the doublgigestion can be
found in Figure 4.4. The specified segments were cut and subjected to the gel
extraction by gel extraction kit agescribedbefore. After gel elution, the
confirmation of the purified segments was conducted ley dld of gel
electrophoresis which can be seen in Figure 4.5.

ML 1 2 M2 3 4 5

—

hGH aene

Figure 4.4. Doubledigested (with EcoRl and Xbad) p GAPZUA an d:hGpiPI CZUA
plasmids. M1:DNA markeras DN A/ Hi n2dp G A P Zglhamid subjected to double
digestion, M2: GeneRul ep El GIhBHplaghdAsubjected der , 3, 4, 5

to doubledigestion.
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M1 1 M2 2 3

— I_D_ou\ble-digested ‘
- )P GAPZ!l

700 bp
| g
f.!\ *
600 b ~=-=7
——

14

Figure 4.5. Control of the purified doubldigestedp GAP ZUA a n d:hGp.PM1CZ U A

DNA markeraasDNA/ Hi nd | | |doublddigestgdp GAPZ & AM2 : GeneRul er E
50bp DNA ladder, 2, 3 purified hGH gene as the result of the doutligested

p Pl CZhGIA

4.1.3. Ligation ofthe double-digested fragments

After obtaining the desired doubtBgested segments with compatible ends,
i.e., corresponding digested ends with same restriction enzyuoeR| and
Xbd, the ligation of these segments wasrformed by T4 DNA ligase
enzyme as described befanesection 3.6.9 and Table 3.1%he molar ratio
of the two isolated segmentsquation 3.1)hGH geneas insert and double
digested pGAPB A as b avasksét donbe between 3:1 to 5The
ligation between two purified DNA fragments regdlin the base plasmid
(BP) in current study (Figure 4.6). BP pos&ss3696 nucleotidesand,
therefore, itshould be located betweem P | C ZhGHA (4142 bp) and
p G A P Z(B1A7 bp) in gel electrophoresis in circular form.
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Bsp119 | EcoRl Xbal

1 I i |
WIS i 21 o Loor e epiope [k Loror

/VSI'/

Figure 4.6.Schematic representationtbe base plasmidBP).

4.1.4. Transformationof theE.coliDH5 U cel |l s with base pl asmic
The ligation reaction result was used in order to transteculiDH5U c e |l | s

by CaC} method as explained beforgetion 3.6.2)Appeared colonies after

transformation, should be checked in order to get rid of false positive

colonies. A few colonies were selected, among thousands, as putative

transformants of BPral were sukrultured in selective LSLB plates with

ZeocinE for further confir magdeitann and analy
3.6.3)from the selected colonies, 6 colonies at first attempt, was performed

and byagarosayel electrophoresis their length waesified (Figure 4.7).
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ML 1 2 34 5 6 78 M2

2322bp H 2 elal 3000bp
—> R D - - . '

— > \ "- ~ e g P [re—) «—
2027bp 20005p

Approved circular location

3
e

Figure 4.7. Isolated plasmids from 6 colonies related with putative transformants .of BP
M1: DNA markeraaDNA/ Hi nd | Irl , p Rl:BGdUphsmid, 12a 6 selected
colonies 1, 2, 3, 4, 5, 6 respectively, 8: circyBAPAJA pl as ndedn,e RM2 er E
100bp plus DNA ladder

Five out of six selected colonies (except colongs2false positive
resul) would seem to bpossible tansformantsFor further confirmation of
precise ligation and transformatiohgse five putative transformacwlonies
(1, 3, 4, 5, 6) were doubligested withEcaRl andXba enzymes and then,
the digestion result was run on the gel (Figure 4.8). Aloil the selected
colonies, double digestgad P | C ZhGAwasalso used as an indicator of
therelease ohGH genefrom the selected putative transformants. According
to the gel electrophoresis resudtl of the five coloniesould be the desired

transformant
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ML 1 2 3 4 5 6 M2

3000bp
<4—

1000bp

hGH aene

Figure 4.8.Doubledi gesti on of five putati viEeccRtandansf or mant so

Xbad. MI: DNA mar ker @aDNA/ Hi ndl | | ,:h@H:withccooRllande di gested pP!

