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1. INTRODUCTION

Escherichia colis an important microorganism for production afambinant proteins
applied in therapy and diagnodis. coli offers several advantages, including growth on
inexpensive carbon sources, rapid biomass accuimnilahnd simple process for scale-
up. ThusE. colihas been usually selected to obtain enough miteriaiochemical

and structural studies and for the large-scaleymtion of valuable recombinant
proteins. However, overexpression of recombinaotgims often leads to an incorrect
conformation, proteolytic degradation of proteinsl &rmation of insoluble aggregates
of nonnative proteins or inclusion bodies (IBs) iBgx and Mujacic, 2005). In some
cases, formation of IBs can be desired and simpbifye steps of purification.
However, refolding of small proteins can be effitiout not with large proteins as
multiple disulfide bonds normally fail to fold iheir correct conformations. Moreover,
renaturation and refolding of IBs vitro are complicated and costly. After refolding,
low yields of soluble proteins are obtained dupratein aggregation resulted from

interactions among hydrophobic regions of the pnste

In order to obtain high yield of soluble heterologe recombinant proteins frobn coli,
other strategies have been applied, e.g. the udéfefent host strains, promoters,
reduction of cultivation temperature, coexpressibohaperones, localization of the
gene products in the periplasm and culture mediuother words: secrection of
recombinant proteins into the periplasmic spaceexpabrt of proteins to growth
medium using different helper proteins and add#ivEhese strategies are indicated in
Table 1.



Introduction

Table 1. Optimization of functional soluble proteixpressed ik.coli

Parameter Cultivation method | Protein expression Reference
Localization
Batch, shake flask | Transglutaminase Yokoyama et al., 1998
Fed-batch a-glucosidase, creatinine| Lin, 2000
imino hydrolase
Fed-batch, high cell |hydrolase Dresler et al., 2006
density
Additives
L-Arg, Shake flask native tissue-type Schéffner et al., 2001
glutathione plasminogen activator
(rPA)
glutathione | Shake flask a -amylase/trypsin Wunderlich and
inhibitor Glockhuber, 1993
glycine, Shake flask sFVITGFe Yang et al., 1998
Triton X-00
Temperature
Shake flask human tumour necrosis | Mak et al., 1993
factorf
Shake flask B -lactamase Baneyx et al., 1992
Coexpression
DsbA or Dsh(O~ed-batch, high cell |insulin-like growth factor | Joly et al., 1998
density (IGF)-I
DsbC Fed-batch tissue-fplasminogen | Qiu et al., 1998
activator (tPA)
DsbC, DsbD Shake flask Hinmerve growth Kurokawa et al., 2001
factorp
FkpA Shake flask singlaichantibody Bothmann and Pliickthun
fragments scFv 2000
DegP Batch recombinantipiéin Lin et al., 2001; Pan et al
acylase 2003
DegP+FkpA Shake flask reborant penicillin Wu et al., 2007
acylase
DnaJ, Hsp25 Shake flask iveaissue-type Schaffner et al., 2001

plasminogen activator
(rPA)
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From the previous reports, although genetic opttimn of production strains has been
well investigated, few research on processes dedifpr secretory production was
developed. Effects of environment conditions su&madium formulation and
parameters of cultivation process for translocatibrecombinant proteins to the
periplasm and growth medium during fedbatch culiores should be also taken into

account.

The effect of feeding strategies during fed-batalivcation on cytoplasmic protein
production has been well documented (Curless e1289; Fu et al., 1993; Hellmuth et
al., 1994; Kim et al., 1996; Le Thanh and Hoffma2@05; Lee et al., 1996; Seo and
Bailey, 1986; Turner et al., 1994). However, feuds¢s investigate the impact of
growth or feeding rates specifically for periplasmroduction. Changes in substrate
and growth rate during fedbatch cultivations affibet secretion of the product to the
periplasm (Bostrom et al., 2005). Growth rate iefloes the membrane structurd=of
coli and leakage of periplasmic proteins to the culmeglium(Shokri et al., 2002;
Shokri et al., 2003; Dresler et al., 2006). Pradtcbn growth rate results ansharp

maximum of secretion efficiencies (Curless etE394).

In this dissertation, the coexpression of cert&ipér proteins together with the target
proteins, the optimal conditions for productiortioé soluble proteins in the three
compartments (cytosol, periplasm and culture swgiant) were investigated. Also, in
order to evaluate the expression of the protethéncytosol oE.coli, a method
(Dynamic Light Scattering) for quantitative measgrsize particles of IBs was

developed.

1.1 State of the art for soluble protein production from Escherichia coli

1.1.1 Coexpression of molecular chaperones for prod uction of soluble protein

1111 Functions of chaperones

In the cells, the chaperone systems can prevefioloiiisg of proteins by providing a
proper evironment for nascent proteins to fold. g&nanes assist protein folding by
blocking improper intermolecular interactions amddthe emerging part of the nascent

chain until synthesis is complete (Stryer, 199@any chaperones ig.coli are able to
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bind to unfolded polypeptides and prevent aggregatf proteins (Georgiou and Valax,

1996). The structure and function of the chapefanglies are described in Table 2.

Table 2. Chaperone families: Structure and funcfMagk et al., 2002)

Chaperone
family

Structure | ATP

Prokyryote

Eukaryote

Co-
chaperone

Function

Hsp100

6-7-mer +

ClpB

Disaggregation togetheh wisp70

ClpA

Proteolysis together with the ClpP
protease

Hsp104

thermotolerance
disaggregation together with Hsp70

Hsp90

dimer +

HtpG

tolerance to extreme heatlshoc

Hsp90

Hop, p23,
CDC37

stress tolerance

control of folding and activity of
steroid hormone receptors, protein
kinases, etc.

Hsp70

monomer| +

DnaK

DnaJ, Grpg

E de novo protdiirfg; prevention of

aggregation of heat-denatured proteips;

solubilization of protein aggregates
together with ClpB; regulation of the
heat shock response

Hsp70,
Hsc70

Hsp40,
Bagl, Hip,
Chip, Hop,
HspBP1

de novo protein folding; prevention of

aggregation of heat-denatured proteins;

solubilization of protein aggregates

together with Hsp104; regulation of the

heat shock response; regulation of th
activity of folded regulatory proteins
(such as transcription factors and
kinases)

Hsp60

14-mer, |+
16-mer

GroEL

GroES

de novo protein folding; preventafn
aggregation of heat-denatured protei

CCT/TRIC

prefoldin

de novo folding of actin atublin

SHsps

8-24-mer

IbpA, IbpH

prevention of aggregation of heat-
denatured proteins binding to inclusic
bodies

Hsp25
(crystalline)

prevention of aggregation of heat-
denatured proteins component of the
lens of the vertebrate eye

trigger
factor

monomer

trigger
factor

ribosome-associated potential functiq
in de novo protein folding

NAC

Hetero-
dimer

NAC

ribosome-associated potential functi
in de novo protein folding

n

n

N

SecB

tetramer

SecB

protein secretion
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1.1.1.2 Applications of heat shock proteins in Bio  technology

A number of publications demonstrated that by oradpction of molecular
chaperones, misfolding and subsequent aggregditioeterologous proteins . coli
can be reduced (de Marco and De Marco, 2004; Nasaiat al., 2000; Thomas et al.,
1997; Tomoyasu et al., 2001). Simultaneous overmiioh of several molecular
chaperones and recombinant protein in the hostaalintroduce sufficient amounts of
chaperones inside the cell to increase de novaniglof the products and the yield of
correctly folded proteins. Hence, coexpressionhaiperones plays an important role in

enhancement of soluble protein production.

In several cases, the amount of soluble proteinsigasficantly increased upon the
overproduction of ribosome-associated trigger fa€té) and GroEL/GroES (Nishihara
et al., 2000). Overproduction of the bi-chaperoystesn ClpB/DnaK could completely
reverse the IB-like aggregates identifiediipoH mutant cells after temperature upshift
(Tomoyasu et al., 2001). Co-overproduction of CIpidK or IbpAB might help to
increase the amount of native protein. The resbhation of proteins from IBs was

mediated by the disaggregating activity of ClpB/Rr{€arrio and Villaverde, 2001).

Overproduction of molecular chaperones inside tyst bell can be obtained by
introducing extra copies of chaperones encoding@gémo the host cells together with
the target genes (Mogk et al., 2002). Cells catrdresformed with several plasmids
which encode chaperone or the target gene undémtby a promoter to ensure
appropriate co-expression of those genes (De Metrab, 2004) (Fig. 1).
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A)

trigge
factor

misfolded
inclusionbody

B)

Is h
aggregate (8 OF

~~ ]

Fig. 1: Biotechnological production of recombinanfprotein without (A) and with

(B) optimized amounts of chaperonesA) Without sufficient amounts of chaperones
the recombinant protein is high aggregation anthfinclusion bodies. B) The
controlled co-overproduction of molecular chapesotogiether with the target protein
leads to increased levels of the properly foldedmnebinant protein.

Pregis a regulatable promoter, for example, isopropsthidgalactopyranoside (IPTG)
controlled. (Mogk et al., 2002).

However, the beneficial effect of chaperones mayedd on the target proteins and on
the level and mixture of chaperones provided. Nafrtbe individual chaperones could
prevent misfolding of all proteins (Mogk et al.,0&). The success of chaperone co-

overproduction depends on the relative affinitiethe chaperone system to the folding
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intermediates and the folding and aggregation lkiaetf such species (Schlieker et al.,
2002).

1.1.2 Protein secretion pathways in  Escherichia coli

1.1.2.1 Pathways of disulfide bond formation in pe  riplasm

In the cytoplasm ofE. coli, disulfide bonds are rarely found due to the rauyc
environment of this compartment. In contrast, tegtasm contains a family of
proteins that catalyze disulfide bond formatiomawly translocated proteins. These
proteins belong to the disulfide oxidoreductaseld’Tfamily (DsbA, DsbB, DsbC,
DsbD and DsbG) (Missiakas and Raina, 1997; Beseetk, 1999; Messens and
Collet, 2006). Most periplasmic Dsb proteins camtathioredoxin fold and a catalytic
CXXC motif. Depending on the function of the Dslofgin, the CXXC motif is kept in
the reduced form (Dsb-(Skiwith a dithiol) or in the oxidized form (DshySwith an
intramolecular disulfide bond). The Dsb proteins iawvolved in two major pathways:
an oxidation pathway (DsbA and DsbB) and an iscmaéion pathway (DsbC, DsbG,
DsbD) (Messens and Collet, 2006).

The oxidative protein folding pathway

In the Dsb family, DsbA is the most important thisiidase in the periplasm. DsbA is a
monomeric protein of 21.1 kDa. ThsbAgene contains a characteristic Cys30-Pro31-
His32-Cys33 catalytic motif (Bardwell et al., 19%artin et al., 1993)in vivo, DsbA
functions as an oxidant (Kishigami et al., 1995 eweasn vitro the protein acts as

both an oxidant and a sulfide bond isomerase, akpgmon the redox state of the two
cysteines in the protein. Oxidized DsbA containimg Cys30-Cys33 disulfide bond
with a redox potential of — 120 mV is a strongttoxidant which promotes disulfide
bond formation rapidlyn vivo andin vitro (Zapun et al., 1993\ slund et al., 1997;
Huber-Wunderlich and Glockshuber, 1998).

DsbA is released in the reduced form after transféis disulfide bond to a target
protein. To function as a catalyst in a new oxilaitycle, DsbA needs to be
reoxidized. This reoxidation is accomplished byitireer-membrane protein, DsbB.
DsbB is a 20 kDa protein that is predicted to hHave transmembrane helices and two
periplasmic loops. Four conserved cysteines aenged in the two loops: Cys41 and
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Cys44 in the N-terminal loop and Cys104 and Cydfh3@e C-terminal loop. After the
reoxidation of DsbA, DsbB needs to pass the elastibgained from DsbA to an
acceptor. DsbB is a unique enzyme that has thiyataluse the oxidizing power of
membrane-bound quinones to generate disulfide dentbvo. DsbB can transfer
electrons between quinines, and DsbA is extrermagidiy oxidized (Messens and
Collet, 2006).

The protein disulfide bond izomerization pathway

In vivo, the disulfide bond formation catalysts regulantyoduce non-native disulfides
into proteins with more than two cysteins Hncoli, the system rescueing misfolded
proteins is composed of two periplasmic disulfieéed isomerases, DsbC and DsbG — a

homolog to DsbC, and a membrane protein DsbD.

DsbC is a homodimeric protein with two 23.4 kDawits. Each subunit contains four
conserved cysteine residues. Only two of them (8ysfl Cys101), arranged in a
CXXC motif, are essential for the oxidoreductasiviyg of the protein. DsbC
promotes the rearrangement of non-native disulfimied in a number of proteins e.g.
bovine pancreatic trypsin inhibitor, RNase, tisgyee plasminogen activator (tPA) and
urokinase with multiple cysteine residues (Kadaketral., 2003). Therefore, incorrect
disulfide bonds in proteins can be successfullyesied by DsbC. Although DsbA and
DsbC have some similarities in the redox propediss structures, the active site of
DsbC is kept reduced in the periplasm, in conti@&sbA (Kadokura et al., 2003;
Messens and Collet, 2006).

A second protein disulfide isomerase, DsbG, isgmem the periplasm. DsbG is a 25.7
kDa protein that forms a dimer and has two conskcoysteine residues, Cys109 and
Cys112, which are present in a CXXC motif (Bess€tto, Gilbert, Georgiou, 1999).
DsbC and DsbG have a similar redox potential wisdh the range between -126 mV
and —-129 mV). Like DsbC, DsbG is able to correat-native disulfide bonds both
vitro andin vivo. However, the major difference between DsbG anoDis probably

their specificity (Messens and Collet, 2006).

The disulfide isomerases, DsbC and DsbG have tedigced in the oxidizing
environment of the periplasm. The protein thaesponsible for maintaining DsbC and
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DsbG in the reduced state is the inner-membraneiprdsbD. DsbD is a 546 amino-
acid protein and has three different domains: Miteal periplasmic domain (Dshi), a
transmembrane domain with eight transmembrane sggriesb}) and a C-terminal
domain (DsbD). Each domain includes a pair of cysteines thaeasential for protein
activity (Stewart et al., 1999). The function oftiDsis to give electrons to the
periplasmic protein disulfide isomerases DsbC asd@®In vivo andin vitro DsbD
itself receives electrons from cytoplasmic thionddoThe mechanism by which DsbD
transfers electrons across the membrane is stilean Experiments vivoandin vitro
show that electrons are transferred via disulfidedoexchange reactions between the
three domains (Messens and Collet, 2006).

1.1.2.2 Translocation pathways for protein secreti  on

There are three pathways which are involved irstf@etion of proteins via the
cytoplasm of bacteria: the Sec-dependent, sigialgration particle (SRP) and Twin-

arginine translocation (TAT) pathway.
Sec-dependent pathway

Generally, inE. coli, most of proteins synthesized in the cytoplasmramature

proteins are found in the outer membrane or pexipia space. These premature
proteins contain a signal sequence including atgeB0 specific amino acid sequence
e.g. PelB, OmpA, PhoA, endoxylanase, and Stllaliatvs the proteins to be exported
out of the cytoplasm via the Sec pathway. Durimag$port of proteins out of the
cytoplasm, the signal sequence is cleaved by sjggyatidase to form the mature protein
(Choi and Lee, 2004). The process that brings thesteins to the periplasm is called

secretion.

Protein export through Sec pathway is post-traizsiat. The SecYEG complex is
necessary for proteins to be translocated in tg#ngplasmic space. Mature proteins
must be in unfolded or partially unfolded conforionatbefore targeting to the SecYEG

pore (Georgiou and Segatori, 2005; Santini etLab8).
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SRP pathway

In contrast to Sec dependent pathway, export depréhrough SRP pathway is co-
translational. Premature proteins are not expdde®RP pathway due to protein
synthesis is arrested until the ribosome contadts te secretion pore. In general, the
SRP pathway was used for membrane proteins and beuliseful for secretion of
prone aggregated proteins in cytoplasm when exgpaiteSec pathway. This may
avoid the accumulation of many preproteins insigedytoplasm (Georgiou and
Segatori, 2005).

TAT pathway

The TAT system is a Sec-independent pathway (Saetted., 1998). Whereas
preproteins that have not reached a native confismaan be secreted by the Sec
pathway, the TAT system can directly transfer fdlgeoteins into the periplasm by
employing a particular signal peptide containingven-arginine sequence (Baneyx and
Mujacic, 2004; Choi and Lee, 2004, de Leeuw etZ8l02, Delisa et al., 2003; Stanley
et al., 2000). However, TAT system has some dralhdae to relatively slow protein
transport as the translocation reachs maximum kftet 10 minutes (Santini et al.,
1998) and the secretion is rapidly saturated (Baeteal., 2003).