Xbad, 2-6: five putaive transformants , Ml3ene Rul er E 100bp plus DNA | adder

As final level of the confirmationfor two of the five approved
coloniesa PCR was conducted usi@AP forward andAOXreverse primers
(Appendix D). The PCR reaction mixture and PCR thermal ifgafan be
found in Table 4.1 and Table 4.2, respectively. Based on the location of two
primerswhich can be found id\ppendix I, theregionresidesbetween two
primers in originaparentplasmid( p G A P Zslappjoximately540 bp. By
insertionof thehGH geneand excluding the region betweEndR|l andXbal
cleavagesites, the PCR result of tleelected putative transformants (colony
3 and 6) should be approximately 1080 bp. Furthermore, this PCR can reveal
the optimum conditions for sequencing the plasniiti® PCR results can be
observed in Figure 3.@hich confirmedproper ligation and transformation.

On the other hand, the gel result implies to the suitable conditions which can
be used for sequencing. The isolated plasmids were sent to Middle East

Techni@al University central laboratory for sequence analydesresults can
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be found in AppendixK. Both colonies wereconfirmed based onthe
obtained sequences and one of them was used for subsegcbrd

transfection.

Table 4.1.PCR mixture for verificatn of BP withGAPforward andAOXreverse primers.

Component Amount
10X amplification buffer with KCI S5¢eL
2 mM solution of dNTPs S5¢eL
5eM GAPforward primer 2¢lL
5¢eM AOXreverse primer 2¢lL
25 mM MgChL/ MgSQ, 3eL/4elL
TagDNA polymerase 0.3¢eL
dH,O Complete to 5@L
Template DNA (Genomic DNA or plasmid DNA) | 2 €L
Total volume | 50¢L

Table 4.2. PCR thermal profile for verification afhe BP with GAP forward andAOX

reverse primers

Number of cycles | Temperature | Time
1 cycle 94 °C 3 min.
94 °C 1 min.
1 cycle 50 °C 1 min.
72 °C 1 min.
94 °C 1 min.
29 cycles 55°C 1 min.
72 °C 1 min
Final extension 72 °C 10 min.
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ML 1 2 3 4 M25 6

Figure 4.9. PCR resultswith isolated plasmids related with two putative transformant

coloniesof BP. M1:Gene Rul er E 10 0 b pl-4ptiodifereDtNP@Resulisof d e r

two selected putative transformant colonies (1.5mM and 2 mM Mg&icentration for

each colony), M2GeneRul er E 50bp 5DBA | p@BGA®ZUA plasmid as pc
control (1.5mM and 2 mNMMgCl, concentration were tested).

4.2. In-silico determination of promising endogenous SPs ¢1. pastoris

Using availablesecretomalata from previously conducted research (Huang
et al., 2011), proteins found in extracellular medium &f pastorisculture,

after finding their caresponding amino acid sequencesere analyzed by

four computer programs including: SignalP4.1, WolfPsort, Phobius, and
ProP1. 0 to predict the SPs (bot-h Apreo and
region of the SPs. SignalP pragn attributes a Bcore to each SP which
reflects its signal peptideess and Phobius specifiesrégion of the SP. The
determined endogenous SPs can be found in Tallead.SPiSP41.
Furthermore, exogenous SPs utilized or have the potential to be msed i
Pichia system were also analyzed which have been represented as SP42

SP56 in Table 8. Deciding on the selected SPs was, primarily,
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accomplished based on-$z2ore reported by SignalP program. Then, SPs
were regarded as potential candidates where alprb@ictions by programs

led to a similar SP length in order to be confident about the cleavage point of
the SP. SinceS. cerevisiaeU-MF is the widely used secretion SP
pastorisexpression system, it was regarded as a scale for selection of the
promising endogenous SPs Bf pastoris It is of supreme importance to
mention that & the SP locates ithe N-terminus of the desiredrotein in
expression cassette, itsddore should be reconsidered in combination with
the intended protein.