1.1.3 Engineering of periplasmic protein folding pa  thway

The periplasm, an oxidative environment contairardisulfide bond formation
machinary, is suitable for synthesis of proteingwmultiple disulfide bonds. A number
of studies on coproduction of Dsb proteins havenlmmaducted to increase the yield of
the recombinant proteins with multiple disulfidendg. Either DsbA or DsbC can
double the yield of periplasmic insulin-like growfdrctor (IGF)-1 inEscherichia coli
(Joly et al., 1998). DsbA is essential for foldmfignany proteins, i.e. BPTI, hirudin;
lactalbumin, alkaline phosphatase, bovine riboraggeA, human proinsulin (Winter et
al., 2000). However, overexpression of DsbA couity increase yield of native
heterologous proteins as reduced glutathione (Whinodeand Glockshuber, 1993) or L-
arginine (Winter et al., 2000) were added to thengh media.
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Coexpression of DsbC is found to significantly eese the formation of active length
tissue-type plasminogen activator (tPAErcoli (Qiu et al., 1998). Horseradish
peroxidase (HRP) production was increased sevédalfmon overexpression of at least
disulfide-bonded isomerase DsbC. Maximum transionaif HRP to the periplasm
probably require overexpression of all DsbABCD pnas$, suggesting that Dsb proteins
assist folding and translocation of HRP (Kurokawalg 2000). The soluble and
functional single-chain Fv antibodies (scFv) ygeld increased from about 50% to 90%
as the fused protein DsbG-scFv was co-expressadtameously with DsbC under the

same promoter (Zhang et al., 2002).

Although eukaryotic proteins are oxidized comphtyen secreted to the periplasmic
space oE. colivia Sec-system, they often fail to form the progisulfide linkages.

This is a major problem in the commercial exprassibtherapeutic active eukaryotic
proteins. Many heterologous proteins containingtiplel disulfide bonds synthesized in
theE. coliperiplasm often lead to protein aggregation asrtberrect thiol groups
become linked even in the presence of the stroogdkidase DsbA and disulfide
isomerase DsbC. Therefore, another strategy hasdm®oached to optimize folding in
the periplasm using folding catalysts and chapeso@eproduction of the cell envelope
chaperone - periplasmic peptidylprobys,transisomerase (PPlasekpA improved the
yield of a wide range of functional single chairibodyfragments scFv in the
periplasm ofE. coli, in some cases, 10-fold (Bothmann and PlickthQ@0® The
production of recombinant penicillin acylageAC) in the periplasm is significantly
increased by the presence of the periplasmic Hematksprotein DegP (Lin et al., 2001;
Pan et al., 2003) and by DegP and FkpA (Wu e28Dg). Another cell envelope
chaperone Skp enhances periplasmic scFv fragmBatsrGann and Plickthun, 1998;
Hayhurst and Harris, 1999). Cosecretion of DnaJhead shock protein Hsp25
increased the yield of native tissue-type plasmamogctivator (rPA) up to 170 and 120-
fold, respectively (Schaffner et al., 2001). In thev report, yields of a functional anti-
domoic acid single-chain fragment variable (schuw)dy fragment from the
Escherichia colperiplasm were increased by up to 100-fold upeproauction ofE.

coli DnaKJE molecular chaperones (Hu et al., 2006)eRtbyg, by concomitant
overexpression of DsbA, DsbC and the periplasmptigg@prolyl cis,transisomerases

with chaperone activity, FKpA and SurA improves fibiding of recombinant proteins,
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human plasma retinol- binding protein (RBP) and hordendritic cell membrane
receptor DC-SIGN, in the periplasmBfcoli (Schlapschy et al., 2006). In recent report,
native tPA and truncated tPA (vtPA) produced inliedich fermentation was enhanced
by using the Twin-Arginine Translocation (TAT) sgst. By fusion of the Tat-
dependent TorA signal peptides (ssTorA) with tPABA, both ssTorA-vtPA and
ssTorA-tPA were secreted in the periplasm in adove at high levels without the
assistance of DsbC (Kim et al., 2005).

Secretion of proteins into the coli provides several advantages over cytoplasmic
production. First, the N-terminal amino acid sequeewithout the Met extention of the
secreted product can be obtained after cleavateedfignal sequence by a specific
signal protease. In addition, there are fewer pis#e in periplasm than in cytoplasm
and many of them have specific substrates. Alsat miosecreted proteins contain
essential disulfide bonds that are required foremrstructure formation in the
extracellular oxidizing environment (Pavlou and ¢Reirt, 2004). In principle, in small
scale, production of periplasmic proteins can alsse the purification due to fewer
contaminating proteins in the periplasm. Howeveeré also are some problems
including: incomplete signal sequences, low or tectable amounts of recombinant
protein secretion despite correct signal sequeresicient export of protein due to its
highly hydrophobic membrane, incorrect disulfidenbaespite presence of Dsb
enzyme resulting in formation of aggregate and NBsvertheless, the problems can be
solved using different promoters, signal sequermed,host strains under various
culture conditions e.g. low temperature or manipagpperiplasmic chaperones (Choi
and Lee, 2004).

Production of periplasmic proteins with high yietstained by high cell density
fermentation using suitable expression system$bas well reported in the literature
(Chen et al., 2004; Choi et al., 2000; Joly etZ998). By choice of suitable strain,
growth conditions and fermentation parameters, ieasonable to expect yields in the
gram-per-litre range for a number of heterologoudgins, provided that these proteins
are compatible witle. coliexpression and folding machineries (Georgiou aggh$ri,
2005). AlthougtE. coliis well to grow high cell densitites, the limitisgbstrate supply
during the fed-batch phase of high cell densityications and crowding can be a

challenge to the vitality of the bacterial cellndmber of problems could be raised
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during high cell density cultivation, for instanceEcreased substrate uptake abilities,
cell lysis, metabolic burden to the host cell raaglstress responses, leakage of

recombinant proteins into environment (Rinas anéfriann, 2004).
1.1.4 Strategies for releasing recombinant proteins to the culture medium

Sometimes, periplasmic proteins (especially snralilgins) can be released into the
culture medium due to an increased permeabiligudér membrane during long
incubations. The “leakage” of the proteins from pleeiplasm to the culture medium is
the result of compromsing integrity of the outemnieane. However, the precise
mechanism responsible for the translocation ofginstover the outer membrane is not
well understood and probably relates to the natfiroteins (Shokri et al., 2003). The
leakage of periplasmic proteins to the culture medshould be distinguished from
total cell lysis which must generally be avoidea do the release of intracellular
proteins. Nevertheless, leakage of overproduceetsetproteins into the culture
medium is sometimes associated with the loss a@ingeforming ability or even

followed by whole-cell lysis. These problems carpbevented by using weaker
promoters, mutagenesis in the primary sequendeeadterproduced protein targeted to

the periplasm, or specific feeding protocols (Riaad Hoffmann, 2004).

The major advantages of recombinant protein pradoiéh the culture medium
compared to secretion into the periplasm includarglification of downstream
processing as outer-membrane disruptio&.obli cells is not required, less intensive
proteolysis by periplasmic proteases (Choi and R864). However, extracellular
production also has some drawbacks due to reldag@rdended proteases and protein
dilution. In terms of product recovery, no specstcategy was used to recover the
protein from culture medium (Shokri et al., 200B)erefore, this may be obstacles for
high scale production of proteins.



Introduction 14

Strategies for secretory production of recombiaateins byE.coli are shown in Fig.
2.

A OmpF fusion protein C

Leaky 1l brotei Co-expression of D

(‘)"a }t'(SI;: zml"m} the kil, tolAIIN  out or Hemolvsin
smotic Shoc BRP gene " ; .

Freezing and Thawing seles transport system
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& & Extracellular
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Fig. 2: Strategies for the extracellular productionof recombinant proteins byE.
coli. A Recombinant proteins can be excreted into then@ithedium by treating cells
with various agents or by using L-form celBRecombinant protein fused to outer-
membrane protein F (OmpF) Bf colican be excreted into the culture medi@n.
Proteins secreted into tie coliperiplasm can also be released into the cultuiume
by co-expression dil, outgenes, the gene encoding the third topologicalaiorf the
transmembrane protein TolA (TolAlll), or the badbein-release protein genb.The
target protein fused to the C-terminal hemolysieragon signal can be directly
excreted into the culture medium through the hesioltyransport system (Choi and
Lee, 2004)

There are a number of methods which have beentasathance the export of

recombinant proteins in culture supernatant.

For the first method, the mechanical, chemical emdymatic treatments using
ultrasonography, guanidine, Triton X-100, polyetng glycol, lysozyme may break the

outer membrane and cell wall Bfcoli, therefore, affect the leakage of proteins int® th
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environment. However, this method is not applicdbteproduction in large scale
(Shokri et al., 2003).

Besides that, another method is to fuse the tgngéein to a carrier protein (hemolysin)
which is normally secreted into the medium or fwratein (OmpF) expressed on the
outer membrane (Fernandez et al., 2000; Jeong e®d2002; Li et al., 2002; Nagahari
et al., 1985).

Also, periplasmic proteins can be released intacthire medium by co-expression of
thekil gene (Kleist et al., 2003; Miksch et al., 199702)) or the gene coding for the
third topological domain of the transmembrane prot®IAlll. Overexpression of
TolAlll and a modified form of R-lactamase with t@enpA signal sequence led to the
release of most periplasmic proteins and 90% o#thiwe enzyme into the culture

medium (Wan and Baneyx, 1998).

Moreover, the extracellular production of recombinaroteins (Fu et al., 2003; Lin et
al., 2001b; van der Wal et al., 1995) fr&rcoli can also be promoted by bacteriocin
release protein (BRP) which is a small lipoprotantaining 28 amino acid residues.
So far, the exact mechanism of BRP is not knowmady function as a precursor with a
signal peptide and is secreted across the inneromara and then is transported into the
outer membrane. There, BRP activates the outer masmalphospholipase A leading to
the formation of permeable zones in the cell erpelihat proteins can go through and
be exported into the medium (Luirink et al., 1988y.modification of the BRP protein,
the growth inhibition, cell lysis or contaminatipgoteins which are accompanied with
the wild type BRP can be avoided (van der Wal t18198).

Another method is to use wall less cells or L-farefis for the extracellular production
of recombinant proteins (Kujau et al., 1998; Rippmeat al., 1998). These L-forms are
spherical cells derived by mutation and have besenl wo produce antibody fragments
in a complex medium. However, this system is ndaable for industrial high cell
density production without additional developmenrtsstability and medium
optimization (Shorki et al., 2003) due to the liaditmechanical stability of the L-form
cells.
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1.1.5 Effects of cultivation conditions on the tran slocation of recombinant

proteins to the culture medium

Although genetic optimization of production strahress been well investigated, few
research on processes designed for secretory grodueas developed. There is some
research investigating effects of environment comals such as medium formulation
and cultivation process parameters for export obmgbinant proteins to the growth

medium.

The compositions of the growth medium have a largeact on the function of the cell
membrane. The presence of sodium chloride affeet®titer membrane structure in the
stationary phase of the cultivation. The divaleattans such as Mg and C4&" are
important for transport of compounds through thenbne. They can block the pores
of the outer membrane leading a reduction of taesport of lysozyme and other
molecules over the membrane (Shokri et al., 2088)ino acids supplemented to the
medium have an influence on the membrane struciime leakage of human growth
hormone is higher in a medium supplemented witlmw@so acids than in a minimal
medium (Hsiung et al., 1989). The secretion ofglasmic protein cytochrome b5 and
its discharge into the medium are stimulated byitamdof glycine to the growth
medium (Kaderbhai et al., 1997). Furthermore,dditeon of 2% glycine or 1% Triton
X-100 to the medium delayed formation of inclusbmdies in the periplasm and

obviously promoted the production of extracelll#d& fragment tumor necrosis factor
alpha fusion protein (SFV/TNf—L)to 170 fold (Yang et al., 1998). It is believérht

glycine can enlarge spheroidal morpholog¥ircoliand may break peptidoglycan

cross-linkages and cell membrane integrity.

Changes of physical parameters e.g. temperatureagridtion and medium composition
influence composition of the fatty acids in thelself E.coli (Knivett and Cullen, 1965).
Since these fatty acids play an important roléafunction of the inner and outer cell
membranes, these changes affect the translocdtfoteins over the membrane
(Arneborg et al., 1993). Temperature has a majeceéspecially on protein
translocation. A reduction of temperature redubestitansport of proteins resulting in
difficulty of leakage improvement due to the memmarahanges from a liquid-

crystalline bilayer to a more-ordered gel phasadior alkaline media increase or
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decrease the amount of cyclopropane acids in tleafeE.coli, respectively. This
probably influences growth rate during acetic doidnation. Partial pressure of carbon
dioxide affecting membrane fluidity is also an imaat factor. High aeration
conditions reduce the amount of carbon dioxidénenrhedium leading to structural
changes of the membrane. This increases the ambawtlic fatty acids and improves
the rigidity of the membrane (Shokri et al., 2003).

Growth rate is also an important parameter in thiBvation process. The cell
membrane becomes more rigid as the cultivationhexdthe stationary phase and the
growth rate declined. Only at relatively low gréwhtes, a reduction in

phosphatidylethanolamine is accompanied by an aserén phosphatidylserine.

There is a strong coupling between protein traradlon and the amounts of lipid acids
in the both membranes. The coupling is especialbted to the amounts of acidic
phospholipids and unsaturated fatty acids of theliirmmembrane. Increased amounts of
phosphatidylglycerol enhance protein translocati®herefore, cultivations under
changing glucose limiting conditions can alter skreicture of the both membranes
causing protein leakage of periplasmic proteinthéoculture mediur(Shokri et al.,

2002; Shokri et al., 2003; Dresler et al., 2006).

1.2 State of the art on the quantitative determin  ation of IBs and other

biological particles
1.2.1 Methods for detection of biological particle size

Production of soluble recombinant proteins freroli often faces up with formation of
insoluble protein aggregates or IBs. For biologamalysis, to obtain a quantitative
evaluation of the formation level, particle sizeB$§ needs to be determined since the
measurement of their solubility is inapplicable eTtbllowing techniques have been
used so far for the charaterization of IBs inclgdatectron microscopy, centrifugal disc

photosedimentation (CDS).

Electron microscopy has been used to measure |Bscofi (Bailey et al., 1995; Moriya
et al., 1991). From the obtained micrographs, tedldBs of Tumor Necrosis Factar-

from the cells were found to be relatively sphdnghich have an estimated size about
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0.5 um (Moriya et al., 1991). However, this metihad some limitations due to a
difficult estimation of size distributions from tinenicrographs and the unclear effect of

the preparative procedure on the biological samples

CDS has been used to determine the size distribofitBs (Middelberg et al., 1990;
Taylor et al., 1986; Thomas et al., 1991). Howethgs method is sentitive to particle
extinction and baseline. Therefore, it is suitdblesize of particles bigger than 0.4 um
(Middelberg et al., 1990). Moreover, due to unknayptical extinction coefficient of
the IBs, this parameter was referred from the caefits of polystyrene latex spheres
since the extinction coefficient of the cell delaisd IBs is proposed to be similar to

that for polystyrene latex particles in water (Tayét al., 1986; Thomas et al., 1991).

Size of IBs has been typically measured by eleatnaroscopy and CDS indicated in
Table 3.

Table 3. Methods for detemination of IB size

Method IB protein Estimated IB size Reference
(Lm)
Electron |Human growth 0.17 Bailey et al., 1995
microscopyl hormone
Tumor Necrosis 0.5 Moriya et al., 1991
Factore
CDS pGH 0.15-0.45 Middelberg et al., 1990
y-interferon 0.81 Taylor et al., 1986
prochymosin 0.17
Porcine somatotropin0.4-0.5 Thomas et al., 1991

For measuring other biological particles e.g. delbris electron microscopy (Bailey et
al., 1995), CDS, photon correlation spectroscogy3JPor Dynamic Light Scattering
(DLS) (Agerkvist and Enfors, 1990) and electrioahsing zone (ESZ) (Wong et al.,

1997b) techniques have been applied. However, E&FHad employed to measure size
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distribution of yeast anBacillus cereuss inappropriate for measuring cell debris from

E.coli which has sizes below 0.5 um.

Besides that, many reports applying DLS for measusize of other biorelated particles
such as lipoprotein (O'Neal et al., 1998; Chou.e804), amyloid fibrils (Gorman et
al., 2003Kim et al., 2004; Nichols et al., 2005; Shen et H93), and soluble oligomer
of B-amyloid (Meyer et al., 2004), small aggregatemafate dehydrogenase (Schlieker
et al., 2004) have been published.

However, DLS is suitable for measuring sphericainomodal particles (only one peak
in size distribution of displayed graph) and readiy narrow sample widths (typical
polydispersities less than around 0.25). The teghlehas also some limitations if
sample is non-spherical, has a board size distoib@ind requires a multimodal
distribution analysis (Rawle, 1995). As abovemandi IBs of isolated.coli from the
cells are relatively spherical, thus, DLS is apgile to measure size distributions of
IBs. Since DLS is a rapid method, able to measwatenals without damaging or
altering them and requires a little sample prepamaRawle, 1995), in this thesis, this

technique was employed for measuring the sizeilligions of IBs.

1.2.2 Measurement of particle size distribution by Dynamic Light Scattering

The DLS technique relies on the random movementaoticles due to collosion with
the solvent molecules of the suspending mediumwBian motion). The particle size
is calculated from the translational diffusion damént by using the Stokes-Einstein
equation (Eq. 1) (Rawle, 1995).

KT

d(H)= 37D (1)

Where:

d (H) : hydrodynamic diameter

D : translational diffusion coefficient
k : Boltzmann’s constant

T : absolute temperature

n . viscosity
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Thus, the method is unsuitable for measuring spaaticles in a gas or if the motion of
the particles is not random. Also, if the partiches too large and are sedimenting, then
the technique is not applicable. If samples cordigiarticles which have different
sizes, the scattered light from big particles willamp the scattered light from the
smaller ones (Rawle, 1995). This may lead to wnasglts for the smaller particles to
be obtained. Therefore, the necessary of preparatathods must take into account to
get the meaningful data from DLS. In case parseldimentation is occurring during
measurement, a proper dispersion needs to be dpplie

Another important factor should be carefully coesetl is sample concentration. At
higher concentrations, size of the particles mgedd on the sample concentration
leading to two negative effects: multiple scattgramd particle-particle interactions.
Multiple scattering reduces the actual particle slae to the light is scattered by one
particle and then this one is scattered by angthdicle before reaching the detector.
Particle-particle interactions affect diffusion sdeand thus the apparent particle size.
To avoid these effects, samples must be routinglytly diluted and measured by a
conventional 90° detection angle DLS equipmenthis case, viscosity values of the
diluted samples need to be correctly estimated. é¥ew for many materials, such high
dilution may change the particle size charactesdtat lead obtained results not to be
meaningful. To overcome this limitation, non-inwasback scatter (NIBS) technology
has been applied in DLS to increase the concemtrdithits and sensitivity of the

technique (Kaszuba et al., 2004).

To get realiable results from DLS measurementfahewing factors must be
accomplished: dust on the glassware must be remewbant must be clean and
filtered, convection currents must be controllattsithey will interfere with the
Brownian motion, sedimentation of the particlesdse® be prevented by proper
stabilized dispersion, correct parameters of sanapie refractive index, temperature

and viscosity must be entered (Rawle, 1995).
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1.3 Objectives

The aims of the present work were: first, to depdlte optimal conditions for the
production of soluble heterologous proteins friarooli in different compartments:
periplasm, culture supernatant and cytosol, andregdo apply a new method (DLS)

for quantitative measuring size particles of IB®ider to evaluate the expression of the
protein in the cytosol d&.coli. In this study, the two model proteins: tissueetyp

plasminogen activator variant (rPA) andyjlucosidase were used for investigation.

1. The influences of coexpression of the periplasrhaperone protein and
fermentation conditions on the localization of theget protein (rPA) in periplasm and

culture supernatant were investigated.

Recombinant tissue-type plasminogen activ@tf) with 17 disulfide bonds consisting
of 5 domains: finger, 2 kringles, epidermal grovabtor-like and protease froEcoli
was produced in shake flask and bioreactor scaledtal., 1998). The production of
the short form of tPA known as tissue-type plasmearoactivator variant (rPA)
consisting of Kringle-2 and protease dom@nhnert et al., 1992) and containing 9
disulfide bonds was enhanced in the presence ofolecular additives including L-
arginine, glutathione in LB medium in shake fla8@chéaffner et al., 2001). Formation
or re-arrangement of tPA is enhanced by coprodanafdhe two periplasmic
chaperones: thiol-oxidase DsbA and the disulfidenisrase DsbC. Yield of the active
tPA was significantly increased by coexpressioDsiiC both in shake flask and in fed-
batch cultivation. However, high level coexpresambisbC was found to be very toxic
as growth of the culture decreased dramaticalliziwi8 to 4 h after induction (Qiu et
al., 1998). Therefore, effects of co-productiorbsbA, cultivation conditions (e.g.
temperature, pH medium, culture media) and a poesehadditives (L-arginine, redox
shuffling systems) on production of rPA in the p&asm of recombinari. coliand in
the culture medium were investigated. Besides thatinfluence of glycine and Triton

X-100 which are added to the medium to enhancat¥a rPA was also studied.

Although production of native rPA is enhanced bgitdn of low molecular additives
including L-arginine and glutathion, presence @firine impairsE. coli growth in the

media (Diez-Gonzalez and Karaibrahimoglu, 2004 gr&fore, this could be a
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challenge during fermentation using fed-batch stiats. The scale up of rPA
production in fed-batch cultivation on defined mediwas examined with respect to
the adequate cultivation strategy in the presehd#ferent additives to get high yield

of native rPA in the periplasm and culture supeanat

2. Asa-glucosidase was expressed in the cytosol, a newigue (DLS) using the
Zetasizer 3000 (Malvern, UK) was applied to detemrthe impact of production
conditions on the size of IBs afglucosidase in cytolasm &.coli and on the protein

solubility.

Size distributions of IBs af-glucosidase under various cultivation conditionshsas:
different media, temperature, batch and fed-battfivation at different temperature

were analysed by DLS.

By overproduction of several molecular chaperongs@naK and ClpB irkt. coli,
effects of those chaperones on aggregated praisimation, resolubilization ai-
glucosidase IBs and the relationoeflucosidase activity to the size of the IBs were

also studied.
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2. MATERIAL AND METHODS

2.1  Strains and plasmids

The strains and plasmids used in these parts aozided in the Table 4 below.

Table 4. List of thestrains used in this work

Strains Characteristics oui8e or reference

BL21(DE3) Invitrogen

MC4100 araD1394(argF-lac)U169 rpsL150 relAl Laboratory stock
floB5301deoC1 ptsF25 rbsR

MC41004ibpAB F. Banyeux

BB1553 MC410GinaK:: cm B. Bukau

Table 5. List of the plasmids used in this work

Plasmids Description Source or refeeen
pET20b_rPA pelBsignal sequence Schaffner et al., 2001
pUBS520_DsbA J. Winter
pKK177GlucP1 pBR322 derivative encoding the opKtzki et.al., 1989

a-glucosidase gene

pUBS520 pPpACYC177 derivative encoding  Brinkmaat al., 1989
thednaYgene andacl repressor
gene

pBB535 pl5Aori, spectinomycin B. Bukau
resistance, encodirdnad dnakK

pBB540 pSC10bri, chloramphenicol B. Bukau
resistance, encodirdpB, grpE
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The strailBL21(DES3) transformed with pET20b_rPA encoding eorabinant
plasminogen activator and pUBS520 DsbA was usethéoexperiments for rPA

production.

For inverstigation ofmpact of chaperones on the sizes of inclusiondxdfa-
glucosidase fronkscherichia colidifferent strains were obtained after transforovati

of the host strains with the plasmids (Table 6).

Table 6. List of the strains after transformation

Host strain plasmids Strain after transfation

MC4100 pKK177_GlucP1 control

MC4100 pKK177_GlucP1; puBS520 wild type

BB1553 pKK177 _GlucP1 pUBS520 dnaKmutant

MC4100 pKK177GlucPl; pBB535; pBB540; Hsps cofesgion
pUBS520

2.2. Molecular biological methods
2.2.1 Plasmid isolation
Plasmids were isolated froBcoli cells grown in 10 mL of LB medium overnight using

the QlAprep Spin Miniprep kit (Quiagen, Hilden)lfmhing the protocol of the

manufacturer.

2.2.2 Transformation of E.coli cells

2.2.2.1 Preparation of electrocompetent cells

LB medium were inoculated with 1 % of the overnighgculture and the culture was
incubated at 37°C on the rotary shaker at 140 A&tman ODyo of 0.5- 0.6, the culture
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was chilled on ice for 30min, centrifuged at 460§ and 4°C for 10 min. After
removing supernatant, cell pellets were washed #@atlreasing volumes of ice cold
10% (v/v) glycerol for 3 times. The volume of glyokof 3 time washing was 100%,
50% and 10% of the culture volume. Aferwards, tlashed cells were resuspended in
1mL of 10% (v/v) glycerol. Aliquots of 40 pL weréstributed into sterilized Eppendorf
tubes, frozen in liquid nitrogen and stored at -€30°

2.2.2.2 Transformation via electroporation

The electrophration process was conducted by GiseiPili (Bio-Rad, Minchen).
About 1-10 ng of plamid was mixed with a 40uL abtjof the electrocompetent cells
and transferred into a ready cold cuvette (0.2 ap).grhe electroporator was set at 25
uF, 200Q and a voltage of 2.5 kV. Immediately following pug, 1 mL of LB medium
was added to the mixture to promote growth of \eatadlls. The solution was incubated
at 37°C with moderate shaking at 650 rpm on an Ege thermomixer for one hour.
Afterwards, 100 pL of the cell solution was dirggtlated on LB agar plate
supplemented with appropriate antibiotics. The oésell suspension was spun at 5000
rpm for 1 min, 750 pL of supernatant was discardée cell pellets were resuspended
and plated on LB agar plates with the same anidsioThe plates were incubated
overnight at 37°C.

2.3. Cultivation media and conditions
2.3.1 Cultivation media

2.3.1.1 Complex medium

The Luria-Bertani (LB) medium consists of the feliag components in distilled water:
* Pepton from casein 10.0 g/L
* Yeast extract 50 gL
* NaCl 50 gL
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2.3.1.2 Defined medium

The composition of the defined medium (Korz et H95) is given below:

* Glucose 10 g/L
e MgSO 1.2 gL

e KHPO 13.3 g/L

e (NHg)HPO 4 g/L

» Citric acid 1.7 g/L

« Ferric (Ill) citrate 100.8 mg/L
* CoCbk*6 H,0O 25 mg/L
e MnCIx* 4 H,O 15 mg/L
* CuChk*2 HO 1.5 mg/L
* H3BOs 3 mg/L
*  NaMoO,*2 H,O 21 mg/L
*  Zn(CH;COO)*2 H,0 33.8 mg/L
 EDTA 14.1 mg/L

Stock solutions of appropriate antibiotics wereikted by filtration and aseptically
supplemented to LB agar, LB broth and defined nradadter sterilization. Final
concentrations of the antibiotics in the mediumeva00 pg/mLampicilline, 35 pg/mL

kanamycine, 50 pg/méhloramphenicol and 50 pg/mL spectomycin.

2.3.2 Cultivation conditions

2.3.2.1 Shake flask experiments

Shake flask experiments were conducted with sofffiereint procedures:

For periplasmic and extracellular production, 10 bid.medium or defined medium
with the appropriate antibiotics were inoculatethwli% over night preculture and
incubated at 30°C for 6 h to reach andgyof 0.6. After induction, temperature was

reduced to 24°C. 10 mL of 2 times concentrated L BIDF medium were added to 10
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mL of culture. At the same time, 10 mL additivecktsolution (consitsting L- arginine,
reduced and oxidized glutathione) was also addeedach final concentrations of 0.4M
L- arginine. Glutathione was calculated to getlfc@ncentrations of reduced and
oxidized glutathione at 0, 2.5 and 5 mM. InductdmPA was obtained by addition of
0.4 mM of isopropyl$-D-thiogalactopyranoside (IPTG). Specific and voaint rPA
activites were analyzed after 22 h of induction.

For cytoplasmic production of inclusion bodies,MD of LB medium
supplemented with appropriate antibiotics was iteted with a single colony. The
culture was incubated overnight on a rotary shak&0°C, 140 rpm. For the main
culture, LB or HDF medium with the same antibiotieas inoculated with 1% (v/v) of
inoculum of the overnight preculture. The main grdtwas incubated at 37°C, 160 rpm
to an ORp of 0.5-0.6. Synthesis ofglucosidase was induced by addition of 1mM

IPTG. Temperature was shifted to the temperatundisated in the result section.

2.3.2.2 Fed-batch cultivation

The first preculture on 10 mL LB medium supplemeniath the appropriate

antibiotics in a 100 mL shake flask was inoculatth a single colony from LB agar
plate and incubated on a rotary shaker at 30°Cydd0for 10 h. The second preculture
in the defined medium was inoculated with 1% (wf#3}he first preculture and
incubated for 14 h at 30°C, 140 rpm.

Initial concentrations of glucose used for batchgghwere 5 or 3@/L. The glucose and
MgSO, solution are separately sterilized at 121°C fon80utes and aseptically added
into the bioreactor after the other ingredientsengerilized inside the bioreactor. pH
value of the medium (without glucose and Mgp®as adjusted to 6.3 with 5N NaOH
before adding glucose and Mg&6to the bioreactor. After sterilization, pH of the
whole medium was controlled by 25% (w/v) NbH.

The feeding solution consists of 875 g/L glucoskeg2 MgSQ and trace element

solution which were autoclaved and mixed together.
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Trace element solution consists of:

* Feric(ll)citrate 40 mg/L
e« CoChL*6 HO 4 mg/L
e MnClx* 4 H,O 23.5 mg/L
* CuChk*2 HO 2.3 mg/L
« H3BO; 4.7 mg/L
* NaMo0O,*2 H,0O 4  mg/L
*  Zn(CH;COO)%*2 H,0 16 mg/L
« EDTA 13 mg/L

Cultivations starting at 6 L defined medium wereriea out in a Biostat C 10 (BBI B.
Braun Biotech International, Melsungen, GermanyhsPo of inoculum. The pH was
constantly controlled at pH 6.8 by addition of aoug ammonia and the dissolved
oxygen concentration (DO) was maintained at 40%iro$aturation. The cultivation
strategy is described in the scheme (Fig.3). Thtévation temperature was kept at

T growth after inoculation and was reduced tg.dat the time of induction () and
remained constantly before harvesting culture nmmaditg). In case of rPA production,
1.5 L of a stock solution of additives consistingiginine, reduced and oxidized
glutathion was added immediately before inductloduction of the recombinant

protein was conducted by addition of IPTG.

In the fed-batch cultivation, feeding was startédraglucose (§ was depleted as
indicated by a sharp increase of Bl decrease of stirrer speed. The feeding solution
was added into the bioreactor by a peristaltic pyye 101 U/R, Watson Marlow Ltd,
Rommerskirchen). Exponential feed profiles conéalby the DCU were used to keep

constant specific growth ratgss§) as given in the result chapter.
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Fig. 3: Scheme for fed-batch cultivationSy: initial concentration of substratese;
specific growth rate. glown: cultivation temperature before inductidig: time of
induction. Tq: temperature after induction,é: time at the end of the cultivation.
The volumetric feed rate was calculated from the2Eq

F :imsD( V4 :i[ﬁ Hloet + mj CXr (Vs @Xdﬂset[ﬁt _tf)] (2)
So So

XIS

Where

F:  feeding rate, (gh

S:  substrate concentration in the feeding solutigrg?)
gs:  specific substrate consumption rate, foghi})

X:  cell density, g !

V: volume, L

Uset:  Set point of the specific growth raté! h

Yxs: biomass yield coeffcient , (g%

me:  maintenance coefficient, (§'dv")

X, :  dry cell weight at the time of feeding start , (§)L

Vi:  volume at feeding start, L
t: cultivation time, h
[T time of feeding start, h

The outlet oxygen and carbon dioxide concentrati@su andCcozout , Were

continuously measured by Uras14 and Magnos16 ayeisa(BBI, Melsungen). The



Materials and Methods 30

volumetric carbon dioxide evolution rate (CER) aind specific carbon dioxide
evolution rate (g,) were calculated according to Eq. 3 and Eqg. 4.