As primary choices, 10 endogenous SPs were selected regarding their
Dscor e, in their or i gi naMF Dgecor tarei n obt
alo consistency ofhe programs predictions (Table4). However, the SPs
were intended to be used in combination with the availaGle gene with
its specific 12amino acid Nterminus motif. Therefore, the-Brores were
recalculated for combination of thelected SPs and the desite@H gene.

In addition Dscores for combination of SPs and mature hGH and hGH with
two extra amino acids resulted froBcoR| restriction site were also
recalculated in order to show the effect otédminus residues in {3core

ard SP cleavage point. As it is obvious, addition of 12 amino acids to-the N
terminus had a profound effect ondbore. Regarding the calculated D
scores, SP23, SP24, SP26, SP34 were selectbé pomising endogenous

SPs. In addition, SP13, which was gl successfulljn P. pastoris(Liang

et al., 2013), was also selected in order to check its capability in secretion of
another protein, although its-®cor e i s IMB.wretotal tivean U
endogenous SPs were selected whom their secretion efficiency will be

c omp ar e-MF.iftet sdectidn of the endogenous secretion SPs, their
nucleotide sequences should be determined. The amino acid sequences of the
corresponding proteins and, subsequently, their related nucleotide sequences
were obtained from NCBI (Appendix L). Consequently, thecleotide
sequences of the selected endogenous SPs as promising candidates were
determined (Table 4.5).
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Table 45. Amino acid sequence and nucleotide sequenteeafelected endogenous SP

along with the chromosomal location of itheorresponding gene.

sp Chromosomal Nucleotide Amino acid Sequence
L ocation Sequence (Length)
o
8 ATGCTATCAACTA
o TCTTAAATATCTT
N TATCCTGTTGCTC | MLSTILNIFILLLFIQASLQ
P13 S TTCATACAGGCAT | (20)
[
2 CCCTACAG
o
o
S
) ATGAAAATATTA
Sp23 < AGTGCATTGCTTC | MKILSALLLLFTLAFA
S TTCTTTTTACGTT | (16)
o GGCCTTTGCT
<
o
—
= ATGAAAGTTTCTA
j CGACCAAATTTCT
SP24 © GGCTGTGTTCTTA | MKVSTTKFLAVFLLVRLVCA
ol TTAGTTAGACTCG | (20)
0 TTTGCGCT
<
(@]
g ATGTGGTCGCTGT
S, TCATATCTGGACT
SP26 E ATTAATCTTCTAT | MWSLFISGLLIFYPLVLG
ol CCTTTGGTCCTTG | (18)
0 GA
g
R
SI ATGAGACCAGTG
SP34 : CTTTCGTTATTAC MRPVLSLLLLLASSVLA
= TCTTGCTGGCTTC | 1)
Ol TTCGGTACTCGCT
2
o
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4.3. Candidate pomoters
Probable promoters that can be helpful in oxygen limitation conditions were
selected and, then, their corresponding nucleotide sequences were

determined.

4.3.1. Deciding on the promising oxygen limitationnduced promoters
Regarding problems aresn utilization ofthe methanol as inducer IROX1:
basedPichia expression systems, the methafiek systems are preferred in
recent years where gR- is considered as the pioneer in this area.
Furthermore, increase dfetranscription level of glycolyt genes, including
GAP, under oxygen limitation conditions has been reported (Baumann et al.,
2010) which casts light on the fact thaiaPcan be regarded as a promising
choice for rprotein expression under oxygen limitation conditions.
Considering the pregulation oflGAP gene in oxygen limitation situations, in
current research selection die new promoters more active in oxygen
limitation conditions were based on comparison gapPThese promoters
were utilized in subsequent-protein production in oygen limitation
conditions.

Based on the realized positive correlation between transcription and
expression level in core metabolic pathway genesP.opastoris upon
conforming to oxygen limitation conditions, by finding the proteins whom
their expressiorievel are increased in oxygen limitation conditions more
than GAP protein, candidate promotevere detemined The list ofthe
proteins with increased expression in oxygen limitation conditions has been
represented in Table@where the third and fiftkolumns are representatives
of relative increase ahe proteins expression to GApYotein based orthe

conducted study (Baumann et al., 2010).
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Table 4.6.List of the proteins with increased expression in shift from normal to oxygen

limitation conditons in both wild type and recombina® pastoris X-33 strain. Two

average ratio columns refer to the (Amount in oxygen limitation condition / Amount in

nor mal o0Xygen av. ratioh

rcofmeli ¢ itom)avdirage ratio.

Recombinant Srain

Control Strain

Protein Av. ratio Av. ratio/ Av. Av. ratio Av. ratio/ Av.

' ratio GAP ' ratio GAP
2.16 1.43 - -

Pyruvate decarboxylase 1.99 1.32 1.25 0.61
3.07 2.03 6.31 3.06

P_yr|m|d|ne_precursor _ 3.04 201 311 151

biosynthesis enzyme thi

S-adenosylmethionine 12 0.79 288 14

synthetase

Elongation factor 2 1.28 0.85 211 1.02

Myo-inositol1- 1.39 0.92 1.79 0.87

phosphate synthase 2.07 1.37 2.27 1.10

Zinc binding 1.87 1.24 2.47 1.2

oxidoreductase

Pyridoxine

(pyridoxamine) 2.01 1.33 1.32 0.4

phosphate oxidase

NADPH-dependent

alphaketo amide 1.63 1.08 2.28 1.11

reductase

Pyruvate kinase 1.91 1.26 3.14 1.52

Y 2.19 1.45 2.98 1.45

Phosphoglucose

iSomerase 1.88 1.24 2.34 1.13
1.69 1.12 2.86 1.39

Enolase 2.45 1.62 1.57 0.76

____________________________________ 24 | 159 | 200 | 101
GAP 1.51 10 2.06 1.0
~Fructosel,6-biphosphat [ | [

aldolase 1.72 1.14 3.72 1.80

Phophoglycerate mutase 1.96 1.3 2.12 1.03
3.38 2.24 1.98 0.96

Heat shock protein SSA 136 0.9 3.06 1.48

Thioredoxin peroxidase 184 192 173 0.84

Hypothetical protein 135 0.9 29 107
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At first round ofthe screening, the proteins that their relative average
ratio to GAP in recombinant strain was smaller than unity were removed.
Then, among the remaining candidates, fimasitol1-phosphate synthase
was removed since the twisoforms of the proia showed nofuniform
behavior( 0. 92 ° 1 . RAtetwards,. tf®e proteins that had lower
average ratio over GAP protein in expressing strain were omitted except
those that have isoforms, namely all of the isoforms were condidere
group as they are under the control of a single promoter. The remaining

candidates have been presented in Tahle 4.

Table 4.7.List of the remained proteins with increased expression in shift from normal to
oxygen limitation conditions in both wiltype and recombinai®. pastorisX-33 strain after
first round of the screening.

Recombinant Srain Control Strain
Protein Av. ratio Av. ratio/ Av. Av. ratio Av.ratio/ Av.