1_ C 2in = 2i
CER = L[éccom E omn = Ceomn ©)
2241 IV — Cozout = Ccozout

e = CER'ODs0o 4)
Where:
CER: volumetric carbon dioxide evolution rate, (ol b
Q: outlet gas flow rate, (L'H
V: volume at feeding start, L

Cozout outlet oxygen concentation, (%)

Ccozout : outlet carbon dioxide concentation, (%)

Cozin : inlet oxygen concentation, (%)

Ceosin : inlet carbon dioxide concentation, (%)

Ofccz - specific carbon dioxide evolution rate, (mmat@D™ ht)
ODeoo: optical density at the wavelength of 600 nm

2.4. Cell disruption methods
2.4.1 Ultrasonication

Cell pellets corresponding to the sample volum¥ Qf,pie 3/0ODs00 ML were
resuspended in 580 pL of 10 mM potassium phosghdter pH 7 with 1mM EDTA.
20 uL of lysozyme (concentration of 1 g/L) was atldad the cell suspension was
incubated for 30 minutes at 4°C before sonicatith tihe sonicator (UP 200S
Ultraschallprozessor, Dr.Hielscher GmbH, Teltow) 26 seconds at 4°C, amplitude
50%, and cycle 0.5% By centrifugation at 13000 rpm for 20 min at 4f&oluble and

soluble fractions were separated.
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2.4.2 High pressure homogenization

For the experiments which needed large amountabfision bodies (IBs), cells were
disrupted by a high pressure homogenizer. 2 g ofcelebiomass was resuspended in
40 mL of Tris-HCI pH 7, 1 mM EDTA using the homogmsr Ultraturrax T25 (IKA-
Labortechnik, Staufen). After adding 3 mg of lyswey the cell suspension was
incubated on ice for 30 min. Then the cells wessugited by high pressure
homogenization in the homogenizer Gaulin Micron B&8(APV Homogenizer GmbH,
Lubeck) for 3 to 5 passages. For digesting DNA calelysate was incubated at room
temperature for 30 min after adding 100 pg of DB Aend 0.1 mM of MgGl 20 mL

of 60 mM EDTA, 6% Triton X-100 and 1.5 M NaCl pHwvas added to the cell lysate
and the cell suspension was further incubated@anB. The pellet was obtained after
spinning the suspension at 31000 at 4°C for 10 min. Afterwards, the pellet was
resuspended in 16 mL of 0.1 M Tris-HCI pH 7, 20 rBMTA by the Ultraturrax
followed by centrifugation. After repeating thiggtfor at least 2 times, the IB pellet

was immediately used or stored at —20°C up toesoreks.

2.5 Analytical methods

2.5.1 Cell density

Growth of cultures was monitored by measuring tbical density at a wavelength of
600 nm by a spectrophotometer (Ultrospec 3000,Raeia, Sweden). Sodium chroride
0.9% (w/v) NaCl was used as a reference. Samples dvieited to keep absorbance

values below 0.6.
2.5.2 Dry cell weight

For the determination of dry cell weight (DCW), L mf the culture supernatant was
added in triplicate to pre-weighed Eppendorf tudned centrifuged for 4 min at 13000
rpm and 4°C. After a subsequent washing step woQw/v) NaCl, cell pellets were

dried until constant mass at 60°C for at leastysda
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2.5.3 Glucose concentration

Glucose concentration was determined by the hegskilylucose-6-phosphate
dehydrogenase method (Kit No. 139106, Boehringemiiaim GmbH, Mannheim).
Culture supernant after centrifugation at 13000 gi°C for 5 min was heat at 80°C
for 20 min to deactivate enzymes. Samples werdeadilwith distilled water to have
glucose concentration in the range of 1- 100 mgAch sample was added in
guadruplicate onto a 96 well-microtiter plate. Atimnce absorption values of samples
before and after adding hexokinase/glucose-6-phaisptehydrogenase were measured
by the ELISA reader (TECAN, Sunrise Remote, Aujti@@Eucose concentrations were

calculated according to a standard curve estaldifioen glucose standard solutions.

2.5.4 Glucosidase activity assay

The soluble cell fraction obtained from 2.4.1 waedifora-glucosidase activitgssay.
The activity assay is based on absorbance kinati¢65 nm resulting enzymatic
cleavage op-nitropenyl-a- D-glucopyranoside (pNPG) lyglucosidase. The kinetics
of absorption was measured on the ELISA reader TEC3unrise Remote, Austria at
room temperature using pNPG (Sigma) as a subs&atwity of a-glucosidase was
calculated according to a standard curve estaldifioen differenta-glucosidase
standard concentrations.

The reaction volume in each well of an Elisa plages 250 pL including 2bL sample,
200puL phosphate buffer and 28 pNPG (stock solution of 20 mM).

2.5.5 Sodiumdodecyl sulfate-polyacrylamide gel elec  trophoresis (SDS-PAGE)

Sodiumdodecyl sulfate-polyacrylamide gel electrapb®s (SDS-PAGE) on 12%
polyacrylamide gels was carried out according &amdard techniques. Soluble protein
samples from a culture volume of 3/@PmL were resuspended in 100 of the

loading buffer consisted of 0.125 M Tris HCI pt8620 % (v/v) glycerol, 4% (v/v)
SDS, 5% (v/v) 2-mecarptoethanol and 0.02 % (v/eyphenolblue. Insoluble proteins
were first totally suspended in pl of 10mM potassium phosphate buffer, pH 7, 1 mM
EDTA before adding 5QL of the loading buffer. After incubation at 95°Qrf10 min,
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the samples were loaded on gels and run at 140 &aut 60 min in the running buffer
(0.025 M Tris, 0.192 M glycine and 0.1%(w/v) SDS).

The low molecular weight protein marker for eleptioresis (Amersham Biosciences,
Freiburg) from 14.4 to 94 kDa served as a standari@écular weight.

For staining, SDS gels were soaked in Coomassiwe dilution (see below) for at least

2 hours.

* Coomassive Brilliant Blue G250 (Roth) 1% (w/v)
* Methanol 40% (viv)
» Acetic acid 10% (v/v)
» Distilled water 50% (v/v)

Afterwards, the gels were destained using destgisatution containing 40% (v/v)

methanol and 10% (v/v) in water until protein babdsame visible and clear.

2.5.6 Extraction of periplasmic fraction

For periplasmic extraction, cell pellets corresgogdo the sample volume ofs¥npie
5/0Dspp ML were obtained by centrifugation at 13000 rpA€ for 20 min. The pellets
were washed with 1 mL of 0.9% (v/v) NaCl and thecuibated in the extraction buffer
consisting of 150 mM NaCl, 50 mM Tris pH 7.5, 5 niDTA and 1 mg/mL
polymyxine-B sulfate for 1 h at 5°C under shakind 200 rpm. Afterwards, cells were
separated from the periplasmic fraction by cengation at 13000 rpm at 4°C for 20

min.

2.5.7 Activity assay for rPA

Determination of native rPA on microplate was cactdd according to the modified
protocol with purified rPA as a standard (Schaffeeal., 2001). The periplasmic
fractions were diluted with 75 mM Tris buffer pH6#o have rPA concentrations less
than 2 ng/mL. For rPA activity measurement, 30 pgbohplasminogen and 48 pug/mL
of plasminogen stimulator (Chromogenix, Italy) wareubated with diluted rPA
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samples (periplasmic fractions). Kinetics of absode at 405 nm on the ELISA reader
at room temperature was measured after adding g/fbLLof a chromogenic substrate
Val-Leu-Lys-pNA (Bachem, Switzerland). The slopelué absorbance kinetics curve
against the square of the reaction time was deteirand converted into pug/L after

calibration using pure rPA.

2.5.8 Protein concentration

2.5.8.1 Bradford assay

Protein concentrations were determined accordirtigegrotocol by Bio-Rad
Laboratories (Munchen) for protein concentrati@sslthan 2fhg/mL. 800uL of
sample diluted in 10 mM potassium phosphate bufiidr7, 1 mM EDTA and mixed
with 200puL of dye reagent concentrate (Bio-Rad). After 5 wiincubation,
absorbance at 595 nm was measured versus blankeBssrum albumin (BSA) from
Bio-Rad was used as a protein standard.

2.5.8.2 Western Blot

For Western Blot, antibodies were dissolved in TB&er consisting 10 mM Tris pH
7.4, 0.154 M NaCl and 0.05% glycerol and 1% skirtkipowder. Proteins were
separated by SDS-PAGE at 100 V, 30 mA per onemggbéotted to a polyvinyliden
fluoride (PVDF) membrane at 140 V, 1mA perZmha blot for 2 h. Then the blot was
incubated overnight with 5% skim milk in the TBSfiem at 4°C. After rinsing 3 times
with the same buffer, the blot was incubated byp&ybnlL(w/v) of an anti-rPA
antibody from hen eggs, which was purified by af§ithromatography (Davids
Biotech, Regensburg, Germany) for 1h at room teatpez. Washing step was
followed by 50 mL of the buffer for 5 min and repedh 6 times. Afterwards, 0.2 pg/mL
(w/v) of an AffiniPure donkey anti-Chicken Ig¥ conjugated with alkaline phosphatase
(Dianova GmbH, Hamburg, Germany) was added an8lttevas further incubated for
1 h at room temperature. The washing step was pehbdae same procedure as after
incubation with the first antibody. For detectidnatkaline phosphatase, 0.125 mL of
Lumi-Phos™ WB (Perbio Science, Bonn, Germany) pef afthe blot was applied.

The blot was incubated for 3 min under subdued lifhe blot was exposed to X-ray
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film for 2 min. Images of the protein was developedevelopment solution for 20 s
and then fixed in a fixation solution for 10 s.

2.5.9 Separation of IBs by sucrose density gradien

Inclusion bodies in the cell lysateere isolated by sucrose density gradient. Step
gradients consisting of 35, 40, 45, 50, 55, 60 %unfose in 3 MM EDTA, pH 7.6 were
prepared by pipette. 0.5 mL of decreasing sucroeeantrations was carefully layered
in a centrifugation tube. Afterwards, 0.5 mL ofdBspension was added on the top of
the step sucrose gradients. After centrifugatioth@swing-out rotor ultracentrifuge
SW55 — Ti (Beckman Coulter L8- 60M) at 15000 rptg&C for 2 hours, different
fractions were carefully collected by a pipetteeTractions were dissolved with 3 mM
EDTA, pH 7.6 for size determination by Dynamic Ligcattering (DLS).

2.5.10 Detection of size of inclusion bodies by tasizer 3000

Buffers and sucrose solutions used for experimaets filtered through 0.22 pm filter
to remove dust. Refrection index of IBs suspensinr@3nM EDTA, pH 7.6 was
measured by the refractometer (ATAGO, serie NAR<Iapan). Sucrose concentrations
of the samples used for measurement were calcuiaedmeasured refraction index
values by the Handbook of chemistry and physicsa®et al., 1974). Relative
viscosity values of the sucrose in the samples wWetermined according to the standard
curve of relative viscosity of different sucrosencentrations (Fig. 4).



Materials and Methods 36

A B
1.6 0.8
— 2
> n =0.0011c” + 0.0223c + 1.0039 > 06 1 n= 0.000302 -0.0328¢ + 1.0675
= = 0.
w
2 2 04 1
()
g 1.21 E 0.2
© =
© )
e 1 T T 1 = O T T T T T T T 1
0 5 10 15 15 20 25 30 35 40 45 50 55
sucrose concentration / % sucrose concentration/ %

Fig. 4: Standard curve of relative viscosity of suose at low (A) and high (B)

concentrations.

Viscosity of the samples was calculated from thatiree viscosity of the sample and
viscosity of water at 25°C indicated at Eq. 5.

1 sample=11* Nwater (5)
Where:

1 sample:ViSCOsity of the sample used for DLS measurement

n: relative viscosity at 25°C

nwater: absolute viscosity of water at 25°4 € 0.8904)

The refraction index and viscosity values of eaaingle are the necessary parameters
which need to be entered of each measurement dfif®gdistributions by DLS. 1 to 2
mL of samples was transferred into a 10 mm squaaetzjsizing cell which was placed
in a sizing cell holder of the Zetasizer 3000, Maiy; UK. The instrument Zetasizer
3000 uses a 1MW helium-neon laser at a wavelength of 633 nmet&ght is
scattere@dnd detected at an angle of 90° by a photon detéidte intensity fluctuations
of the scattered light are converted into electcdses that are transferred to a digital
correlatorThe software of the instrument generates partizke fsom thecorrelator
function. Results are expressed as the Z-avertdgesize mean using the cumulants
analysis according to ISO 13321 International metfmr the study, all measurements

were performed &5°C, at automatic analysis mode in triplicate.
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Concentration of sample is an important parametemieasurement of particle size by
DLS. At high concentrations, the size reported mieyend on the sample concentration
due to multiple scattering and particle interactigRawle, 1995). Hence, protein
concentrations of the samples used for DLS measneneed to be analysed in order
to see at which concentrations, the apparent sigelependent of concentrations. For
measurement of an unkonwn sample, appropriate otmat®ns must be determined by
plotting sample concentrations against particle,suggested by the Application note
(Malvern, 2005). The correct measurement regiohlvilshown by the plot as a plateau
where the size is independent of concentration.

Initially, sizes of commercially available polys¢yre standard latex beads (Sigma) of
known diameter (100 and 310 navgre determined by the instrument unither
operating conditions described above. The typiea distribution curves of the latex
beads (Sigma) were shown in the Fig. 5A, B. Z-ayersizes of standard latex beads
with sizes of 100 nm and 310 nm after measuringgwé7.9 + 0.3 and 349 + 8.4 nm,

respectively. The results obtaimeatched the diameters indicated by the manufacturer

standard latex beads 100nm standard latex beads 310nm
50 50
40 A 40 A
— measurement 1 — measurement 1

S 304 — measurement 2 S 301 —— measurement 2
2 [ measurement 3 £ measurement 3
S 20 “‘ measurement 4 S 20+ I measurement 4
£ | £ |

10 // 10 |

0 T T T 1 0 / T T — T T 1
0 100 . 200 300 400 0 200 400 600 800 1000 1200 1400
size/nm size/nm

Fig. 5: Size distribution of the latex standard beds. . Z-average sizes of standard

latex beads with sizes of 100nm and 310 nm werected by the Zetasizer 3000,
Malvern, UK.
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3. RESULTS

3.1 Cultivation strategies for secretion and export of native rPA from

Escherichia coli

3.1.1 Effect of DsbA co-production and the additive on culture growth and rPA

activities

Recombinant plasminogen activator (Kohnert eti&l92) was synthesized and directly
secreted to the periplasmB$cherichia col{Schaffner et al., 2001). Production of rPA
was examined in shake flasks on complex mediunudtict 0.4 M arginine to enhance
folding into the active conformatid®chéaffner et al., 2001). The thiol-oxidase DsbA
was coproduced together with rPA.

To evaluate effects of the low molecular additisesPA activities, the DsbA co-
production strain was grown in shake flask in LBdmen with initial pH of 6.8 at 30°C
to an ORgp of 0.6. Stock solution was added to adjust a liremg concentration of 0.4
M, reduced and oxidized glutathione (GSH, GSS@) wiM, 2.5 mM, 5 mM each, and
an IPTG concentration of 0.4 mM, resulting in 3fditution of the culture. The cultures
were further incubated at 24°C for 22 h.

Growth of the cultures after adding the additivethwlifferent concentrations of
glutathiones was nearly similar and reached agygid about 4.8- 4.9.

The accumulation of rPA after induction was sloncsi very low activity of rPA could
be determined after 5h of induction (data not sHowherefore, samples were taken to
analyse activities at 22 h of induction. The spedttivity of rPA was highest as the
cultures were supplemented with 2.5 mM reducedoxidized glutathione (GSH,
GSSG) each, and reached about 0.22 pg/L/OD1. &fr gflutathione concentrations
(ratios of GSH/GSSH are 5/0 and 0/5), the rPA djmeactivity was 0.14- and 0.18
ng/L/OD1, respectively. Thus, the redox systemediiced and oxidized glutathione
had a little but reproducible influence on the gttowf the culture and rPA activity. An
equimolar mixture with 2.5 mM each of reduced ardliaed glutathione was

beneficial for accumulation of active rPA in thaipi&asm (Fig. 6).
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Fig. 6: Impact of co-production of modified disulfide isomerase and redox
conditions of the medium on growth and productionThe DsbA coproduction strain
was grown on LB medium, pH 6.8 at 30°C. At Eéabout 0.6, the culture was
inducted with IPTG=0.5 mM and grown at 24°C. Thdiaiddes composed of 0.4M L-
arginine, reduced and oxidized glutathione (GSH/GB®ith ratios: 5/0; 2.5/2.5; 0/5
(mM/mM) were added at the induction. Samples waken after 22 h of induction.