' ratio GAP ' ratio GAP
2.16 1.43 - -

Pyruvate decarboxylas 1.99 1.32 1.25 0.61
3.07 2.03 6.31 3.06

Pyrimidine precursor

biosynthesis enzyme 3.04 2.01 3.11 1.51

thi3

Pyridoxine

(pyridoxamine) 2.01 1.33 1.32 0.64

phosphate oxidase

Pyruvate kinase 1.91 1.26 3.14 1.52
2.19 1.45 2.98 1.45
1.69 1.12 2.86 1.39

Enolase 2.45 1.62 1.57 0.76
2.4 1.59 2.09 1.01

Phophoglycerate 1.96 1.3 2.12 1.03

mutase 3.38 2.24 1.98 0.96

Sincea similarphysiologicbehaviouris expectedn both wild type
and recombinant strains in orderlie able to attribute the changes in gene
expression yst to oxygen level oscillations, the control strain is also
considered (actually it can be considred from start of the screerintfe

second round of the screenimyridoxine (pyridoxamine) phosphate oxidase
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showed different trends in recombinantastr (expressing) and wild type

and, thusjt was omitted. It can not be inferred whether the expression level
change was due to an experimental error or just as the resiwtedpressed
foreign protein. Counteracting effects may have masked the effeitteo
oxygen. Such incaistencies between two strains, expressing and control,
were also found regarding available isoforms of the pyruvate decarboxylase,
enolase, and phosphoglycerate mutase. Therefore, they were removed and
two promising candidates, i,epyrimidine precursor biosynthesis enzyme
thi3 and pyruvate kinase remained. Since pyruvate is an important branch
point of the respiratory and fermentative pathways (Figure 4.10) and it may
be fruitful to analyze the behavior of the prometeziated wih this critical
conjunction, it was decided to include pyruvate decarboxylase as third
promising candidate. The three selected proteins have been presented in
Table 48.

Phosphoenolpyruvate

l

Oxaloacetate <gmms=m Pyruvate mss=d> Acetaldehyde
Acetyl-CoA

Figure 4.10.simple representation tiepyruvate node iyeasts.

However, trere will be uncertainties about the strength of the
pyruvate decarboxylase promoter by considering Ehapastorispyruvate
decarboxylase is less efficient at decarboxylation in comparison to all

isozymes of5. cerevisia¢Agarwal et al., 2013).
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Table 4.8. Final selected proteins which themrresponding promoters waregarded athe

promising oxygen limitatiorinduced promotersan be utilized irPichia-based expressions

Protein name Short Name | Protein ID
Pyruvate kinase PYRK PIPAOO751
Pyruvatedecarboxylase PDC PIPA01726
Pyrimidine precursor biosynthesis enzyme thi THI3 PIPA00420

4.3.2. Finding the nucleotide sequence of the selected promoters

The presented protein IDs in Table 4.8 belong to RhepastorisDSMZ
strain. However, the regited strain in Baumann et al. study (2010) was
pastoris X-33 strain. Therefore, determination of teelectedpromoters
nucleotide sequence was based the P. pastorisGS115 strain which is
isogenic toP. pastorisX-33 strain with just onaleletedgere. Genome
sequence of theP. pastoris GS115 strain is publicly available at

(www.ncbinlm.nih.gov).

4.3.2.1. Pyruvate kinase promoter (R/rk)

PYRK enzyme catalyzes the final step in @liysis. This process requires
K*and Md"* or (Mr?":

ADP+P ATP

PE P (:’\> Pyl‘ uvate
PYRK

PEP andF-1,6-biphosphate enhances enzyme activity allosterically. High
concentrations of ATP, acet@oA, and longchain fatty acids (signs of the
abundant energy supply) allosterically inhibit all isozymes of pyruvate

kinase. Accumulation of the alanine whicmdae synthesized from pyruvate
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in one step also, allosterically, inhibits pyruvate kinase, slowing the
production of the pyruvate by glycolysis.

A BLAST analysis was performed between PIPA00751 (pyruvate
kinase in DSMZ strain) and entire genome of the GSdttainand 95%
identical sequence was obtained between PIPA00751 and PASL dw@9,
which has been annotated as pyruvate kinase in GS115 Stinaitocation
anddirection ofPAS_chr21_0769in GS115 strairmlong with its preceding
gene, i.e. PAS_chf2_0770, has been elucidated in Figure 4.11.

[ 1456042 [1470526

i ched-1_0763 PRE_chr2-1_0 763 PAZ_chr2-1_0567
PRZ_che2-1_0767 PRE_chi-2-1_1 767
PRE_chr2-1_0770

Figure 4.11. The chromosomalocation of the pyruvate kinase gene and its neighboring

genesRed arrow showthe pyruvate kinase gene.

The preceding gene of PIPA00751 is PIPA00749 which is 92%
similar to PAS_chr21 0770 based othe BLAST analysis in NCBI. Since
the gene before PAS chi2 0769 is PAS chr2l 077Q the {Qutative
promoter regio®wassupposedo be the segment between these two genes,
the end of thePAS chr2l 0770 and the beginning of theA® chrz2
1 0769. By utilization of the nucleotide sequences of these two genes the
region between them was obtained in sequenced strand of chromosome 2;
t hen, the complementary sequence was 1infer
direction to obtain the followig sequence dabe promoter region of pyruvate
kinase gene whichr ecedes the AATGO codon of the py
and has 38 bp length (Figure 4.12)The details ofthe sequences can be
found inAppendix M.
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“Pyruvate kinase putative promoter region”

57 . TTCAGTGTGCGGGATACTGTATTCCGCTCGGGGT TCTAAAGAAATTGTTTARAACTAAACCAAR
TCGGATCAGAGGTTCCGTACGTTTTTCACAT TCAAGGATGAGGGT TTTCCACGAGTGAACTATTAC
TCCGGTCTCCCACCATCATTTGCGGAATGAAACCTTTTGTGCT GAGATTGTATAGGGCGTGGGGAC
GGACGCTTCTTAACCGTTCCCCTAGAATGTCGTCCCCTGATCAAAATTTAATGGCATCCAACTTTG
CTGTAATAGGTATATATAACCTAGCAGGCGACCGTTCATGTACAGTAAATTGTTTTAGACTTTTTT
TTAACTGAAATCAATCCA..3'

Figure 4.12. Nucleotide sequence of thmutative promoter region peculiar to pyruvate

kinase gen&vith 345 bp lengthin P. pastorisGS115 strain

It should be expressed that the promoter region which was obtained
from DSMZ strain as the sequence betwB&PA00751 and PIPA00749 was
88% idential to the determined promoter regionGS115 strain

4.3.2.2. Pyruvate decarboxylase promoter @3c)

PDC enzyme catalyzes the following reaction:

Pyruvate ———— Acetaldehyde + CO,
PDC

This enzyme activity depends on the cofactors thiamine pyrophosphate
(TPP) and M§'". The enzyme locates ithe ethanol production pathway; in
anaerobic conditions, it is part of the fermentation process that occurs in
yeasts to produce ethanol by fermentation. The PDC activieypastorisis
induced by the presence of glycolytic substrates (ex., glycetbfhcose)

and it has relatively higher activity on glucose (Agarwal et al., 2013).

A BLAST analysis was also performed between PIPA01726
(pyruvate decarboxylase in DSMZ strain) and entire genome of the GS115
strain and 95% identical sequence was obtainetdveenPIPA01726and
PAS chr3_0188which has been annotated as pyruvdgearboxylasen
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GS115 strain. iie location and direction &fAS_chr3_018& GS115 strain
along with its preceding gene, iRAS_chr3_0189has been represented
Figure 4.B. However, PIPA01726 has 813 nt. arfdAS chr3 0188
possesses 1683 ntherefore, a BLAST analysis was performed between
PAS_chr3_0188 anthe whole genome sequence of the DSMZ strawo
separate segments each with high resemblance to half of the PAS_ci&3 018
were obtained; PIPA03164 and PIPA01726 where both of them reside at the
end of the corresponding contigs, 00224 and Op0&pectively. The gene
before PIPA03164 is PIPA09857 and the gene before PIPA01726 is
PIPA01725 in DSMZ strain. There was no simitha between PIPA01725

and PAS _chr3_0189; in contrast3%9 identical sequence was obtained
betweerPIPA09857 and PAS chr3_0189.