In order to test effects of DSbA co-production @mel components of the additives on
enhancement of disulfide bond formation, folding\aty of native rPA and the growth
of the bacteria on shake flask, the DsbA co-prddacitrain and control strain (without
DsbA) were incubated in shake flask in LB mediurthvimitial pH of 6.8, at 30°C to an
ODgoo Of 0.6. Afterwards, stock solution was added tstd_-Arg concentration of 0.4
M, 2.5 mM each of reduced and oxidized glutathiand an IPTG concentration of
0.4mM. The cultures were further incubated at 2822 h. Samples were taken at
22h after induction for analysis of rPA activitiesthe periplasm and culture

supernatant.

The results showed that highest periplasmic spegériplasmic volumetric and
supernatant activities of rPA were obtained adbleA co-production strain was
supplemented with 0.4 M L-Arg, 2.5 mM each of regllland oxidized glutathione

(Fig. 7).
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In case of DsbA co-production, periplasmic speaficl supernatant volumetric
activities of the cultures added with L-Arg andogdvere 1.69 and 10.83 fold,
respectively, higher than those of the culturesavgeipplemented with L-Arg.

Similarly, as the cultures were supplemented witly cedox system, the periplasmic
specific and supernatant volumetric activities we5 and 17.16 fold, respectively,
lower than those of the cultures were added wilhchmponents. Low molecular
additives showed a very obvious effect as the fssipic specific activity of the
cultures were added with L-Arg and redox system ¥&g5 fold higher than that of the
cultures without additive supplemetation. From géhessults, it is assumed that L-Arg
has stronger effect on the production of active tRa redox system (Fig. 7).
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Fig. 7: Impact of DsbA co-production and componentsf additives on rPA
production. The DsbA coproduction strain was grown on LB medipin 6.8 at 30°C.
At ODgqp about 0.6, the cultures were inducted with IPTG=+M and grown at 24°C.
Additives composed of 0.4M L-arginine; 2.5 mM S§ &M SH were added at the
induction. Samples were taken after 22 h of inaurcti

Interestingly, as also can be seen from Fig. fipalgh the control strain was
supplemented with L-arginine and redox system, yie#ds from periplasm and culture
medium of the control strain were 6.6 and 12.6 simosver than those of the DsbA co-

production strain without addtion of the additivelence, co-production of DsbA had a
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noticeable impact on the secretion of native rP#mperiplasm and especially on the

export of the active protein to the culture suptanga

Therefore, co-production of DsbA and low molecwadditive were essential for
accumulation of active rPA either in the periplasnmn the culture supernatant.

Also, to investigate the influence of the composevitthe additives on cell growth, the
experiments were conducted at the same procedutesasbed in the obove-mentioned
part (indicated in Fig. 7). During the first 8hinfluction, samples were taken every two

hours and at 24h of induction for optical densityasurement.

During cultivation, growth of the cultures supplertexl with full additives and with
only L-Arg was slower than that of the cultures@emented with only redox system
or without additives. At the end of the cultivatj@dDDsoo0f the cultures in the presence
of L-Arg reached approximately 4.0 compared tog6Df about5.0 obtained from the
culture without adding L-Arg. This indicates thaétgrowth was impaired during
production due to the addition of L-Arg, whereastgthione or production of rPA
without additives did not interfere with cultureogrth (Fig. 8).
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Fig. 8: Impact of components of additives on cellrgwth. The DsbA co-production
strain was grown on LB medium, pH 6.8 at 30°C. Al about 0.6, the culture was
inducted with IPTG=0.5 mM and grown at 24°C. Adeks composed of 0.4M L-
arginine; 2.5 mM SS; 2.5 mM SH were added at tdeigtion.
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3.1.2 Effect of pH medium, cultivation temperatures and m edia on culture

growth and rPA activities

3.1.2.1 Effect of starting pH of cultivation medium on culture growth and rPA

activities

Thiolate anions are necessary for formation angdaagement of disulfide bonds in the
cells. Therefore, the reaction rate depends oplthealue(Ruddock et al., 1996). To
study effect of the pH of the culture medium durinduction of rPA, the DsbA co-
production strain was grown in shake flask in LBdimen. pH of the medium was
adjusted to 4.8, 5.8, 6.8, 7.8 by HCI 10% and N&kDPb.
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Fig. 9: Impact of pH medium during induction on growth of the cultures and rPA
production. The DsbA co-production strain was grown in shaksKklin LB medium at
30°C. pH medium was adjusted to 4.8, 5.8, 6.8pby.BICI 10% and NaOH 10%. At
ODgoo about 0.6, the culture was inducted with IPTG=8M and grown at 24°C.
Additives composed of 0.4 M L-arginine, an equimahaxture with 2.5 mM each of
reduced and oxidized glutathione were added anthection. Samples were taken after
22 h of induction.
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When recombinant rPA was produced in the mediupHatalues of 4.8-6.8, the rPA
specific activity was roughly similar. Concominaatthe specific activity, OEoof the
culture were nearly the same and reached arouftér522h of inductionButat pH of
7.8,yield of the specific rPA was increased about IffdHowever, in such a basic
medium, growth was severely impaired. Very lowDf the culture of only about
0.44, 10 times lower than at other pH values waenlked. Consequently, the

volumetric rPA yield was enhanced only marginakig( 9).
3.1.2.2 Effect of cultivation media on culture gravth and rPA activities

From the previous results, a significant increds® specific activity was found as
culture incubated in LB medium with starting pH708. Thus, in this study, the DsbA
co-production strain was grown in shake flask in HBOF and yeast extract medium at
30°C. Initial pH of the medium was adjusted to By@NaOH 10%.

Highest and lowest specific activity of rPA wasabed as the cultures were grown in
LB and yeast extract medium, respectively. In HDé&diam yield of periplasmic rPA
was approximately half of yield obtained in LB maaii. Growth of the cultures on
yeast extract was severely impaired leading toxaremmely low yield of volumetric
rPA. Therefore, yeast extract medium was not slatdy rPA production due to low
activities and improper cell growth (Fig. 10).
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Fig. 10: Impact of different cultivation medium ongrowth of the cultures and rPA
production. The DsbA coproduction strain was grown in sha&ek] in LB, defined
(HDF) and yeast extract (YE) medium, at pH 7.8 aatiC. At ODy about 0.6, the
culture was inducted with IPTG=0.5 mM and growr24tC. Additives composed 0.4
M L-arginine, an equimolar mixture with 2.5 mM eawfireduced and oxidized
glutathionem were added at the induction. Samphkae waken after 22 h of induction.

3.1.2.3 Effect of cultivation temperature on cultue growth and rPA activities

Lower yield of native rPA was obtained as cultuswgrown in LB medium and
induced at 37°C compared at 24° and 30°C (Schéaf2@®0). Therefore, the DsbA co-
production strain was grown on LB medium only at@@nd 24°C at pH adjusted of
7.8. Temperature after induction was kept at 24/CQPh.

As culture grown at 30°C, higher specific activityan at 24°C was observed. At this
temperature, due to lower @fg, volumetric activity was roughly lower than at 24°
However, cultivation of the cultures at 24°C consdnmore time to get an appropriate
ODggp value to start inductiorlherefore, cultivation at 30°C was more benefitoal

cell growth and accumulation of native rPA in tlegiplasm (Fig. 11).
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Fig. 11: Impact of cultivation temperature on growh of the cultures and rPA
production. The DsbA coproduction strain was grown on LBmedipin,7.8 at 24°C
and 30°C. At Olgy about 0.6, the culture was inducted with IPTG=GM and grown
at 24°C. Additives composed 0.4 M L-arginine, aoiggplar mixture with 2.5 mM
each of reduced and oxidized glutathione were adtiéte induction. Samples were
taken after 22 h of induction.

Therefore, for scale-up to fed-batch cultivatioxperiments were performed in HDF
medium at pH value of 6.8, temperature before died sduction was 30°C and 24°C,

respectively.

3.1.3 Fed-batch cultivation strategy for rPA production

3.1.3.1 Effect of additives on rPA activity in feebatch cultivation

Fed-batch cultivations for rPA production were peried on defined glucose mineral
salt medium. After a short batch phase with anah@lucose concentration of 5 g/L, the
glucose feeding was started to maintain a spegitieth rate ofise;= 0.12 K. In order

to investigate effect of additives on enhanceménttive rPA production, when the
ODgoo exceeded 20, a solution of 1.5 L HDF medium cadedisf L-Arg and

glutathione was added to give final concentratioind.4 M L-Arg and 2.5 mM of each
reduced and oxidized glutathione, resulting indildtion of the culture. The solution
also composed only HDF medium for the experimesisguno additives, or only 0.4 M
L-Arg in HDF medium for the experiments using ohkArg. After adding the solution,
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temperature was reduced from 30 to 24°C. IPTG wds@to 0.5mM for induction of

recombinant gene expression.

Samples were taken after 40h of induction. rPAvéas in the periplasm were
analysed according to the section 2.5.7. For tla¢yais of rPA activity in the culture
supernatant, after removing cells from the samipjesentrifugation at 13000rpm/
3min/ 4°C, supernantant was diluted by 75 mM Tuffdr pH 7.5 and followed the
protocol in 2.5.7.
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Fig. 12: Impact of additives on rPA activities in €d-batch cultivation. Cultivation of
DsbA coproduction strain was conducted on HDF nradat 30°C. Batch phase started
with initial glucose of 5 g/L. Culture was induced 24°C, 0.5 mM IPTG after 1 h of
feeding started withg4=0.12 K". A solution of 0.4 M L-Arg, an equimolar mixture
with 2.5 mM each of reduced and oxidized glutateion1.5 L HDF medium was
added at the induction. Yields of rPA obtainedna periplasmA) and in the culture
supernatantR) are given relative to yields from the referengpegiment (without
addition of additives).

Periplasmic activity of the culture added with Lgfand redox system, and only with L-
Arg increased more than 123 and 2.4fold, respdgtittean that of the culture without
any additive supplementation (Fig. 12A). Whereaghér yields of native rPA in

culture supernatant as the cultures were addedthathdditives were obtained,
indicating that nearly 25 and 2250 fold increasewchgared to the yields of the
experiments using only L-Arg and no addivtivespezgively (Fig. 12B).
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Also, redox system has a remarkable influence eryigtlds of native rPA obtained

from the periplasm and culture medium. Comparetiedoatch without addition of

redox system (only L-Arg), yields of native rPAthe periplasm and culture
supernatant of the batches with addition of L-arggrand redox system increased about
50 and 87 fold, respectively.

Therefore, addtition of L-Arg and redox system coa&hhance the release of native rPA
into culture medium. In contrast to the result frehake flask experiment, redox system

played an important role on the secretion of rPA.

3.1.3.2 Effect of growth rates on the yield of # periplasmic rPA

The influence of growth rate during fedbatch cwatigns on the secretion of the product
to the periplasm was previously reported. At fese of 0.5 H, production of the
38kDa-product was enhanced by the translocatigdheoproduct into the periplasm.
(Bostrom et al., 2005). In this study, after aniahiglucose concentration of 5g/L was
depleted, feeding rates were chosen at 0.06, @d® 2 K. Induction was made during
fed-batch phase 1h after feeding starteds§@DPA activities in the periplasm were
analysed and shown in Fig. 13.

At the low feeding rate of 0.06hafter 40h of induction, nearly twofold lower @9
than at feeding rate of 0.12 tvas obtained (Fig. 13 A). Optical density of thétune at
the feeding rate of 0.12%was roughly higher than at feeding rate of 0.063imilar
pattern of the volumetric activity was observedhasoptical density pattern due to
specific rPA activity at the different feeding rat@as nearly similar (Fig. 13 B, C).
Hence, feeding rates aiming at specific growthsré@etween 0.06 and 0.2 did not

influence the specific rPA activity profiles.

rPA accumulation in the periplasm and culture sngimt was slow within 5-10 h and
20h after induction, respectively. However, a syeadrease of rPA activity for another
40 h was occured (Fig. 13B, C). After 40h of indaict rPA specific and volumetric
activities reached approximately 5-7 pug/L/§gand 300-500 ug/L, respectively.
Therefore, rPA synthesis should be induced earfpydtong production.



oD

Results 48

B jiset=0.06hL
® pget=012h71
A pget=02h1

>
w
O

80

[0}
|

600 -
°
. n
° ) A
60 o, O 6 AR A~ °
o’ .
° - o © -
a " = 400 -
3 ° o o o = i
40 e =4 = 0% 4
al = y - o A
o A n ) o O AL N
. S L’ < 200 -
n — .
0, 48 S 2 0. 2 :
“. 8_ o % .‘.A
® et %a
A,A A
0 : : : oW eA%AA : ‘ Y. S
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
indc h indc /h h

indc

Fig. 13: Impact of growth rates on cell growth and yields of the sected protein in
the periplasm. Cultivation of DsbA co-production strain was contkd on HDF
medium at 30°C. Batch phase started with initiacgke of 5 g/L. Culture was induced
at 24°C, 0.5 mM IPTG after 1 h of feeding startathwlifferent ;0f 0.06, 0.12 and
0.2 H'. A composition of 0.4 M L-arginine, an equimolaixtare with 2.5 mM each of
reduced and oxidized glutathione was added amithection.

3.1.3.3 Effect of specific growth rates and thertie of induction on the secretion
and export of the native rPA

Some research on the impact of growth rate on #mlmnane structure &. coliand
leakage of periplasmic proteins to the culture mextivas communicated (Shokri et al.,
2002; Shokri et al., 2003; Dresler et al., 2008¢-iduction growth rate resultsan
sharp maximum of secretion efficiencies (Curlessl.etl994). In order to test effect of
grow rates and the induction time on yields ofhactiPA in the periplasm and in the
culture supernatant, cultivations of DsbA co-prdeurcstrain were conducted on HDF
medium at 30°C. Culture was induced at 24°C withrAM IPTG after 1 h of feeding
started with different g of 0.06 and 0.12"h(fed-batch induction) and after 7 h of
inoculation (prolonged batch induction). Batch ghatarted with initial glucose of 30

g/L. A composition of 0.4 M L-arginine, an equimotaixture with 2.5 mM each of
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reduced and oxidized glutathione was added atithéction. Schemes for fed-batch

induction and prolonged batch induction are shawhig. 14.

Fed-batch induction Prolonged batch induction
4 Additives 4 Additives
| ST
Turo | Torowth A 4
ting d T
S) anodc t q prode t
en
\ Hset \,, Hset
duration /h duration /h

Fig. 14: Schemes for fed-batch induction and prolaged batch induction
cultivation. Sy: initial concentration of substratgse: specific growth rate is kept
constant. Jrown: Cultivation temperature before inductidig: time of induction. Jrod:
temperature after induction,§: time at the end of the cultivation.

3.1.3.3.1 Induction of rPA production during prolonged batcphase and fed-
batch phase at feeding rate4s& 0.06 h*

rPA productions in a prolonged batch phase and#tdh phase with a higher initial
glucose concentration of 30 g/L were evaluated.tR@mproduction of rPA prolonged
batch induction, the culture was induced at and@8f 8 during the batch phase.
Whereas, for the fed-batch induction, after Lhuibafeeding of glucose started, the

culture was induced at an OD about 44.

After addition of L-Arg, glucose consumption in moged batch cultures was slower
than in fed-batch cultures resulting in 12 h prdotucunder glucose excess conditions.
However, no glucose residue in the prolonged baidtures was detected after starting
feeding, whereas after approximately 30h of feedimgh glucose accumulation was
observed in the fed-batch cultures (Fig. 15B).
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Fig. 15: Comparison of induction of rPA productionduring prolonged batch phase
and fed-batch phase, jt= 0.06 h'. Induction took place at an OD about 8 during
prolonged batch phase (solid symbol, solid lines) a an OD about 44 and during fed-
batch phase (open symbols, dashed lines), 1hfa@iding started.

After glucose depletion, glucose feeding with @ m@fpse;= 0.06 i was started, and
growth continued for another 40 h, resulting innalf ODsgoexceeding 130 and 90 as
the culture were induced during prolonged batchfadebatch phase, respectively (Fig.
15A). The induction conducted during batch phaseareed constant specific CER of 2
mmol/ODsooh, whereas the specific CER declined after 25 inddiction as the culture
was induced during fed-batch phase (Fig. 15A).