[ 350477 [ 783t b

RE_chrd i1 G6 PRE_chei_1d49
PAZ _ched_0187 PRZ_chrd 0191

PAE ¢ b0 L5 f—

Figure 4.13. The chromosomal location of the pyruvate decarboxylase gene and its

neighboring genefked arrow showthe pyruvate decarboxylase gene.

Since the gene before PAS chr3 01B8 PAS chr3 0189 the

(outative promoter regiadn was supposed to be the

two genes,the end of thePAS chr3 0189 and the beginning of the
PAS chr3_0188By utilization of the nucleotide sequences of these two
genes the region between them was obtained in sequenced strand of
chromosome 3; then, the complementary sequence was inferred and

rearranged in 56 to 36 direction to

segmen

obt ain

region of pyruvate decarboxylagenewhichpr ecedes t he AATGO codor
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the pyruvate decarboxylase gene (Figure 4&) has a length of 546 .bp
The details of the sequences can be fourgppendix M.

“Pyruvate decarboxylase putative promoter region”

57 .GGGACRAGCACACGATTACCCAATCACTTGATATGCACCAATTTGTTCCGTTGTTTATGC
CATATTTACCGAATTTTCTTCCCAGGTTTTT CCGAAT GGACAT CTGTAGTCCACTTTTTGGTT
ATCATAATCGTCCCACAAGTCGTGGAT TTAACCAGAACCTAGTAATTTTAAGT TCGCTATTAA
TCACTCAGAATGGTCTCACCTTGCTATTGGCCAAGT CTGGAGT CGCCAGCTACCACCTC CAGAG
GCTACATAGACCTCCCAATGTCATCTCCTCAGTGCGCTCTTCAATCTCGTGTCTTTTCCGTTA
ARACTCCGTTCGTTTCACCCTATACTGCCCCTGGTTGTGCAGCTCTTACCACTTCGCGCCGCT
ACTATCCGTAGTGGT CGAGCCGCATCAATATCACGTTGARATAGAATAACTCCCTACARAAGC
CGCACGCAACCATCAAATCTATATAAGGAACCTCARATATCTAGCAACATCTTTTCAATTTAC
TACAACATATTCGTTAATCATCAATCAATTAGCTAGTACACAACA. .37

Figure 4.14. Nucleotide sequence of thmutative promoter region peculiar to pyruvate

decarboxylase gengith 546 bp lengttin P. pastorisGS115 strain

It should be emphasized that the nucleotide region between
PIPA01726 and PIPAO172bhich was obtained from DSMZ straiad no
similarity to the putative promoter region represented in Figure 4.14. In
contrast, the nucleotide region betweBhHPA03164 and PIPA09857 in
DSMZ strain with 546 bp resulted in 92% similarity with the determined

putativepromoter region in GS115 strain.

4.3.2.3. Pyrimidine prearsor biosynthesis enzyme thi3 promoter (Ry3)
Pyrimidine precursor biosynthesis enzyme thi3 (THI3~KID1) is probably
involved in the biosynthesis of the pyrimidine moiety of the thiamin
molecule (Figure 4.15). In thiamine, the thiazole and pyrimidine tiesiare
biosynthesized separately and then combined to form thiamine phosphate
(ThMP) by the action of thiamine phosphate synthase. In most bacteria and
in eukaryotes, ThMP is hydrolyzed to thiamine which then may be

pyrophosphorylated to ThDP(TPP) by tiamine diphosphatase.
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Recommended name for this enzyme (Www.uniprot.org is thiamine

metabolism regulatory protein THEC4.1.1:).