During the first 12h after induction, little rPAegific activity was obtained from the
prolonged batch and fed-batch cultivation (Fig. 15he specific rPA in the both cases
reached a maximum of about 6 pg/L/§§ But the activity decreased subsequently

from the 28 h after induction when the inductiorswaken place during the prolonged
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batch phase. Whereas, the activity remained incrgas the case the induction was
conducted during fed-batch phase (Fig. 15C). Howeeaiplasmic volumetric activity
in the both cultivation strategies increased grigaand reached approximately 600
pg/L after 40 h of induction. Interestingly, in cparison to the cultivation with
induction during the fed-batch phase, nearly 4 simenative rPA was transferred to
the culture supernatant, corresponding to 1300 ,taglthe induction started during
batch phase (Fig. 15D).
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Fig. 16: Effect of glucose starvation on rPA produiion. Batch phase started with an
initial glucose concentration of 30 g/L, inductitmok place at an OD about 8. Glucose
was fed with ge= 0.06 K starting immediately after deletion of glucoseqosymbols,
dashed lines) or after a starvation period of 8fidsymbol, solid lines). (A) ORo
(square) and CER/OD (lines), (B) glucose feeding (ines) and glucose concentration
(symbols), (C) specific (squares) and volumetrialtgles) rPA activities in the
periplasm and (D) volumetric rPA activity in thelttme supernatant are shown. Time is
given relative to the time of induction.
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To investigate whether glucose depletion couldcaffiee product released to the culture
medium, prolonged-batch-induction cultivations ihigh the glucose feeding was

started with a delay of 3 hours were conducted. (E6J.

Growth of the cultures in the both cases was smasaafter 40h of induction resulting
in ODsgoo Of about 120. The batch which feeding started idiately after glucose
deletion specific CER maintained about 2 mmoligyd, whereas the specific CER of
the batch with a delayed feeding was little loveggund of 1.5 mmol/O§yh (Fig. 16
A).

After 40h of induction, specific and volumetric iatdies in the periplasm of the batch
with delayed feeding strategy was nearly 5 timegelothan those of the control batch.
However, volumetric activity of about 1300 pg/Ltire supernatant in the both cases
was obtained. Thus, the delayed feeding schemeresijted in low periplasmic,
whereas the volumetric activity in the culture su¢ant was in the same range as with
immediate feeding start (Fig. 16C, D). In otherexments, the feeding was started
before glucose depletion to maintain unlimited d¢bads, the rPA activity in both,
periplasm and culture supernatant were low (dataimawvn). Therefore, induction
during batch phase followed immediately by slowcgke feeding maximized the

overall production of native rPA in the periplasndaulture supernatant.

3.1.3.3.2 Induction of rPA production during prolayed batch phase and fed-
batch phase at feeding rate4& 0.12 k'

To investigate whether at higher feeding rate canfldence the accumulation of rPA
in the periplasm and the culture medium, cultivatigth induction at prolonged batch

and fed-batch phase at feeding rate of 0:1%vare conducted.

There was no different in growth pattern of thetund in the batch with induction in
fed-batch and prolonged batch phase. After 40hadiction, ORy of the both cases
reached approximately 120 (Fig. 17A). Only aftero2lglucose depletion,
accumulation of glucose in the cultivations indudeding fed-batch and prolonged
batch phase increased steadily and reached abautdb®0 g/L, respectively (Fig. 17
B).
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Fig. 17: Comparison of induction of rPA productionduring prolonged batch phase
and fed-batch phase, pt= 0.12 h'. Induction took place during prolonged batch phase
(solid symbol, solid lines) and during fed-batctaph, 1h after feeding started (open
symbols, dashed lines).
Periplasmic specific activity declined and reachbdut 2.5 ug/L/ORy after 30h of
induction as the cultures were induced during progéal batch phase. In contrast to the
cultivation with induction at the prolonged batdiege, periplasmic activity increased
gradually and reached approximately 4 pg/Lig@fter induction of 30h. About 400
g/ L of volumetric activity in the periplasm ofetiboth cases were obtained (Fig. 17

C).

At higher growth rate of 0.12*h after 40h of induction, volumetric activitiestime
culture medium of the cultivations with the indwoctiat the prolonged batch phase and
fed-batch phase reached about 800, 1600 pg/L,ctreplg. Nearly two times of native
rPA was accumulated in the culture supernatantiigre was induced during fed-batch
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phase compared to induction at prolonged batchephagontrast to low feeding rate of
0.06 K, induction of rPA during prolonged batch phaskigher feeding rate of 0.12
h™did not enhance the yield of rPA in the culture faed(Fig.17 D).

As can be seen from Fig. 18, in case cultures wnehgced at the batch phase, leakage
of the rPA into the culture supernatant was enhédnearly 2 times at feeding rate of
0.06 K' compared to at feeding rate of 0.12 (fFig. 18 A). But in contrast to prolonged
batch induction, at the feeding rate of 0.06 Yield of rPA in the supernatant was about
4 times lower than at the feeding rate of 0.1qFig. 18 B). Therefore, feeding rates

probably have a remarkable influence on the leakagative rPA into the culture

medium.
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Fig. 18: Comparison of the prolonged batch, fed-bah induction and feeding rates

on rPA activity in culture medium. Volumetric activity in the supernatant of the batch
with induction at prolonged batch phase (A), argtliztion at fed-batch phase (B).
Close and open symbols indicate feeding rate &t 0*and 0.06 H, respectively.

3.1.3.4 Localization of rPA during the productionprocess

To understand the transfer of the product intgpngplasm and culture supernatant,
cellular fractions were analyzed by Western Bl@mples were taken at different time
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after induction during prolonged batch cultivati&irgrowth rate of 0.06h By
ultrasonication, soluble fractions were separateohfinsoluble fractions. Periplasmic
fractions were extracted from cell pellets by poywine-B sulfate according to the

section 2.5.6.
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Fig. 19: Localization of rPA during the production process Western blot of (A)
samples of soluble protein fraction, (B) samplessbluble protein fraction, (C) cell
pellets remaining after extraction and, (D) pesphéc extract, (E) culture supernatant
after 13, 16, 20, 24, 28, 37, 40, 44 hours of inidac Lane S: purified rPA standard.

The product was detected in the soluble fractioos fearly time after induction (Fig.
19A), but could not extracted from the periplasng(E9D); instead, it remained in the
cells (Fig. 19C). From 16 to 24h after inductidme product was detected in the
insoluble fraction (Fig. 19B) indicating aggregatid\fterwards, the product could be
extracted (Fig. 19D) and was released into thaiceibupernatant, where it reached

maximum levels from 37 h after induction (Fig. 19E)

In addition, as can be seen from Fig.19, rPA ttheesame size in all fractions,
indicating cleavage of the signal sequence andgorptein export. Thus, the
aggregates probably were located in the periplddgtar 24h of induction, the
accumulation of the product was decreased in tha@uble fractions, cell pellets and

periplasm while an increase of native rPA was foumithe culture supernatant
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indicating a translocation of the active proteionir peiplasm into the medium (Nguyen
et al., 2006).

e Total protein of the culture supernatant

In order to understand the leakage of rPA in tigesnatant during fed-batch
cultivation could be a consequence of cell lysipratein translocation. Samples taken
from the prolonged batch and fed-batch cultivatimese analysed for total protein in

the supernatant and dry cell biomass.

3 g/ L(corresponding to the 2% of the protein in the kasRe) of total protein
concentration was obtained in the supernatant béttsh induction, whereas protein
concentration above 6 g/(torresponding to the 4% of the protein in the kase) were
reached with induction during the fed-batch phaserefore, the overall protein
concentration in the supernatant of the batch-iadwwilture was two times lower than

in the fed-batch-induced culture, showing no intiimaof extensive cell lysis (Fig. 20).

100
80
- 60

40

total protein /g L-1
DCw/gL-1

- 20

O P N W b~ 00O N

0 10 20 30 40
de/h

Fig. 20: Total protein in the culture supernatant and dry cdl weight. Cultivation of
DsbA co-production strain was conducted on HDF mnedat 30°C. Culture was
induced at 24°C with 0.5 mM IPTG after 1 h of feeglstarted with g 0f 0.06 K (fed-
batch induction) or at an QR about 8(prolonged batch induction). A composition of
0.4 M L-arginine, an equimolar mixture with 2.5 nédch of reduced and oxidized
glutathione was added at the induction. Black esc¢hdicate total protein and open
circles indicate DCW of fed-batch induction (sdiites) and of fed-batch induction
(dash lines).
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3.1.4 Impact of other additives e.g. glycine and Tr  iton X-100 on the secretion

and export of native rPA

Addition of 2% glycine and 1% Triton X-100 enhancedre than 170fold of native
extracellular FV fragment tumor necrosis factohalfusion protein (SFV/TNIE)

excreted into the culture medium (Yang et al., 2998 investigate effect of glycine
and Triton X-100on yields of rPA in the periplasm and culture snpéant, shake flask
experiments were conducted like the experimentsgusinly L-Arg and glutathione as
the additives. However, due to growth was inhibascultures were induced at €
about 0.6 in the presence of glycine and TritonG®,;Jinduction was conducted at an
ODsgpoabout 4. rPA activities in the periplasm, cultuspearnatant and OD of the
cultures were analysed and indicated in Fig. 21, 22

rPA activities in the periplasm and culture suptantwere proportional to
concentrations of of glycine and Triton X-100. e tpresence of lower concentrations
of these chemicals, lower yields of native rPA welbbéained. At 0.4M L-Arg and an
equimolar mixture with 2.5 mM each of reduced ardli@aed glutathione, rPA in the
periplasm and culture medium reached highest yigid®.6 and 100 ug/ L,
respectively. At concentrations of 0.25 % glycamal 0.125 % Triton X-100, rPA
concentrations in the periplasm and culture medifionly 0.46 and 11.75 ug/L,

respectively, were obtained although L-Arg andahibne were present (Fig. 21).

Interestingly, the absence of L-Arg or glutathiaméhe additives played an important
role in the accumulation of rPA. Although with thédition of 2 % glycine and 1 %
Triton, no active rPA was detected in the periplasmd the activity in the supernatant
was about 150fold lower compared to experimenth adtdition of both L-Arg and
glutathione (Fig. 21). With the presence of L-angén redox system, addition of 2 %
glycine and 1 % Triton X-100 to the culture afteduction, rPA activities increased not

only in the periplasm but also in the culture medliu
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Fig.21: Effect of glycine and Triton X-100 on rPA ativities. The DsbA co-
production strain was grown in shake flasks, inhBdium at pH 6.8 at 30°C.
Induction was conducted at an ggabout 4with 0.5 mM IPTG at 24°C. A mixture
composed of 0.4M L-Arg, an equimolar mixture with 1M each of reduced and
oxidized glutathione, and different concentratiohglycine and Triton X-100 were
added at the induction. Samples were taken aftér &2nduction.

Similarity to the activities, growth of the cultgsrdepended on concentrations of
additive components. In case the additives con$istArg and glutathione, when
concentrations increased from 1 to 2 % (glycine) @b to 1 % (Triton X-100), Ofgo
of the cultures declined from 5 to 4, respectivelyivalent of growth inhibition of
20%. However, growth was extremely inhibited asatiditives contain only 2%
glycine and 1% Triton X-100 but no L-Arg and/or glthione. In this case, growth of
E.colidecreased approximately up to 96% (Fig. 22). Tthespresence of L-arginine
and redox system is necessary for cell growth.
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Attempt to scale-up the production of rPA in bewr with the presence of glycine
and Triton X-100 was made but the results were eoessful due to uncontrolled

overfoam after adding Triton X-100 into the cultunedium.
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Fig.22: Effect of glycine and Triton X-100 on celgrowth. The DsbA co-production
strain was grown in shake flasks, in LB mediumttgo8 at 30°C. Induction was
conducted an Ofgpabout 4 with 0.5 mM IPTG at 24°C. A mixture compobsé¢ 0.4M
L-Arg, an equimolar mixture with 2.5 mM each of veed and oxidized glutathione,
and different concentrations of glycine and Tri¥#100 were added at the induction.
Samples were taken after 22 h of induction.
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3.2 Impact of chaperones on the sizes of inclusion bod ies of a-
glucosidase from Escherichia coli

3.2.1 Effects of measurement conditions by DLS ons  izes of the IBs
3.2.1.1 Effect of protein concentrations on IB size

A sample containing IBs which were isolated framsrese gradient method was
dissolved and diluted with 1mL of EDTA 3mM, pH @&s$ a dilution factor of 1.
Afterwards, the IB suspension (with dilution 1) wastinely diluted with the same
solution to get higher dilution factors. Sizes B§lin the sample at different dilutions
were measured by Zetasizer 3000. The relation arparameters which were used for
measurements, protein concentrations and mean&iBs was shown in the Table 7
and Fig. 23

In general, Z-average sizes of IBs increased aplesnwvere highely diluted
corresponding to lower protein concentrations. Haveat the protein concentrations
between 0.05 to 0.08 mg/mL, the curve reachedtaalavhere IB sizes are nearly
similar, indicating IBs size is independent of gintconcentration. At higher protein
concentrations (dilution 1), size of IBs was muatgér than at lower concentrations. In
contrast, at higher dilutions (from factors of t@yresponding to concentrations lower
than 0.04 mg/mL, sizes of IBs decreased dramaiddktvertheless, the results of IB
sizes obtained from high diluted samples were uiat@da due to low count rates (lower
than 10 Kcps) according to the Technical note efitistrument (Malvern, 2005).
Therefore, an actual mean size of IBs could beneséd approximately between 632
and 641 nm.



Results

61

Table 7. Relation of parameters and size of IBssuesl by Zetasizer 3000.

Dilution |Refraction Viscosity | Count rate Total protein | Mean size of
factor |Index (20°C} (25°C) (Kcpsf concentration IBs/ nm
(mg/mLY’

1 1.3355 0.939 39.5+0.2 0.135 733.5+2bH.2
2 1.335 0.932 325+0.3 0.084 641.8 +6.8
3 1.3345 0.925 25+0.6 0.063 637.9+4
4 1.334 0.916 22.7%0.1 0.05 632.7+2.8
5 1.3338 0.914 21.1+£0.1 0.042 614 £ 3.3
10 1.333 0.901 9.6 0.033 568.8 + 4,4
20 1.333 0.901 2.8+0.1 0.028 319.5+94

o o T o

800 +

700

600 -

500 +

IB size/nm

400

300
0.02

0.06

0.1

0.14

total protein concentration /mg/mL

calculated according to Handbook of Chemistry Bhysics (Weast et al., 1974)
calculated according to the Eq.5
obtained after each measurement by ZetasiZ¥# 30
obtained from Bradford assay

Fig. 23: Influence of protein concentration on IB &e. Expression ofi-glucosidase

from the wild type strain after induction at 37°@ #h by 1mM of IPTG. IBs isolated
by sucrose gradient at 15000 rpm/ 2h/ 4°C. A saropigaining IBs was dissolved and
routinely diluted with EDTA 3mM, pH 7.6 at differedilution factors. Size
distributions of IBs were measured by Zetasize03&1025°C.
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3.2.1.2 Effect of cell disruption methods on IB ge

Conditions and methods for cell disruption cancftbe release inclusion body and
size of cell debris (Wong et al., 1997a; van Heal .e2004).Therefore, experiments to
investigate sizes of IBs obtained from cell distaptoy sonicator and homogenizer

were conducted.

Cells were disrupted using the homogenizer (Gaalivd) sonicator to compare the size
of inclusion bodies produced from tdeaK mutant and Hsps co-expression strain.
Cells were disrupted 2 and 5 times by the Gauhn, 2times at 4°C for 20 seconds,
amplitude 50% and cycle 0.5/ sonicator. Z-average sizes of IBs from the $ivains
were measued by Zetasizer 3000.

Results show that Z-average sizes of the inclulsarties from thelnaK mutant and

Hsps co-expression strain are approximately of@@@300 nm, respectively. Sizes of
IBs were similar as cells were disrupted eithehbgnogenizer at two and five passes or
by sonicator (Fig. 24). It is assumed that sizelBsfreleased from cell disruption

probably are independent of disruption methods.
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Fig. 24: Effect of cell disruption methods on IB sie. The first, second and third group
bars indicate z-average size of the IBs ofdhaK mutant and Hsps co expression
strains released as the cells were disrupted % dimgles by the Gaulin, and by
sonicator.



Results 63

3.2.2 Effects of cultivation conditions on sizes of the IBs
3.2.2.1 Impact of fermentation conditions on formtaon of IBs

Production ofu- glucosidase from the wild type strain was conddén bioreactor in
HDF medium. Batch phase started with 5 g/L of ghecat 37°C. When glucose was
depleted, in case of the fed-batch cultivationgieg solution was fed to keep growth
rate at de:0f 0.12 ', tempature was shifted to 30°C for 5h. After 1f fieeding,
induction was made with IPTG 1 mM. For batch cuadtion, after the initial glucose
was consumed, the protein was induced with IPTG lanlltemperature was
maintained the same at 37°C for 5h. As a contrpearment, cultivation of the non-
producing strain (host strain) was conducted irkshiask in LB medium, at 37°C.

Cells were harvested when @preach approximately 0.6.

IBs of the wild type strain from batch and fed-lattltivations, and cellular proteins
from the host strain incubated on shake flask wétained as described in 2.4.2. Cells
dissolved in the solution (0.1M Tris-HCI buffer, pHand EDTA 1mM) with a ratio
(1:5) were disrupted by the homogenizer. By sucgradient gradient method, IBs and
other cellular components were separated fromreiffiefractions. By Zetasizer 3000,
Z-average size of those components from diffenetions was shown in the Table 8.
Also, insoluble protein fractions of those sampaésr cell disruption were used for
SDS-PAGE (Fig. 25).
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Fig. 25: SDS-PAGE pattern of the samples from biowmctor cultivation. Lane 1:
marker, lane 2: host strain on shake flask, larsoRible fraction of the batch induced
at 37°C, lane 4: insoluble fraction of the batctiuoed at 37°C, lane 5: soluble fraction
of the fed-batch induced at 30°C, lane 6: insolditzletion of the fed-batch induced at
30°C.

Different mean sizes in different fractions of #teains were obtained. In general, larger
sizes of the aggregated protein are distributédvier fractions of the producing strain
incubated on bioreactor. Most of cellular protefitmsn the host strains are located in the
higher fractions (fraction 1 to 4) and in the lowiaction which is close to bottom of
the tube. In both cases, largest sizes of celpratein particles are found in the
sediment fractions (Table 8). Insolubteylucosidase from the batch cultivation with
temperature induced at 37°C was formed much mawe that of fed batch cultivation
induced at 30°C as indicated in the lane 4 andfgf25 and Table 8.

After sucrose gradient separation, IBs were supptsee settled as a sediment due to
higher density than other cellular components (Mlddrg, 2002; Wong et al., 1997b).
Table 8 shows that sizes of particles in the sexirfractions from the producing strain
indicate sizes of IBs and correspond to the foromakevels of the insoluble protein in
the SDS-PAGE pattern (Fig. 25).
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Table 8. Z-average sizes of IBs in the differeatfions.

fraction 1| fraction 2| fraction3 fraction4 fraati® | fraction 6| fraction7 sedimer]

Sample

mean
Non size(nm) 144.6 146.9 131.2 101.9 nd nd nd 155.3
producing
strain

deviation 7.6 2.7 7.3 22.1 - - - 2

+/-

mean

size(nm) 127.9 128.6 369.3 459.4 496.4 514.7 389.2 823.8
batch
37°C

deviation 0.7 1.7 22.2 23.9 40.0 43.8 46.2 5.1

+/-

mean

size(nm) 131.2 216.3 211.4 232.8 191.1 259.1 nd 345.4
fedbatch
30°C

deviation 0.6 2.44 3.8 18.6 1.9 21.8 - 7.4

+/-
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3.2.2.2 Effect of medium on size of IBs after indztion

In order to investigate effects of media for grogvtheE.coli strains on IB size, the
wild type strain was grown on LB and HDF. Samplesentaken before and after 4h of

induction for measurement of IBs size by Zetas&#)0.

Before induction, sizes of cellular protein prodditsy the wild type strain grown on LB

and HDF medium were approximately 280 and 180 mespectively. Z-average sizes of
IBs of the culture grown in LB and HDF medium werkabout 600 and 700 nm,

respectively. The differences of the particle sigehcate that cultivation media has a
little effect on the formation of IBs (Fig. 26). Buo the simplicity for preparation, LB

medium was chosen for the following shake flaskegixpents.
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Fig. 26: Z-average sizes of inclusion bodies of theld type strain grown in LB and
HDF medium. The wild type strain was grown on LB and HDF meditmshake flask
at 37°C. Expression af-glucosidasavas induced with IPTG 1mM at QE) of about
0.6. Temperature was kept at 37°C for 4h after ¢gtidn. Samples were taken before
and after 4h of induction. Cells were disruptedn®t by homogenizer. After isolation
by sucrose gradient at 15000 rpm/ 2h/ 4°C, IBshandediment fraction was collected,
diluted with EDTA 3mM, pH 7.6. Z-average size oflB&ere analysed by the Zetasizer
3000 at 25°C.

3.2.2.3 Effect of temperature on size of IBs aftanduction

To examine the impact of temperature on IB size hihst strain MC4100 and wild type

strain were grown at 37° C. Samples were takenrbefod after 4h of induction.
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Fig. 27: Effect of temperature after induction on ggregated protein sizeThe wild
type strain was grown on LB medium, in shake flagk37°C. Expression ofi-
glucosidasewas induced with IPTG 1mM at QE of about 0.6. Temperature was
shifted to 30°, 37°and 42°C for 4h after inducti®amples were taken before and after
4h of induction. Cells were disrupted 3 times bymlogenizer. After isolation by
sucrose gradient at 15000 rpm/ 2h/ 4°C, IBs in gbdiment fraction was collected,
diluted with EDTA 3mM, pH 7.6. Z-average size ofslBere obtained by the Zetasizer
3000 at 25°C.The black, white, diagonal and hotiabpattern column indicate the
aggregated protein sizes of the host strain, wibe tstrain before shifting temperature,
after 4h at 30°C, 37° and 42°C, respectively.

As can be seen in the Fig.27, at higher temperaiftee induction, larger IB sizes were
obtained. As induced at 42°C, z-average size ofiBseexceeds 800 nm, nearly 2fold
larger than that induced at 30°C. This result shesvsperature after induction has

strong impact on the size of inclusion bodies.

3.2.3 Impact of chaperones on formation of insolubl e and soluble a-

glucosidase

The wild type, control, Hsps co-production atitbK mutant strains were incubated in
shake flask in LB medium. All strains show the sgoeffect of temperature om

glucosidase activity. Lower specific activity watained at higher temperatures, also
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growth is favoured by higher temperatures. Thevaigs are similar for all strains
except for thednaK mutant (Fig. 28). With lower activities, higher aomts of a-
glucosidase were found in the insoluble cell fattiThat is not a problem of synthesis,
but of folding versus aggregation. While DnaK isarly necessary for proper folding
(as seen from low activity and severed aggregatibeady at low temperature),
overproduction of DnaK+ClpB did not improve accuatidn of activity (Fig. 28, 29).
Similar results were reported with the highest #mea-glucosidase activity in the
soluble fractions of the wild type strain at 24ddahe activities decreased as the culture
induced at higher temperatures (LeThanh, 2005).

High expression of DnaK and ClpB both in soluble amsoluble fractions of the Hsps
coexpression strain but little accumulation of thekaperones from other strains could
be visualized by SDS-PAGE (Fig. 29, 30).
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Fig. 28: Comparison of specifica-glucosidase activities in the soluble protein
fractions from the wild type, control, Hsps co-expession anddnaK mutant strains

at different temperatures after induction. The strains were grown on LB medium in
shake flask at 37°C. Expressionoefjlucosidasevas induced with IPTG 1mM at QR

of about 0.6. Temperature was kept at 37°C forftdr enduction. Samples were taken
after 4h of induction. Cells were disrupted 3 tinlgshomogenizer. After isolation by
sucrose gradient at 15000 rpm/ 2h/ 4°C, IBs in gbdiment fraction was collected,

diluted with EDTA 3mM, pH 7.6. Z-average size ofI&ere analysed by the Zetasizer
3000 at 25°C.
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Fig. 29: SDS-PAGE pattern of soluble protein fractons from the wild type,
control, dnaK mutant and Hsps co expression strains at differertemperatures
after induction.
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Fig. 30: SDS-PAGE pattern of insoluble protein frations from the wild type,
control, dnaK mutant and Hsps co expression strains at differertemperatures
after induction.
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In general, z-average sizes of IBs decreased flem@naK mutant to the wild type,

control and Hsps co-expression strains at differearhperature after induction.

Moreover, larger IB size was observed, lower attivih the soluble fractions was

obtained. In otherwords, IBs sizes are inversebpprtional toa-glucosidase activity of

the strains (Fig. 31).
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Fig. 31: Relation of size of inclusion bodies and-glucosidase activity of the wild
type (A), control (B), dnaK mutant (C) and Hsps co-expression (D) strains at
different temperatures after induction.The strains were grown on LB medium in

shake flask at 37°C. Expressionemefjlucosidasavas induced with IPTG 1mM at QB
of about 0.6. Temperature was kept at 37°C forftdr anduction. Samples were taken
after 4h of induction. Cells were disrupted 3 tirbgdhomogenizer. After isolation by

sucrose gradient at 15000 rpm/ 2h/ 4°C, IBs insé@iment fraction was collected,

diluted with EDTA 3mM, pH 7.6. Z-average size ol®&ere analysed by the Zetasizer

3000 at 25°C.
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3.2.4 Effect of co-production of the chaperones on dissolution of the inclusion

bodies

IBs of the controldnaK mutant and Hsps coexpression strains were resdsegemnd
incubated in different urea concentrations frono 8¥. After incubation, the pellets
(remnant of IBs) were separated from soluble fomdiby centrifugation and

determined for protein concentrations.
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Fig. 32: Fraction of remnant aggregates after incubation ofnclusion bodies with
urea. (A) control, (B)dnaK mutant and (C) Hsps co-expression strain indut@&«C
(circle), 30°C (triangle) and 37°C (square). Thatool, dnaK and Hsps co-production
strains were incubated on LB medium at 37°C. WhBg¢ereached 0.6, cultures were
induced with 1 mM IPTG and subsequently incubatezbd, 30° and 37°C for 4 hours.
IBs after isolating were resuspended in differemtaentrations of urea. IBs after
isolating were resuspended in different concemmnatiof urea (2 to 8 M). The IB
suspension was incubated at 4°C for 2h. The sofudéions and pellets were
separated by centrifugation at 13000rpm / 45mif. 4*he pellets were dissolved in
150uL of Urea 8 M. Protein concentrations of regasied pellets were analysed by
Bradford assay.
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Fig. 33: Association of DnaK/ClpB witha-glucosidase in the soluble fractions after
incubation of IBs with increasing concentrations olurea. SDS PAGE of soluble
protein fractions after extracting IBs of the cah{A), dnaK mutant (B) and Hsps co
production (C) strain with different urea concetitmas after 4h incubation at 4°C. The
strains were incubated on LB medium at 37°C. WhBgsereached 0.6, cultures were
induced with 1 mM IPTG and subsequently incubate®l7aC for 4 hours. IBs after
isolating were resuspended in different concemnatiof urea (2 to 8 M). The IB
suspension was incubated at 4°C for 2h. The sofutéions and pellets were
separated by centrifugation at 13000rpm / 45mif. 4rhe soluble fractions were
dissolved in 150uL of Urea 8 M and loaded onto $12&E.
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As can be seen from Fig. 32, the Y-axis descriageg of protein concentration of the
insoluble fractions to total cell proteins indicgilevels of the dissolutions of IBs. After
incubation at 4°C for 2h, dissolution of IBs of tb@ntrol anddnaK mutant strains

which were induced at 25°, 30° and 37°C was paatiairea concentrations from 2 to
4M. At urea concentrations in the range of 4 to GMye IBs were solubilized and the

dissolution reached stationary levels at urea aumagons from 6 to 8M.

Unlikely to the control andnaK mutant strain, IBs of the DnaK/ClpB co-production
strain induced at 25° and 30°C was only partiadyotubilized even at high urea
concentration, whereas more IBs of the culture ¢eduat 37°C were dissolved than at
lower temperatures (Fig. 32 C) indicating moraibdization of IBs at high
temperature. High accumulation of DnaK and ClpB detected on the SDS PAGE of
the soluble fraction. The levels of those heat khpoteins were nearly constant and
independent of urea concentrations (Fig. 33). Tloegeit could be assumed that there
is a strong association between DnaK/ClpB andBisecbntainingx-glucosidase. The
co-production of DnaK/ClpB probably resulted in lEwesolubilization of the IBs at
high concentrations of urea when the cultures weteced at 25°C and 30°C than at

higher temperature (37°C).

. To investigate the relation of chaperones (DnaKB}kpnd size of the remnant
of IBs, IBs of the controldnaK and Hsps co-production strains which were indwated
37°C for 4 hours were incubated with the increasimigcentrations of urea (1- 8M).
The remnant of IBs was dissolved and diluted wittMBEDTA pH7.6. Z-averge size

of IB remnant was measured by Zetasizer 3000.

After incubation with urea at concentrations in thegeof 0 to 5 M, remnant of IBs
obtained from the Hsps co-production strain haslarrmean sizes which are about 300
nm. However, size of the Hsps co-production stcauld not be detected in case of the
sample incubated with higher urea concentrationsohstrast to the Hsps co-
production strain, sizes of IB remnant of the conainddnaK mutant strain decreased
from approximately 420 nm to 300 nm and 611 nm38 Bm, respectively, as samples
were incubated with urea at concentrations from 8 M. But, in case IBs were treated

with urea at the concentrations from 4 M, the IBgevalmost extracted (Fig. 34).
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Fig. 34: Effect of Hsps on size of remnant of IBsfeer extracting I1Bs with different
urea concentrations.The controldnaK and Hsps co-production strains were
incubated on LB medium at 37°C. When @§reached 0.6, cultures were induced with
1 mM IPTG and subsequently incubated at 37°C foours. IBs after isolating were
resuspended in different concentrations of urea.afer isolating were resuspended in
different concentrations of urea (2 to 8 M). ThesliBpension was incubated at 4°C for
2h. The soluble fractions and pellets were sepafayecentrifugation at 13000rpm /
45min/ 4°C. The pellets were dissolved and dilwt&tt 3mM EDTA pH7.6 . Size of
remnant of IBs was measured by Zetasizer 3000°&.25
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4. DISCUSSION

4.1  Cultivation strategy for secretion and export of rP A from Escherichiacoli

4.1.1 Effect of DsbA co-production, the additive ath conditions on culture growth

and rPA activities

In order to enhance soluble protein productionielaee different approaches including
overexpression of disulfide oxidoreductase “Dsbilg, co-production of molecular
chaperones or other means as mentioned in detdhe isection 1.1.2. Production of
full-length tPA by coproduction of the isomerasébDsvas enhanced more than
overproduction of DsbA but high level of DsbC wasrid to be harmful to the celé
the growth of the culture stopped within 3-4h aftetuction (Qiu et al., 1998).
Therefore, coproduction of a DsbA C33S mutant (ol from labor stock), in which
Cysteine 33 in the active site of DsbA (codon T@@¥ changed to serine (codon
AGC), with rPA was evaluated in order to compaseeificiency with DsbA wildtype
coproduction. Similar results of rPA activities ibverproduction of the wildtype and
mutant DsbA, with slightly higher rPA activities twithe wildtype DsbA were obtained
(data not shown). Hence, coproduction of wildtypebBR was used for experiments in

shake flask and bioreactor scale in this study.

Although DsbA was overexpressed, yields of nate@eated heterologous proteins
could only be increased by addition of glutathi¢nainderlich and Glockshuber, 1993)
or L-arginine (Winter et al., 2000) to the growtleda. This was also proved in this
thesis, although DsbA was co-producted, withouitamdof L-Arg and glutathione,
yields of secreted rPA was much lower than theuce#t were supplemented with these
additives. However, co-production of DsbA had aadmble influence on the secretion
of native rPA in the periplasm and especially omélport of the active protein to the
culture supernatant. Addition of L-Arg and glutatie did not help the control strain to
produce as much native rPA as the DsbA co-produdtiain, although the additives
was added to the culture in this case (Fig. 7).

L-arginine is proposed not to facilitate refolditogit probably suppresses aggregation
of the proteins during refolding (Arakawa and Tstm@003). Glutathione affects the
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redox state of the periplasm therefore, influerem@sect disulfide bond formation
(Georgiou and Valax, 1996). Accumulation of rPA virazeased as the medium was
supplemented with 0.4M L-Arg, and equimolar mixtui¢h 2.5 mM each of reduced
and oxidized glutathione (Fig. 7). For the fed-bd&rmentation, addtition of L-Arg
and redox system could enhance high release afendA into culture medium. Yields
of native rPA in the periplasm and in the culturedimm as the culture added with L-
Arg and redox system increased more than 123 abd f2itd, respectively, than that of
the culture without any additive supplementatioig.(E2). In comparison to the result
from shake flask experiment, in bioreactor scadpx system had higher effects on the
yields of native rPA obtained from the periplasnd aalture medium. Yields of native
rPA in the periplasm and culture supernatant obtehes with addition of L-arginine
and redox system increased about 50 and 87 fadeotively, compared to the batch

without addition of redox system (only with additiof L-Arg) (Fig. 12).