OH

Ng, ©Hs >=(—/
20
s
x
CHy” °N

Figure 4.15.Schematic struate of the thiamine molecule.

In S. cerevisiaethree positive regulators have been identified for
thiamine biosynthesis pathwaylHI2, THI3, and PDC2 Thi3p is a
regulatory protein (irg. cerevisiag that binds Pdc2p and Thi2p transcription
factors andactivates these thiamine biosynthesis transcription factors but
release and deactivates them upon binding to TPP, thereddct of the
biosynthesis\(Veb 16).

By finding the nucleotide sequence of the PIPAOO420BInAST
of the whole chromosome sequenoé&S115 in NCBI with this sequenie
was found thatthere is a significant alignment, 94% identical, in
chromosome 4 between PAS_chr4_0068quence and PIPA00420. The
attributed funct i onrotéiroimvolvBdArssynthbesis4f 0065 was f
the thiamn e precur sor hydroxymet hyl pyrimidine
nucleotide sequence can be found in AppemdixAccording to the Figure
4.16 the genes that the promoter region should be searched between them
were supposed to be PAS chr4 0065 and -B#W8 0064 whichwere
transcribed in opposite directions.

By utilization of the nucleotide sequences of these two genes

(Appendix M) the region between them was obtained in sequenced strand of

chromosome 4 and was presentegatstivepromoter region (Figure 4.17)
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http://www.uniprot.org/
http://enzyme.expasy.org/EC/4.1.1.-

whichpr ecedes t he i poleddvolver ih symthesis of theh e
thiamine precursor hydroxymethylpyrimidine (HMBg&ne and have length
of 453 bp.

[1E7075 [ 134065 p
MAE_ched_00B3G PRE_ched_(0&E
PRE_ched_(0E4 PRE_ched_00ET
PRZ_chrd_1 155 ne—

Figure 4.16. The chromosomallocation ofthe THI3 enzyme gene and its neighboring
genesRed arrow sbws the gene gfrotein involved in synthesis of the thiamine precursor

hydroxymethylpyrimidine (HMP).

“Pyrimidine precursor biosynthesis enzyme putative promoter region”

5/ GTCTTTGTAAATAGTTATAGT TCAGAAACTGGAATTGAGCTCAAARRACT GGAAT CGAGC
GGATATTTGAAGATTGATGCCTTACTCATGAATTGAT TGATAAGAGCTCCGTGATTCACTCTG
TCAATGATTACCCCTCTCCTACCCGAT TTGGGACTTTTTCTTCAGTCTTGGGGACTTTTTTTC
ATATGACTTGACCTTGCTTTCCCAATAGGGAAGGACTCACCCATGGATGATTAAGTTTGGATT
ACTCGTTTAGGAAATAGTAGCCATGAATCAATTTGAATCATACCATCAT GAAATAGGGT TAGG
CTGTAAATGCCTCARRRATGGCTCTTGAGGCTGGATTTTTGGGTAT T GGAATGT TGGTAGCAA
TTGGTATAARAGGCCATTTGTATTTCACTTTTTTGTCCTTCATACTTTACTCTTCTCAACTTT
GGAAACTTCAATAAATCATC..3'

Figure 4.17. Nucleotide sequence of thmitative promoter region peculiar tpyrimidine

precursor biosynthesis enzymene with 48 bp length inP. pastorisGS115 strain.

Using BLAST in (www.pichiagenome.ofg between the obtained
promoter region from GS115 and whole genome sequehBsSMZ strain
led to the sequence with 87% identicaicleotide sequend® the desired
region. The result has beegpresented in the Figure 4.18. It is clear that the
similar region locates between PIPA10077 and PIPA00420. BALST analysis
between PIPA10077 and whole genome of the GS115 strain revealed 88%
similarity with PAS _chr4_0064.
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