Glycine and Triton X-100 supposed to be able teraftorphology leading the
disruption of cell membrane integrity Bfcoli. Glycine has stimulatory effects on
production and release of protein. Besides, glycareinduce bacteriolysis which
enhances the leakage of proteins into culture nmedi¥ang, 1998).The export of
proteins fromE.coli into culture media was enhanced by glycine (Fujigaet al., 1995;
Ikura, 1989; Yang et al., 1998). By adding 1% Tnid-100, the secretion of fusion

protein SFV/TNF: was increased 38fold. However, Triton X-100 isyoaybpropriate

for small protein like SFV/TNII-I-(43 kDa) whereas larger protdirgalactosidase (118

kDa) was not released to the medium (Yang, 1998)sTrPA protein which has
molecular weight about 40 kDa can be releasedtirga@ulture medium as the cultures
were treated with this detergent. Similar to theutes reported by Yang et al., 1998,
adding 2% Glycine and 1% Triton X-100 improved g&bf rPA in the periplasm and
culture supernatant. However, this could only beaioled as L-Arg and glutathione
were also added (Fig. 21). However, this is naarcdbout association effects of these

substances on the levels of secreted proteins.

Growth of the cultures was affected by the addgtivas the cultures were added with

L-Arg, growth rate was impaired more than with gthione (Fig. 8). Whereas glycine
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at low concentrations in the range of 6-12 mM iavad the gowth oE.coli (Han et

al., 2002), at higher concentrations from 0.05.88IM, up to 80% of bacteria growth
can be inhibited (Hammes et al., 1973). In thislgtuesults showed that glycine and
Triton X-100 also impaired cell growth. When conications of these chemicals
increased from 1 to 2 % (glycine) and 0.5 to 1 %t¢h X-100) growth was decreased
about 20%. Although L-Arg and glutathione impaitkd growth of cultures,
approximately 96% of growth was extremely inhibiteddthe additives contain no L-
Arg and/or glutathione (Fig. 22). Thus, L-arginared redox system seem to be
benificial for cell growth in this case.

4.1.2 Cultivation strategies for the production of rPA in the periplasm and

culture medium

In this study, the production of rPA was optimizeded-batch cultures of recombinant

E. coliand discussed in detail below (Nguyen et al., 2006)

In the presence of L-arginine and glutathione ait everproduction of DsbA, a slow
but steady product accumulation and leakage oftd®Ae culture supernatant were
observed. Early after induction, rPA accumulatethekision bodies in the periplasm

and continued to keep a major portion of rPA dugnotivation.

In the thesis, the different feeding strategieglo€ose in the presence of L-arginine and
redox system that inhibits glucose uptake, werestigated. After addition of L-
arginine and induction, glucose uptake was impaaradithis led to accumulation of
glucose in the medium. Consequently, the specifiR @ecreased afterwards. As a
common phenomenon, high glucose concentration$t redormation of acetate, which
may inhibit culture growth or production. Changedtie respiration rate can be occured
during recombinant protein production, e.g. glucagike was impaired during
production ofa-glucosidase (Neubauer et al., 2003) or proteimatégionvas
accelerated after stress responses (Schmidt é88B; Hoffmann et al., 2001;

Hoffmann et al., 2004). However, here, the inhdnitbf the respiratory activity had no
remarkable relation with recombinant protein prdagucbut glucose accumulation in
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the culture medium was observed. Thus, the speCHR was found to be a useful
parameter to detect problems related to high gkicoscentrations.

Attempt to avoid glucose accumulation by slowingvddhe glucose feeding was not
appropriate. With a feeding rate that maintainedtgée limited conditions for most of
the production phase, cell growth and thereforevtitemetric product yield were
considerably reduced compared to faster feedirgy (). On the other hand, glucose
accumulation to inhibitory levels could be prevehly temporary suspension of the
feeding, however, this application did not helprasrease of rPA yields (data not
shown). Consequently, glucose feeding rates imahge of 0.06-0.2"hhad little
influence on the specific rPA activity profiles,éontrast to the strong impact of the
feeding rate on cytoplasmic folding of a recombinaotein (Curless et al., 1989; Fu et
al., 1993; Hellmuth et al., 1996; Le Thanh and Ha@thn, 2005; Seo and Bailey 1986;
Turner et al., 1994). Avoiding glucose accumulatigrslow feeding was inappropriate,
as growth or product accumulation, respectivelyrenadfected. However, fed-batch
cultures induced during limited feeding followed ¢gmadual glucose accumulation were
highly efficient, both in terms of specific and ualetric activities compared to shake

flask cultivation.

Interestingly, at low feeding rate of 0.08, lihere was a significant difference between
cultures induced during fed-batch phase followedtagdual glucose accumulation and
a culture induced during a prolonged batch phas&uf@s induced during a prolonged
batch phase followed by limiting glucose feedingdween followed by 3 h glucose
starvation before glucose feeding) secreted langeuats of active rPA (Fig. 16). While
the product concentration in the periplasm decika$ier reaching a maximum or
remained permanently at low level, the final voltmnaeeactivities in the culture
supernatant and in the periplasm reached abouotektas high as the activities obtained
in the cultures induced during fed-batch phase. él@wn, induction of rPA during
prolonged batch phase at higher feeding rate & BHid not enhance the yield of rPA
in the culture medium. Nearly 2fold of native rPAsvaccumulated in the culture
supernatant as culture was induced during fed-hattelse compared to induction at

prolonged batch phase. (Fig.17 D).
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The presence of IBs in the periplasm is found terfere with proper folding of
proteins. Thus, release of proteins into the siwgtarm may enhance protein folding
from the negative influence of the IBs. By overprotion of a periplasmic protease
(Lin et al., 2001; Pan et al., 2001) or releasthefproduct into the supernatant using
theompAsignal sequence (Mansoroi et al., 2001), yieldhefactive products were

increased.

Enhancing release of the product in batch cultooespared to fed-batch cultures was
also reported using a hydrolase fused tootig@Asignal sequence and production at
increased temperature (Dresler et al., 2006). Gurestly, yields of the product in fed-
batch cultivation were twofold (specific activitghd tenfold (volumetric activity)
higher than in batch cultivation. In addition, tteéease of the protein was enhanced
during fast growth (Dresler et al., 2006). In thigdy, the induction of rPA in a
prolonged batch phase was increased only at thetowth rate (0.061. By this
strategy, high volumetric rPA yields and efficieakease to the culture medium were
both obtained.

The production kinetics was found to be relativdtyw but steady product
accumulation and leakage of rPA to the culture nmadivere observed. The product
accumulation in the insoluble cell fraction witlsianilar kinetics as in the cell pellets
remaining after osmotic shock indicates that tleglpct mainly accumulated in an
aggregated form. As rPA has the same size inatibins, indicating cleavage of the
signal sequence and proper export, the aggregesesesl to be located in the periplasm
(Fig. 19).

If the release of the product would be limited tméow level of protein export to the
periplasm, enhanced release after induction dyrotpnged batch phase might be a
result of the cell lysis. However, the total prateoncentration in the supernatant of the
bach-induced culture was two times lower than enféd-batch-induced culture
indicating no extensive cell lysis (Fig. 19). Siamly, proteins found in the culture
supernatant of the batch and fed-batch cultivatieng been previously shown to be
released from the periplasm (Dresler et al., 2606as and Hoffmann, 2004).
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Moreover, from another report, cell lysis as a eanfsenhanced product release in
batch cultures has been positively excluded (Drelal., 2006).

Factors e.g. cultivation at low temperature andaigbepelB signal sequence enhanced
the release of proteins to the culture medium (Giearand Segatori, 2005). In this
study, these factors were also applied a€thmli strain carrying the plasmid
pPET20b(+)_rPA consisting theelB signal sequence was cultivated at 24°C after
induction. A prolonged cultivation to the statiopghase or an interruption of the
glucose feeding could stimulate protein leakagmftbe periplasm to the culture
supernatant (Miksch et al., 2002). Besides, a reaide release of product after glucose
depletion in batch cultures as well as a large mcdation of the product in the
periplasm and also in the cytoplasm during fedatdtivation were observed (Dresler
et al., 2006). Nevertheless, a starvation betwéaroge depletion and feeding start did

not increase the release of rPA in the process {f6D).

Although a fast production under unlimited condisdbatch phase) is stressful to the
cells leading to low levels of active proteins lyyoplasmic production (Hoffmann et
al., 2004; Lethanh and Hoffmann, 2005), the waretease protein from the periplasm
under prolonged batch phase followed by limitedlieg at the low feeding rate seems
to be the appropriate process for production afaePA. In addition, if high binding
affinity of the protein would be possible, the ssde of the product to the culture
medium may make extraction procedures become uss&age This probably facilitates
downstream processing by using the expanded bednettography (Anspach et al.,
1999).

4.2  Impact of chaperones on the sizes of inclusion bodi es of a-glucosidase

At high concentrations, size of the particles magehd on the sample concentration
leading to a reduction of the actual particle sime to higher viscosity value (Kaszuba
et al., 2004). This is proved by the Eq. 1, sizparicles is inversely proportional to
viscosity of the solutions. Thus, when visosityreasesd (H)- hydrodynamic diameter
of the particles will be declined. Moreover, anatharameter which has remarkable

influence ond (H) is the diffusion coefficient). If the particles are suspended in a
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solution of higher viscosity, e.g., ethylene glydotéacle, their movement will be
slowed down (Rawle, 1995) resulting in lower thiugion coefficient. Consequently,
the hydrodynamic diameter of the particles willibereased. Nevertheless, as can be
observed from Fig 23, Table 7, Z-average-gfiucosidase IBs increased as samples
were highly diluted corresponding to lower proteamcentrations. Here, although
viscosity of the diluted samples slightly decliregchigher dilution, Z-average size of

IBs was decreased.

The release of inclusion body can be influenceddmye parameters e.g.
homogenization pressure, number of homogenizatidrbéomass concentration (van
Hee et al., 2004). Cell disruption conditions hagene effects on product release, cell
debris size (Kula et al., 1990; Siddiqi et al., 89%9/ong et al., 1997a). Increasing the
number of homogenizer passes leads to smalledebtis size while unaltered
inclusion body size (Wong et al., 1997a). Similatd this result, sizes of IBs also did
not change and were independent of the disruptiethods as the cells were disrupted

either by homogenizer at two and five passes admycator (Fig. 24).

With the density gradient separation, IBs®icoli with density of 1.3-1.4 g nit.can

be separated from cell debris (1.085 gLlighter outer membrane vesicles (1.224 g
mL™) and denser ribosomes (1.5 g MMiddelberg, 2002; Wong et al., 1997b). Thus,
here, it could be assumed that after separatisubgose gradient at high centrifugation
speed, most af-glucosidase IBs and ribosomes sedimented on tireskopart of
centrifugation tubes where the density of sucrd&$é % 1.26 g mL. Although density

of the ribosome is higher than IBs, size offaooli ribosome is approximately of 20 nm
(Stryer, 1996), that is much smaller than sizeBolelading to no effect on measurement
of size distributions of IBs by DLS.

The physical association of IbpAB with IBs of tleeombinant human renin (Allen et
al., 1992) and -glucosidase (Le, 2005) after incubation of thefmd IBs with
increasing concentrations of urea was investigdibd.results revealed that a strong
association between ibpAB and human renin inclubimdies but no tight relation af
glucosidase and the IbpAB were observed. In thasifh) there was a strong association

between DnaK/ClpB and the IBs containmglucosidase. High accumulation of DnaK
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and ClpB was detected on the SDS gel of the solubddion. The expression levels of
those heat shock proteins were nearly constanimaleghendent of urea concentrations.
However, ibpAB was not visualized by SDS-PAGE dugheir low accumulation (Fig.
33). Higher resolubilization of the IBs under higlheea concentrations was observed in
the presence of DnaK/ClpB when the cultures wedaded at 37°C than at 25°C and
30°C (Fig. 32. Therefore, the co-production of DnaK/ClpB may @mte the
resolubilization of the IBs at high urea concembrag when the cultures were induced at

high temperature (37°C).
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5. SUMMARY

In this thesis, production of soluble rPA protairthie periplasm and culture supernatant
with the assistance of DsbA as a coexpressed hgtptgin in shake flask and

bioreactor scale was investigated. For the expessia-glucosidase as a model
protein in the cytosol, a new technique DLS usheZetasizer 3000 (Malvern, UK)
was applied to determine the impact of productionditions on the size distributions of

IBs of a-glucosidase and on the solubility of the protein.

. DsbA co-expression, appropriate cultivation comdisi (temperature, pH
medium and culture media) and addition of differaaditives (L-arginine, redox
system, glycine and Triton X-100) enhanced yielaative rPA in the periplasm and in
the culture supernatant in shake flask scale. @déiges e.g. glycine and Triton X-100
had a remarkable impact on the secretion of naleinto periplasm and culture
supernatant. The presence of L-arginine and regsters with glycine and Triton X-
100 was necessary for cell growth. Only with thespnce of 0.4M L-Arg, an equimolar
mixture with 2.5 mM each of reduced and oxidizaeataghione, addition of 2% glycine
and 1% Triton X-100 to the culture after inductioBA activities increased not only in
the periplasm but also in the culture medium. Caregbdo the experiments without the
use of glycine and Triton X-100, accumulation ai\aerPA in the periplasm and
culture supernatant reached 2.6 and 100 pg/L iscrgd 0 and 12fold, respectively.
However, proper cultivation conditions in bioreactoale need to be developed to

control foam during fermentation.

The production of native rPA in the periplasm antfure supernatant in 8L fermentator
on defined medium was optimized in the presenatffdrent additives.

Growth rates had strong effect on the secreteegpreteld in the periplasm. rPA
accumulation was slow within 5-10 h after inducthort steady for another 40 h.
Feeding rates aiming at specific growth rates betw@06 and 0.2 hdid not influence

the specific rPA activity profiles.

Specific growth rates and the time of inductiouahced the native recombinant
protein in the periplasm and in the culture supmiaIn fed-batch cultivation, slow

feeding at 0.06 hretarded glucose accumulation but also decreasaddD leading
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low volumetric rPA activity. As rPA production inded during a prolonged batch

phase followed by slow feeding at 0.08, the specific activity in the periplasm was
lower than with induction in the fed-batch phasewdver, rPA activities up to 1300

png/ L (about 3 times higher than with inductiorfed-batch mode) were found in the
culture supernatant. But, in contrast to low fegdiate of 0.06 T, at higher growth rate

of 0.12 K, induction of rPA during prolonged batch phaseritienhance the yield of
rPA in the culture medium. Volumetric activitiestire culture medium of the

cultivations with the induction at the prolongeddbaphase and fed-batch phase were of

500, 1600 ug/L, respectively.

. By using Zetasizer 3000, I1Bs sizemwfjlucosidase formed in cytosol Bfcoli

during shake flask and bioreactor cultivation weeasured.

Cell disruption methods (sonication and homogeiizad no effect on sizes of the IBs.
Z-average sizes of the inclusion bodies fromdhaK mutant and Hsps co-expression

strain were approximately of 600 and 300 nm, retbypalg.

Cultivation media (LB, HDF medium) had a little liénce on size of IBs. Z-average
sizes of IBs of the culture grown in LB and HDF nued were of about 600 and 700

nm, respectively.

Temperature had a strong impact on the formatianadfision bodies: larger sizes of
IBs were obtained at higher induction temperatdraverage size of the IBs reached
about 800 nm as the culture was induced at 42%arly2 times larger than that
induced at 30°C.

Solubility of a-glucosidase of the contralpnaK mutant and Hsps co-expression strain
was inversely proportional to the size of their.IBswer soluble protein activities were

obtained, larger sizes of IBs were observed.

Co-production of the chaperones e.g. DnaK and @ifiBenced the dissolution of the
IBs and size of the remnant IBs after incubatiofBsf with increasing concentrations

of urea.
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The co-production of DnaK/ClpB probably promotedrengesolubilization of the IBs at
high urea concentrations when the cultures wereded at high temperature (37°C)

than at lower temperatures (25°C and 30°C).
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